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Chapter 1: General introduction

1.1 Fatigue

Fatigue is a very common, multifaceted phenomenon that everybody encoartegs ieveryday life. In our
modern societies it has been reported tha8@® of the general population in Europe and the United States
experience substantial (i.e. requiring a longer time than normal to reftomemwork-load or resulting in an
increase of risk for health-problems) fatigue [1, 2]. We all @ag® fatigue with the urge to sleep at the end of a
busy day, the need for coffee in the morning, the bursémgation in our legs and lungs at the end of an intensive
physical workout, the feeling of a much-needed break in the afternoamgdarwork-day, the problems with
staying attentie during a prolonged drive, ... . Fatigue can cause substantial limitations in mental, physical and/or
social functioning, resulting in considerable social and economic impagtsificreased medical consumption,
absenteeism from work). The ubiquitous presence of fatigue in ourdeydife has caused the topic of fatigue to
sprout in specific research fields such as exercise physiology, cognigisieopisyy, medicine and engineering.
Fatigue being a topic in so many research fields has led to a vast amoumitbdgf with a different focus in
each area of expertise. It has been defined as an experimental concept, ansyanpsk, a cause (e.g. of
performance decrement) and a consequence (e.g. of sleep depriviatiancertain extent, this fragmentation of
fatigue-definitions can be explained loglgabecause it is self-evident that from a research point of view there is
a necessity to clearly define what one wants to investigate/researctlisaieantage is however that different
research lines of fatigue emerge and co-exist without any interactioseddntly the possible breakthroughs

that this interaction could trigger are missed.

Within sports science, lines of research on fatigue in exercise physiatayypsychology could benefit from
increased interaction with one another. In exercise physiology research, thefomz has long been on
determining the critical threshold that could clarify why people physicallyu@atat a certain point and terminate
exercise. This resulted in multiple important insights and definitions of fatigcle as peripheral and central
fatigue. Peripheral fatigue is usually described as an impairment located irushke rand characterized by a
metabolic end point, while central fatigue is defined as a failure of the centralinexystem to adequately drive
the muscle [3]. In other words, peripheral fatigue occurs distal fpoihéof nerve stimulation and central fatigue
emerges centrally, from the point of nerve stimulation up to anddimg the brain. This quest for a critical
threshold did however never succeed in pinpointivag one critical threshold. For peripheral fatigue, proposed
mechanisms to play an important role are for example impaired calelaase from the sarcoplasmic reticulum
[4] and disturbed muscle ionic homeostasis (i.e. intracellular-interstitial rpations in K and N&
concentrations) [5]. Within this concept of peripheral fatigue, it is hgsithd that during exercise, afferent
feedback related to this fatigue is provided to various spinal andspipal centres by group Il and IV fibres [6]
and this subsequently limits exercise performance. Given the existenaeto$ensory system it seems logical
that these afferent stimuli play a role in the occurrence of exercise limitation. INdesst, the exact extent of the
afferent stimuli’s role and whether it translates to the concept of a critical threshold is hotitbeges for debate
[7-11]. Central fatigue, however, refers to the central nervous systemsféeabrare thought to play a role in the
development of fatigue, spinal and/or supraspinal (i.e. the brainJaStmthe muscle, also in the brain multiple
disturbances in homeostasis have been proposed to lead to fatiguddtBanisms that va been put forward
to play a role in central fatigue are for example challenged oxygenatitime dfrain during exercise [13]
biochemical [3], and thermodynamic changes of the cerebral homiedstap Thomas et al. [14] correctly

summarized and argued that adjustments in skeletal muscle (i.e. perjphgralconsequence of exhaustive

12



Chapter 1: General introduction

exercise, are intensity- and mode-dependent, and not regulated to a critical thtagheldbrain, the exhaustive
exerciseinduced changes in oxygenation, neurotransmitter concentrations, glycogen availability, ... are probably
also intensity- and mode-dependent, and not regulated to a critical threshold.téhtiegsthe significance of
this web of modulating physiological factors that contribute to fatigue ,thewvary with the exercise task, and
how the tolerance of fatigue can be modulated by specific intervengioas key questions for our understanding
of human performance [14]. Further complicating this searcheom#thanisms of fatigue is the fact that human
performance is, besides by physiological factors, also determined bhopmyical factors. McCormick et al. [15]
listed several psychological determinants of endurance performancselétglk goal setting, imagery, ... and
underlined that there is more to human performance than solelyoloigys In psychology fatigue is often
proposed to result from the aversiveness towards exerting effortftorpavork (cognitive and/or physical) [16,
17]. From this perspective, fatigue functions to maintain the motivatiaiahbe between maintaining effort to
perform on the task at hand versus switching to another task thatédmherently rewarding [16]. In the search
to explain fatigue in sports scien@n approach combining exercise physiology and psychology mighptbue

to be particularly fruitful.

Recently a line of research on mental fatigue emerged that contains aspeetls ekercise physiology and
psychology and as such might prove to be a valuable asset in the orgfotws on fatigue being a continuum
rather than a dichotomy (i.e. fatigue is present or not). In sportecidis line of mental fatigue attempts to
provide some further insights in the mechanisms behind the warfterpance on physical tasks following the
execution of a prolonged demanding cognitive task. In attempting teod the role of physiological and

psychological factors in physical performance is assessed.

1.2 Mental fatigue

1.2.1 Definition and terminology

Mental fatigue is a psychobiological state caused by prolonged peridésnahding cognitive activity [18, 19]
and can be manifested subjectively, behaviourally and physiologicallye@inbjy, increased feelings of
tiredness, lack of energy [20] and a decrease in motivation [21] and alehmessbeen reported [22]
Behaviourally, mental fatigue is recognized as a decline in performance (gcanddor reaction time (RT)) on
a cognitive task [225]. Finally, alterations in brain activity [23, Z&8] have been shown to be a physiolagjic
manifestation of mental fatigue. Changes in all three of these anbgectsse, behavioural, and physiological) do
not have to be present for mental fatigue to be present. For instance, cqgriivenance does not necessarily
decline when one is mentally fatigued, since compensatory effori{dicated by alterations in brain activity or
as a result of increased motivation) may alleviate this decrease in cogniforenaerce [24, 28]. Hopstaken et al.
[28] increased motivation near the end of a prolonged cognitivelyanding task by providing a monetary

incentive and found that cognitive performance declines were reveesgitedprevious signs of mental fatigue.

Some haziness exists in regard to the terminology used to indicate the fatigoedily demanding cognitive

activity. Some authors, like Ackerman & Kanfer [29] and MacMahon ¢8@J, argued that the typical task used
to induce fatigue by a prolonged demanding cognitive task is moremjgiely termed cognitive. Therefore,

instead of ‘mental fatigue’ these authors used the term ‘cognitive fatigue’. It is our opinion that ‘mental fatigue’ is

however more appropriate as it includes emotion and motivation rathenshangnition. The term mental fatigue
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Chapter 1: General introduction

better encompasses constructs like cognition, sensation and perception antpth& tderactions between these
constructs. Bray et al. [333] and Pageaux et al. [34] labelled the fatigue inducing-cognitive task intierves

a ‘self-regulatory depletiomanipulation’. Self-regulation refers to the mental abilities that allow people to exert
control over their behaviours, thoughts, and emotions to pursiregtials [33, 35]. This description also applies
to tasks often used to induce mental fatigue and certain commonalities carhedbetween both constructs.
However, studies on selégulatory depletion tasks (often referred as “ego depletion”) are more often encountered
within the (exercise) psychology literature and usually use shortes tg3Rmin), while within exercise
physiology the term mental fatigue is more common and the fatiguingtivegtasks are of longer duration

(>30min). Consequently, one should be careful and cautious in comparing the results ifinesttof research.

1.2.2 Implications for daily life

Mental fatigue can have negative implications in daily life. It can ensue aiyer60 min of driving and is
associated with a difficulty in maintaining skilled driving behaviour [36]tHe workplace, mental fatigue has
been found to be a major contributor to workplace accidents, mgrtadid mortality [3739]. It has been found
to predict an increased risk of error of surgeons [40], industdatews [41], while during military operations it
has been found to impair physical and cognitive ability [42]. Amongthgloyees of the Flemish Government,
‘general mental dysfunction’, which includes mental fatigue, is the main cause of absenteeism at work in 2014
[43]. According to the Flemish Workability Monitor, 29.3% of the Flemémployees and 38% of the Flemish
selfemployed experience ‘mental fatigue’ in a problematic way. Problematic as in requiring a longer time than
normal to recover from work-load or eventually resulting in areim®e of risk for health-problems (e.g. burn-out)
According to the Sociaal-Economische Raad van Vlaanderen (SERV)-report, pitbpdeute mental fatigue
problems can be assumed to have a higher risk for developingpbuamd hence, have a higher risk of being
absent. Work-related circumstances associated with a higher risk for menfaé fiatiated problems are for
instance: higher work-load (odd-ratio (OR) = 6.34), lack of autgnamd variety in the work-task (OR = 1.89 and
OR = 1.45, respectively), lack of support (OR = 2.73) and physiaatliemotional intensive work-circumstances
(OR =1.84 and OR = @8, respectively.

Consequently, insights in the mechanisms of mental fatigue viinthef research on the interaction between
mental fatigue and physical performance might prove to be extremelgbl@lto gain further insight in the
implications of mental fatigue in other aspects of daily life. These insightsinnvilirn form the basis for

translational research and for future studies exploring how to imptategies to avoid/overcome mental fatigue.

1.3PhD aims and format

In order to provide a clear oversight on physical performance in a nyefiattidiued state a first aim in this PhD
was to conduct a systematic review of the available literature on the topic @eerC?). Although replication

studies are still needed to confirm the observed tendencies in thésnatis review it was concluded that

endurance and cognitive load appear to be two important comporigstigsical performance that determine
whether mental fatigue negatively impacts on performance or nas, Teishorter and more maximal the task
the lower the impact of mental fatigue on performance. This statement ebensupported by the null findings
in the studies on the effect of mental fatigue on maximal strengtferpand anaerobic work. In our search to

further explore and substantiate these statements we subsequently aamsels®in further detail the effect of
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Chapter 1: General introduction

ambient temperature on the mental fatigue-induced endurance impaitmednipact of mental fatigue on sport-

specific psychomotor skills and possible countermeasures of mental fatigue.

These aims eventually resulted in the present PhD dissertation, consistiregsystematic review of the literature
and four randomized controlled trials. All five manuscripts are written ad-sttwne papers of which four have
been accepted and oigeesubmitted in relevant international exercise physiology, psychology andibetz
neuroscience journals. In this dissertation each manuscript is indadedeparate chapter, except for chapter 3,
in which two manuscripts will be handled together due to their shaaedtopic. Throughout this PhD the cited
references were included as a separate list at the end of each chapter. To facditage abhreviations were
defined at their first appearance within each chapter and the numbefiggre$ and tables was restarted in each
chapter. As all the manuscripts included in this PhD are independelmkaa, at times there is a necessary

overlap between chapters.

o Mental fatigue and physical performance; literature review (Chapter 2)

o Research Question 1Does mental fatigue affect physical performance, and if yes, what are the

underlying factors?
o Mental fatigue and the heat-induced decrease in endurance performhapee(@)

o Research Question 2Does mental fatigue affect endurance performance in the heat?

o Research Question 3:Does a heat pad, locally applied to the upper back, impair endurance

performance?
¢ Mental fatigue and sport-specific psychomotor performance (Ch&pter

o Research Question 4Does mental fatigue impair sport-specific psychomotor performance?

o Research Question 5Does level of training affect the impact of mental fatigue on spextip

psychomotor performance?
¢ Counteracting mental fatigue (Chapter 5)
o Research Question 6Does serial caffeine-maltodextrin mouth rinsing counteract mental fatigue?

1.4 Mental fatigue and physical performanceQutline of the thesis

1.4.1 Mental fatigue and physical performance; literature review

The line of research on mental fatigue and physical performance origieteAngelo Mosso. In 1891, Angelo
Mosso reported in his seminal book on fatigue that muscle endurascesduced in two fellow professors of
physiology after long lectures and verbal examinations [44]. More &heentury later, Marcora et al. [25]
investigated for the first time in an experimentally controlled way ffecteof mental fatigue on physical
performance and brought the existence of this effect of miatigle on physical performance, back to attention.
The results of Marcora et al. [25] demonstrate that 90 min of a cognitieedanding task elicited mental fatigue
and impaired subsequent cycling time to exhaustion (TTE). Furtherthigetudy indicated that mental fatigue
limits exercise tolerance in humans through higher perception oft etither than cardiorespiratory and
musculoenergetic mechanisms. A couple of years thereafter the negativeeffemtal fatigue on endurance
performance was confirmed by Pageaux et al. [45]. In this stwesitshown that a submaximal isometric knee
extensor exercise until exhaustion was impaired when mentally fatigued\fgtbh, the negative effect of mental

fatigue on endurance performance seemed to be mediated by the higkptiperof effort rather than impaired
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neuromuscular function [45]. Following up on these two studies the limseérch on mental fatigue and physical
performance was created and multiple other studies were conducted and publisirdér to provide a clear
oversight on physical performance in a mentally fatigued state a first dlis iRhD was to conduct a systematic

review of the available literature on the topic.

Research Question 1Does mental fatigue affect physical performance, ahif yes, what are the underlying

factors?

1.4.2 Mental fatigue and the heat-induced decrease in endurance performance

1.4.2.1 Mental fatigue and cycling performanceha heat

Mental fatigue deteriorates cycling endurance performance [25, 27] anngahambient temperatue20°C).
Athletes have to be able to perform in a wide range of environmentitioos and one important factor within
these conditions is ambient temperature. Heat stress, like mental fatigue, isaisotenimpair endurance
performance [46]As such from an applied point of view it is of importance to assestheththe mental fatigue-
and the heat-induced performance decrements could work synergistiodllgleteriorate performance even
further. Besides additional information from an applied point of viegessing the effect of mental fatigue on
endurance performance in the heat could also provide further nig@heasights. The heat-associated impairment
in performance has frequently been linked with a rise in ceadular strain [47] during endurance exercise, a
decrease in maximal aerobic capacity, a higher internal body temperaturnee),Ta higher skin temperature
(Tskin) [48], hypohydration [48], neuromuscular changesiwithe central nervous system [49], and an altered
metabolic profile in the activity-dependent muscle groups. [BPhrt from all these physiological alterations
during exercise in the heat, perceptual responses (thermal sensation, thermal disandhfierception of effart
i.e. subjective thermal strain) are also affected. Traditionally, the effdutsmbdn these perceptual responses have
been explained as a consequence of the increased physiological strakfoféyer, we still do not know why
perception of effort is higher during exercise in the heat. This coulddé&dhe increased physiological strain,
but direct effects of heat on the brain could also be the cause [51]. Similartlo not know why perception of
effort during exercise is higher in mentally fatigued individuals [BBever, we can exclude physiological strain
[25] and neuromuscular fatigue [34] as there have been no differdrsmyed in these parameters due to mental
fatigue. Heat stress might augment the effect of mental fatigue on eodysarformance by aggravating the
mental fatigue induced by a given prolonged demanding cognitive nalétir by affecting perception of effort
through a different and additive mechanism. Therefore, a second i1 hD was to assess the effects of mental

fatigue on endurance performance in the heat (see Chapter 3).

Research Question 2Does mental fatigue affect endurance performance ithe heat?

1.4.22 The role of perceptual responses in the heat-iedwecrease in endurance performance

In this study we progress in our search for the role of percemapbmses in the heat-induced decrease i
endurance performance. Because, as mentioned before, in addfityysiological strain, performing endurance
exercise in the heat is associated with significant subjective thermal sghif ljfs strain is indicated by ratings
of heat sensation, thermal discomfort and higher perceived exeri®getterally accepted that subjective thermal
strain plays a role in the deterioration of endurance performaneevedsin the heat [534]. Nonetheless, the

exact extent to which it causes this deterioration is unknown as iticutlifb dissociate subjective thermal strain
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from the general physiological strain normally associated with impairadr@amze performance in the heat (e.g.

increased core temperature and decreased cardiac output).

Gaining further insight in the role of perceptual responses in andeiperformance is of importance in this PhD
as the impairment in endurance performance due to mental fatigue sebmselated to an increase in the
perceived exertion, independentlfytbe general physiological strain that is normally associated with exhaustion
(e.g. increased core temperature, decreased cardiac ottpudmphasize the important role of perceptual
responses in endurance performance, Marcora introduced the psjetichl model of endurance performance
based on the motivational intensity theory (see Fig. 1) [55-57].€flaig-based decision-making model postulates
that an endurance performance is a motivated behaviour ultimately det@tgitwo cognitive and motivational
factors: perceived exertion and potential motivation, i.e., the maximiam ah individual is willing to exert to
satisfy a motive [58]Since mental fatigue was found not to affect potential motivation in theriengnt of
Marcora et al. [25] and others [30, 45, 59], the key to undergandgative effect on endurance performance is
the higher perception of effort. Therefore, a third aim in this PhD wgeinaunderstanding in the role of perceptual
responses, independently from physiological strain, in endurancerparfce (see Chapter 3). In an attempt to do
S0, a heat pad was locally applied to the upper back during an endueaizcenance. This locally applied heat
pad was expected to induce subjective thermal strain without affectifogrpancedeermining physiology (e.g.
core temperature, cardiac output), to subsequently be able to evaluate the iedepdadf subjective thermal

strain in endurance performance.

(A) (B)

[ | )
—— low ability / high fatigue —— low ability / high fatigue
= = high ability / low fatigue = = high ability / low fatigue

o A s |
S o /
o= |
i L 4 l
|
Success Importance (Potential Motivation) |
71 [
{ — h—
Task Difficulty Task Difficulty

Fig 1. The motivational intensity theory [57]

Research Question 3Does a heat pad, locally applied to the upper backnpair endurance performance?

1.4.3 Mental fatique and sport-specific psychomotor performance

It is clear that mental fatigue impairs physical performance and particularlyagmeducapacity [25, 27, 30]
Contrarily mental fatigue appears to have limited influence on maximlahtary activation and strength,
explosive power, and anaerobic work capacity [45, 60, 61].dresisnost nothing is however known on the effect

of mental fatigue on sport-specific psychomotor performance \{isigpmotor response time, tactical decisions,
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...). Besides endurance capacity, this specific aspect of physical performance is a candidate proxy to be impaired

by mental fatigue as a cognitive component has been put forward to bpatamhfactor in observing an effect
of mental fatigue on physical performance [60] and psychomoitts s&ly heavily on optimal information
processing/cognition [62Psychomotor skills require integrated control by the central and periptesradus
systems. The decision to act is made by the higher centres of thepariicylarly the prefrontal cortex, and action
is initiated by the premotor cortex and/or supplementary motor areatheiformer being primarily concerned
with movement in response to external events while the latter mairthplsowoluntary movement, although hot
are active during any type of movement [62]. Sport-specifichmmyotor skills encompasses anticipation on an
opponeis’ behaviour, pattern recognition, strategic decision making, visual seam@vVidngh. .. , and is of crucial
importance in every sporDespite it is crucial in every sport it particularly defines performance in dgkn-s
sports, i.e. sports in which players are required to react in a dynanubhatging, unpredictable and externally-
paced environment (e.g. basketball, fencing and badminton) Té8}efore, to enlarge our knowledge on the
different aspects of physical performance that are impaired by mental fatigmal in Chapter 4 was to assess
whether sport-specific psychomotor performance related to opensiitsgmeasured as visuomotor response

time) are also impaired by mental fatigue.

Research Question 4Does mental fatigue impair sport-specific psychomet performance?

In addition, the aspect of training could provide important insights indheability of resistance to mental fatigue,
as such research question 5 was assessed in athletes as well as controls.

Research Question 5Does level of training affect the impact of mentalatigue on sport-specific psychomotor

performance?

1.4.4 Counteracting mental fatigue

The finding that mental fatigue negatively affects physical performanggets the urge to develop
countermeasures that allow to avoid/overcome this kind of fatigue in Baticagetting. Mouth rinsing is a
nutritional strategy that involves rinsing of substrates within thetim@or several second®-20 s) without
ingesting the solution, and thus avoids the possible negative side effatttke of the substance. The rinsing of
a solution containing carbohydrates, caffeine or both, has been shoaduce fatigue and performance during
exercise [6466]. However, to the best of our knowledge, the use of mouth ringithgboth carbohydrates and
caffeine as a mental fatigue countermeasure had never been tested eRIB i herefore, we sought to assess
the effects of frequent mouth rinsing with a caffeine-maltodextrin@®AALT) solution during a prolonged and

demanding cognitive task (serial mouth rinsing) on various madfanental fatigue.

Research Question 6Does serial CAF-MALT mouth rinsing counteract mentd fatigue?

Neurophysiological measures péalan important role in order to check whether mental fatigue was successfully
counteracted by the CAF-MALT mouth rinse in this chapter. Multiple (Hpbxsiological measures have been
proposed to mirror the level of mental fatigue to some degree (e.g. etedphalography (EEG), functional near

infrared spectroscopy (fNIRS), heart rate (HR) variability, ... ) [23, 67,68], one of the most promising is EEG.

When cortical neurons process information (cerebrocortical process$iadlow of the electrical currents across

their membranes changes. These changing currents generate electricéthdietds be recorded witBEG, in
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this way providing a window on the dynamics of human brain funictgp Cortical oscillations can be divided
into distinct bands [delta (3), theta (0), alpha (a), beta (), and gamma (y)], and the analysis of the cortical
oscillations (frequency analysis) deals with transforming the time dooganponents to frequency domains (to
obtain a power spectrum). The power in each frequency band reflectauthber of neurons that discharge
synchronously. An increase in power therefore means a mountingreyization of neurons within that specific
frequency band. On the contrary, a decrease in power reflects a desjzation of neurons. Desynchronization
seems to imply that different oscillators within a specific band are miaoupled and start to oscillate with
different frequencies. These different oscillators most likely reflect the symzihs activity of cortical or
thalomocortical networks in a more local manner [Gf] are, for example in the case of a-activity, termed local

or functional alphas and facilitate cognitive processing [70]. a &hards lowfrequency bands (5, 6, o) is
frequently reported in mentally fatigued subjects [23, 677 #]Lwhile higher frequencies (B, y) typically decrease

in amplitude [36]. This shift in spectral distribution is suggestduketoelated to a decrease in the level of arousal
[75]. A study of Wascher et al. [28Jported mental fatigue is specifically associated with an increase in frontal 0

and frontal and occipital a activity, which are associated with a reduced level of arousal and subsequent attention
deficits [70, 76]. Besides the frequency domain of EEG, event-relatedipts#€BERP) have also been associated
with the onset of mental fatigue. The evetitited potentials’ peak amplitude and —latency are, amongst other
things, related to stimulus evaluation and recall of task rules [77k@amsequently also provide an important
window to look into the brains functioning. The P300 is a corapbaf an ERP that appears around 300 ms after
the onset of a stimulus and its amplitude is suggested to serve as apkiesitdogical marker of attentional
resource allocation while its latency reflects the speed of stimulus eval[#8iofP]. Kathner et al. [80] studied
the influence of mental fatigue on P300 and observed a red30€daiplitude at the end of a mentally fatiguing
task compared to at the beginning. Likewise Hopstaken et al. [28] alsodadextease in P300 amplitude with

increasing subjective mental fatigue and tiometask.
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2.1 Abstract

Background: Mental fatigue is a psychobiological state caused by prolpegeds of demanding cognitive
activity. Mental fatigue has recently been suggested to affect physical peanfoem

Objective: To evaluate the literature on the impairment in physical performaade thental fatigue and to create

an overview of the potential factors underlying this effect.
Data Sources: Two electronic databases, PubMed and Web of Science (untill 28 2§)rwere searched.

Eligibility criteria for selecting studies: Studies had to be designed to testexvhatntal fatigue influenced

performance on a physical task or influenced physiological and/omeateesponses during the physical task.

Studies using short (<30 min) self-regulatory depletion tasks were excladedhi review.

Results:Eleven articles were included, of which six were of strong and fivaarferate quality. The general
finding was a decline in endurance performance (decreasedtciedraustion and self-selected power
output/velocity or increased completion-time) due to mental fatigue, associ#étedh vaigher than normal
perceived exertion. Physiological variables traditionally associated with endyenfigemance (heart rate, blood
lactate, oxygen uptake, cardiac output, y@ere unaffected by mental fatigue. Maximal strength, power and

anaerobic work were observed not to be affected by mental fatigue.

Conclusion: Duration and intensity of the physical task appearitogmatant factors in the decrease in physical
performance due to mental fatigue. The most important factor respdosithle negative impact of mental fatigue

on endurance performance is a higher perceived exertion.
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2.2 Keypoints

e Mental fatigue impairs endurance performance, while maximal strengtler @na anaerobic work are not

affected

e The impairment in endurance performance due to mental fatigue is medjatechigher-than-normal

perception of effort

e Future studies should use appropriate paradigms to induce mental &tibexrplore the role of the cognitive
component and the intensity/duration of the endurance task in #et eff mental fatigue on endurance

performance

25



Chapter 2: Mental fatigue and physical performance; literature review

2.3 Introduction

Mental fatigue represents a psychobiological state caused by prolonged pededsaading cognitive activity
[1, 2] and has implications on many aspects of daily life. In trxplace, mental fatigue has been found to predict
an increased risk of error [3] and in addition it is one of the mashmmm symptoms experienced by individuals
with neurological disorders [4]. Mental fatigue can be manifested subjectbetgviourally and physiologically.
Subjectively, increased feelings of tiredness, lack of energy [5] dadraase in motivation [6] and alertness have
been reported [7]Behaviourally, mental fatigue is recognized as a decline in performance (aceam@oy
reaction time (RT)) on a cognitive ta«10]. Finally, alterations in brain activity [8, 11-13] have been shown to
be a physiologic manifestation of mental fatigue. Changes in all three of teasqsubjective, behavioural, and
physiological) do not have to be present for mental fatigue to be preseintstaoce, cognitive performance does
not necessarily decline when one is mentally fatigued, since compegnstitot (e.g. indicated by alterations in
brain activity or as a result of increased motivation) may alleviate thik3]9 Hopstaken et al. [13] increased
motivation near the end of a prolonged cognitively demandingaagkoviding a monetary incentive and found
that cognitive performance declines were reversed, despite previous sigestaf fatigue. This suggests, as
previously stated, that the effects of mental fatigue can be counteradtextdased motivation and that one can

be mentally fatigued without any cognitive impairment.

In 1891 Angelo Mosso reported in his seminal book on fatigateniuscle endurance was reduced in two fellow
professors of physiology after long lectures and oral examinationsNtb4¢ than a century later Marcora et al.
[10] investigated for the first time in an experimentally controlled vimyeffect of mental fatigue on physical
performance (whole-body endurance task). Muscular endurancédagkst-ups, weight holding, hand-grip tasks
and leg-raise tasks) mostly involve a single muscle or muscle grouplfl&pntrast, whole-body endurance
performance refers to the entire body’s ability to sustain prolonged (>75 s), dynamic exercise using large muscle
groups (>2 legs; e.g. running, cycling and rowing) [16]. fdseilts of Marcora et al. [10] demonstrate that 90 min
of a cognitively demanding task elicited mental fatigue and negativelgtedf subsequent whole-body endurance
performance. In addition the negative effect of mental fatigue on musaleaed reported by Mosso [14] was
recently confirmed in a study by Pageaux et al. [17]. In this stwdys shown that a submaximal isometric knee

extensor exercise until exhaustion was impaired when mentally fatigued.

Besides endurance, another important element of physical performanigh-istansity, anaerobically-based
exercise (e.g. maximal strength, power and anaerobic capacity). Tdhisfhperformance is more likely to result
in peripheral fatigue (i.e. fatigue produced by changes at or diste tetiromuscular junction [18]) and therefore
distinguishes itself from endurance performance. High-intensity, drieallg-based exercise is often
characterized by an all-out strategy (i.e. the athlete working maximallythherstart of the event and rapidly
fatiguing as a result [19]) and can be defined as any short-du(&iiérs) local muscle (e.g. maximal voluntary
contraction (MVC)) or whole-body exercise (e.g. Wingate) that is powenediply by metabolic pathways that
do not use oxygen. This indicates thajthintensity, anaerobically-based performance will mostly require fewer
decision-making processes (e.g. pacing) compared to enduranmenagrée, due to the all-out strategy (i.e. less

pace regulating) and due to the inherent shorter duration of these kerdainances.

The aim of the present paper is to review the literature on the effecentdirfatigue on physical performance

and, if there are any, to create an overview of the potential underlyitegsfa accordance with most of the
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includedarticles in the current review, the term ‘mental fatigue” will be used [10, 12, 20, 21]. However some
haziness exists in regard to its terminology. Some authors, like Acke&riKamfer [22] and MacMahon et al.
[23], argued that the typical task used to induce mental fatigue is mawpapfely termed cognitive. Therefore
instead of ‘mental fatigue’ these authors used the term ‘cognitive fatigue’. It is our opinion that ‘mental fatigue” is
more appropriate as it includes emotion and motivation rather teaodgnition. The term mental fatigue better
encompasses constructs like cognition, sensation and perception and the dotaphexions between these
constructs. Bray et al. [226] and Pageaux et al. [20] labellg® mental fatigue inducing intervention as a ‘self-
regulatory depletion manipulation’. Self-regulation refers to the mental abilities that allow people to exert control
over their behaviours, thoughts, and emaotions to pursue theds (26, 27]. This description also applies to tasks
often used to induce mental fatigue and certain commonalities can be obisetwedn both constructs. As a
consequence studies using self-regulatory depletion tasks that nedigitfility criteria (duration 30 min or more)
will also be included in the present review. However, studies usingesisetf-regulatory depletion tasks (often
referred as “ego depletion”) will not be included. It should also be stressed that this review will not include dual-
task performance studies. The focus of the current review will be theno#éuwf a preceding mentally fatiguing
task on subsequent physical performance in order to adequately iassebfiow performance is affected by

mental fatigue.
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2.4 Methods
2.4.1 Eligibility criteria

We used Population, Intervention, Comparison, Outcome and Studpn desCOS) criteria for papers in order to

be included in this review (see Table 1; [28]). Randomized controlled ({R&$s), non-randomized controlled
trials (NRCTs) and non-randomized non-controlled trials (nRNCTs) weteded. These studies had to be
designed to test (observe in case of nRnCTs) whether a mentally fatigiska (= intervention) influenced
performance on a physical task or influenced physiological and/omeateesponses during the physical task.
To be able to test this, the control intervention (which will potentially also insluoe degree of mental fatigue)
in RCTs and nRCTs logically had to induce less or no mental fatignpased to the mentally fatiguing task.
Studies using short (<30 min) cognitive "self-regulation depletion" tasksexeheded from the review. This cut-
off is an important feature of this review. A recent multi-labosat@plication study of the self-regulation
depletion effect did not succeed in replicating the self-regulation depletiont Ef83c The authors state that
although the self-regulation depleting task used may be sufficiently axdamindicated by difficulty, effort, and
frustration ratings, it may not have been of sufficient duratiantensity to result in fatigue, a candidate proxy
measure of depletion [29]. This emphasizes the importance of the tdngthtask used to elicit mental fatigue.
The cut-off point was set at 30 min based on the vigilance decrenhariypically occurs after 2@B0 min of
continuous work on the tasks used to induce mental fatigue [3@Jdition subjective increases in mental fatigue
have been observed to occur in a similar time range (30 min; [3dly.original studies written in English were

considered.

Table 1 PICOS (Participants, Interventions, Comparisons, Outcol
Study design)

PICOS Detall

component

Participants (P) | Humans, healthy

Interventions (1) | Inducing mental fatigue with a cognitive task
30min or longer
Comparisons (C) [ Non or less mentally fatigued individuals

Outcomes (O) Physical performance, physiological and percep
strain

Study designs (S)| RCTs, nRCTs and nRnCTs

Randomized Controlled Trial (RCT), non-Randomizedn@olled Trial
(nRCT), non-Randomized non-Controlled Trial (nRnCT)
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2.4.2 Information Sources and Search Strategy

Two electronic databases, PubMed and Web of Science (until 28 April 2@té)searched. Medical Subject
heading (MeSH) terms, if available in PubMed, were used to have a qualitetiarire search. The following
key-words were applied individually ardmbined: ‘mental fatigue (MeSH)’, ‘mental fatigue’, ‘mental exertion’,
‘cognitive fatigue’, ‘self-control strength depletion’, ‘ego depletion’ in combination with ‘athletic performance
(MeSH)’, ‘physical performance’, ‘performance’, ‘muscle fatigue (MeSH)’, ‘central fatigue’, ‘peripheral fatigue’,
‘physical exercise’ (see Table 2). In addition, the reference lists of included articles were screened to make sure

that important works were not omitted.

Table 2 Number of hits on keywords and combined key words in bedhch engines (PubMed & Web of Scienc

PubMed Web of Science
Key words Hits Selected Hits Selected
articles articles
(28/04/16) (28/04/16)
(1) Mental fatigue (MeSH) OR mental fatigue 10 409 / 29 013 /
OR mental exertion OR cognitive fatigue OR
self-control strength depletion OR ego depleti
(2) Athletic performance (MeSH) OR physical 741 110 / 4132 391 /
performance OR performance
(3) Muscle fatigue (MeSH) OR central fatigue 13 036 / 68 089 /
OR peripheral fatigue
(4) Physical exercise 317 864 / 401 479 /
Combined key words Hits Selected Hits Selected
articles articles
(28/04/16) (28/04/16)
(1) AND (2) 2 159 / 6 095 /
(1) AND (3) 978 / 5235 /
(1) AND (4) 1378 / 1781 /
* (1) AND (2) AND (3) AND (4) 91 3 190 2

* Combined keywords were included in the screening process.

2.4.3 Study Selection and Data Collection Process

In- or exclusion of articles was performed by applying the PICOS-cris@Table 1) on the title, abstract and/or
full text of articles. First, titles and abstracts of the articles were screened. Next, full-text articlestnearedrif

the citation was considered potentially eligible and relevant. The data collection fisguesgnted in Fig. 1 [32].
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Fig. 1 PRISMA flowchart describing the process of obtaining the research articles {nellitled in this

systematic review [32]

Records identified through database searching
(n=281):
PubMed (n=91), Web of Science (n=190)

A 4

Records after duplicates removed (n=225)

v

Records screened for eligibility
by means of titles and abstrac]s
(n=225)

\ 4

\ 4

Full-text articles assessed for
eligibility (n=16)

Additional records
identified through
screening of the reference
lists of included articles

(n=6)

Studies included in systematic
review (n=11)

v

Records excluded:

¢ Mental fatigue
was not the
intervention
(n=125)

e Neurological or
any other disease
(n=37)

e Not RCT, nRCT
or nRnCT (n=44)

¢ Not humans (n=3)
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2.4.4 Quality Assessment

The methodological quality was assessed using the quantitative assessment tool ‘QualSyst’ of Kmet et al. [33].
QualSyst contains 14 items (see Table 3) that were scored dependinglegréeto which the specific criteria
were met (“yes” = 2, “partial” = 1, “no” = 0). Items not applicable to a particular study design were marked “n/a”

and were excluded from the calculation of the summary score. A sumeceaieyvgas calculated for each article
by summing the total score obtained across relevant items and divioyrié total possible score. Two reviewers
(J.V.C. and B.R.) independently performed quality assessnariglisagreements were solved by consensus or
by a third reviewer (K.D.P.). An article that scored >75% was considered strong, a score between 55% and 75%

was considered moderate and a score <55% was considered weak.

2.5 Results
2.5.1 Study Selection

Our search resulted in 281 hits, of which 16 remained after exclddiplgcates and screening of the titles and

abstracts (Fig. 1). Eventually five articles were included, but screenthg odference lists of these five included
articles resulted in the inclusion of six additional articles, making a totalsglédted articles. Quality assessment
of these 11 selected articles determined six articles were of strong quality and five\aetiele§ moderate quality
(see Table 3).
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2.5.2 Mental fatigue inducing interventions

All but one included article could be classified as a crossover RCT, Budini[@#jlvas classified as a nRnCT.
Mental fatigue was induced by a prolonged demanding cognitive laskthis task varied between studies.
Pageaux et al. [20, 35] and Smith et al. [31] used a 30-min modifisraf the Stroop colour-word task, in the
study of Duncan et al. [36] participants had to complete concentratiorfari¢gld min, Budini et al. [34] employed

a 100-min switch task paradigm, while the other six studies [1Q, 7121, 23, 37] used a 90-min version of the
AX-continuous performance test (AX-CPT). In the RCTs, the contrklwas always time matched with the
intervention task and was chosen to differ from the intervention taskhnesway that mental fatigue was only or
at least significantly more induced by the intervention task. The majonty, gtudies [10, 12, 17, 21, 23, 31, 36,
37], used a time-matched emotionally neutral documentary or reading magazancontrol task. Pageaux et al.
[20, 35] used a less mentally fatiguing (congruent, non-response inhil8timop task, as evidenced by the faster
reaction time and the lower rated mental demand and effort. In order teataoparticipants and increase
engagement during the cognitive tasks, seven out of the eleven studiesrgasmdof monetary reward for the
best performance in terms of RT and accuracy. In the most regdigtsshowever [20, 31, 36] no incentives were
provided. Six [10, 12, 17, 21, 23, 31, 34] studies reportgeater subjective mental fatigue after the intervention
compared to after the control task. In the studies of Marcora et al. [1@attagt al. [17] and Smith et al. [21]
this was assessed with the Brunel Mood Scale (BRUMS). Brownsberger ¥tJadnfl Smith et al. [31] used a
visual analoguescale ranging from ‘not at all’ to ‘completely exhausted’ to assess perceived fatigue and
MacMahon et al. [23] used the Current Mood State Scale (a short versianprbfile of mood states (POMS))
to assess subjective fatigue. From the five studies that observed no déf@rgperceived fatigue due to the
cognitive task, two did not assess subjective fatigue [34, 36], @B assessed fatigue similarly to Marcora et
al. [10] with the BRUMS, and one [37] assessed fatigue similarly to MaoMat al. [23] with the POMS. Four
out of the six studies [10, 12, 17, 21, 23, 31] that obseavgreater subjective fatigue after the intervention
compared to the control task also observed a higher mean heart rate (idR}ftiintervention [10, 17, 21, 23]
In two studies [10, 21] the greater subjective fatigue was also asslogitttea decline of accuracy. An increase
in reaction time over time was observed by Budini et al. [34]. In tiiy stUBrownsberger et al. [12] the increase
in mental fatigue was associated with an increase in f-band activity of the prefrontal lobe. Eventually all 11 studies
observed some additional measure of increased mental effort, demangtmtitrn in the intervention task

compared to the control task. An overview of the mental fatigue indutienyentions can be found in Table 4.
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2.5.3 Endurance
2.5.3.1 Whole-body endurance

Behavioural

Homogenous subject groups were recruited in each study, allowingofoparisons between studies. The
participants were healthy, young (2126 y) and moderately trained (maximal aerobic capacity, V4B — 56
mlkglmin?; performance level 2 according to De Pauw et al. [38]; see Table &jevdn the experimental
protocols differed, and consequently also the outcome measures offzarée (see Table 5). Marcora et al. [10]
used a fixed resistance (80% of the peak power output)ttreghaustion cycling protocol and observed a mean
decrease of 15% in time-exhaustion due to mental fatigue with no change in revolutionsprte (RPM).
Pageaux et al. [35] and MacMahon et al. [23] on the other hand select¢ahaalidamped, self-paced running
protocol and both reported an increased completion time when participants vmadyniatigued. An average
5% and 2% increase due to mental fatigue was reported respectively on 85}Hamd a 3-km running distance
[23]. Moreover, while Pageaux et al. [35] completed their study in adtdgrsetting, MacMahon et al. [23]
showed this negative effect of mental fatigue is also present in a npliedagetting (indoor track). Smith et al.
[21] used a time-clamped (45 min), self-paced running protoadserve the effect of mental fatigue on distance
covered. The protocol was designed with low- and high-intensityiteesivThey observed that mental fatigue
decreased the overall (2%) distance and the distance covered at low-int@#gityot not at high intensity.
Logically, running velocity was lower overall and at low-intensity. In @sdastudy Smith et al. [31] studied the
effect of mental fatigue on a Yo-Yo intermittent recovery test, level 1. Thissgsired participants to complete
2x20m runs (up and back) at progressively increasing velocities untfhibee twice to complete the 2x20 m
within the time limit. Smith et al. [31] observed a decrease in the codésthce in this test (16.3%) when
mentally fatigued. Martin et al. [37] used a time-clamped cycling protoccimia &ll-out test. Their protocol
aimed to observe the effect of mental fatigue on peak and mean atwat and critical power. They found no
difference in any of these measures due to mental fatigue. Brownsbeafiefl@{ studied the effect of mental
fatigue on power output with a time- (10 min) and ratings of pe¥deexertion- (RPE) clamped protocol, meaning
that participants had to complete two 10-min cycling bouts at self-selectpsiiet® representative of fairly light
effort (RPE 11) and hard effort (RPE 15). Both in the RPEatt- RPE 15-trial participants chose lower self-
selected power outputs in the mental fatigue condition (respectively 1688@kwiver). In the study of Pageaux
et al. [20] the only behavioural measure was RPM, as their cydlotggol was time (6 min) and resistance-

clamped (80%), there was however no difference in RPM due to mental fatigue.
Physiological

HR and blood lactate ([Bla]) were measured in all whole-body endurstuckes except the studies of
Brownsberger et al. [12], Pageaux et al. [20] and Smith et al. [3d]did not measure [Bla] (see Table 5). Only
the studies of Marcora et al. [10] and Brownsberger et al. [12] wdnba@ifferences during exercise due to the
intervention. Marcora et al. [10] reported a higher HR and [Bla] at exbaust the control condition.
Brownsberger et al. [12] reported a higher mean HR (4.3%) in the taotrdition during the RPE 11-bout.
Besides HR and [Bla] other physiological measures were taken that could yp@&sgildin the decrease in

endurance performance when mentally fatigued. Marcora et al. [10] shbatedental fatigue did not influence
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oxygen uptake, stroke volume, cardiac output and blood pressurg dusnbsequent whole-body endurance
performance. Also brain activity (o and B-activity in the prefrontal and the parietal lobe [12]) was not differently
altered during a whole-body endurance performance after a mentallyirfgtigsk. The time course (prepost
whole-body endurance performance) of blood glucose [21] andomesgcular function [central (maximal
voluntary activation level) and peripheral (twitch and doublet parameters andmlgagraphy measures)
parameters] of the knee extensors also did not differ due to mentalef§#g]. Regarding electromyography
(EMG) root mean square during the whole-body endurance task, alsfieat of mental fatigue on the rectus
femoris was found [20]. Conversely, mental fatigue was assoaciatieincreased EMG root mean square of the
vastus lateralis during the whole-body endurance task [20]. In adSitmith et al. [21] reported a lower ¥(5%)
during the exercise-protocol in the mental fatigue condition.

Psychological

The most frequently measured psychological outcomes during the whibjeebdurance task were perception of
effort, motivation and subjective workload related to the exercise protocol éde 5). Perception of effort or
perceived exertion (i.e. how hard, heavy, and strenuous a physica {88k 40]) was always assessed through
Borg’s 15-point RPE scale [41], except for the study of Smith et al.if2hich they used the CR100 RPE scale,
and was found to be higher during exercise in a mentally fatigued stad¢esitudies of Marcora et al. [10], Pageaux
et al. [20, 35] and Smith et al. [21, 31]. Marcora et al. [10] usszhie developed and validated by Matthews et
al. [42]. They did not find any difference in success or intrinsitivation related to the upcoming physical tasks
between conditions. The same conclusion was drawn in the studlagedux et al. [20, 35] and Smith et al. [21]
who used the same scale to assess motivation. In the study of Btaalin[37] a different scale (Situational
Motivation Scale [43]) was used to assess motivation, but again no diffevaacketected in identified regulation,
external regulation and amotivation. There was however a trend forreadedn intrinsic motivation when
mentally fatigued. Brownsberger et al. [12], MacMahon et al. [23] anithS¥hal. [31] did not differentiate
between different types of motivation. Brownsberger et al. [12]5smith et al. [31] used a 10-cm visual analogue
scale to assess motivation for the upcoming physical task, while MacMahbri23] used a 7-point Likert scale.
No effects of mental fatigue on motivation could be distinguished. ljjective workload of the exercise protocol
was only assessed in the studies of Pageaux et al. [20n3geaux et al’s 2014 article [35], the National
Aeronautics and Space Administration Task Load Index found thaixtdreise protocol was perceived as more
mentally demanding and participants also rated their performance omehtitl lower in the intervention trial.
Additional psychological constructs like attentional focus [23] and mood aftekéneise protocol [12] were also

assessed, but no differences were observed due to mental fatigue.
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2.5.3.2 Muscle endurance

Behavioural

Only one study evaluating the effect of mental fatigue on muscle endwaudebe included in the present review
[17] (see Table 5). In this study participants had to producget tealue of 20%-MVC (a prolonged submaximal
isometric contraction of the knee extensor muscles) until exhaustion:t@iexdaustion was observed to be 13%

shorter in the mental fatigue condition [17]
P hysiological

HR was continuously monitored during this prolonged submaximal axiitn and was not observed to be
affected by mental fatigue at iso-time (time elapsed from the beginditlgeoendurance task to the last
measurement before exhaustion of the shortest performanca) exiraustion. Likewise EMG root mean square

did not differ between conditions [17].
Psychological

Leg-RPE (i.e. subjects were specifically asked to rate how hard theydweing their leg during the endurance
task) was measured every 20 s and was significantly higher maetally fatigued. At exhaustion leg-RPE did
not differ [17]. No difference in intrinsic and success motivatioreto the endurance task was observed during

this investigation [17].

2.5.4 Maximal strength, Power and Anaerobic Work

Behavioural

Five studies examined the effect of mental fatigue on high-intensity, &#neslybased exercise [17, 20, 34, 36,
37] (see Table 6). Four studies assessed whether an impairment in M€ lafee extensor muscles occurred
after completing a mentally fatiguing task [17, 20, 34, 37]. Butties of Pageaux et al. [17, 20] revealed that the
mentally fatiguing as well as the control task did not affect MVC torque. Martin[87@kconfirmed these results
and found no condition or time effect in any of the measures takergdhe MVC (i.e. peak torque, mean torque,
time to half peak torque, time to peak torque and peak torque sBymbii et al. [34] on the contrary reported a
decreased leg extension MVC (796 + 150 N to 741 + 137 N) afted-anif® mentally fatiguing task. Martin et al.
[37] and Duncan et al. [36] examined the influence of mental fatigu@oa sport specific anaerobic performance.
Regarding a countermovement jump Martin et al. [37] found rferdifice in jump height, mean power, peak
force, concentric peak velocity or eccentric displacement due to mental fadigean et al. [36] reported that

mental fatigue had no effect on mean cycling power during fouecatigse 30-s Wingate anaerobic tests.
Physiological

Martin et al. [37] did not record any specific physiological measures retatbeé countermovement jumps. On
the other hand Duncan et al. [36] assessed HR and [Bla] and foutifference due to mental fatigue. In the
studies of Pageaux et al. [17, 20] and Budini et al. [34] meastipesipheral and central fatigue were examined
during a MVC. Pageaux et al. [17, 20] included single electrical stimuliatiorder to evaluate peak twitch, time
to peak twitch and half-relaxation time. Double electrical stimulation was uss@limate the peak torque of the

doublet (potentiated doublet, 5 s after the MVC). In both studies @] ho2effects of mental fatigue on peripheral
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parameters of neuromuscular function (peak twitch, time to peak twitthalfirelaxation time) or on central

parameters (voluntary activation level) were observed [17, 20]. Budini[8d&amade use of two springs with a
different stiffness to induce two specific tremors during a 2096-B0/C. One spring induced a 9-Hz frequency
oscillation (associated with the peripheral component of the stretch reflex)@hdreen5-Hz (associated with the
central component of the stretch reflex). The instability/tremor at 9 Heragexd by the stretch reflex peripheral

component, was decreased after the mental fatigue task [34].
Psychological

Budini et al. [34] did not take any psychological measures and theimedse. perception of effort, motivation
and subjective workload) taken in the studies of Pageaux et a(lwere not related to the anaerobic maximal
work. Duncan et al. [36] also employed few psychological measuregnmijtiRPE being measured on completion
of each Wingate-test, but no effect of mental fatigue was reported. Maatij3#] assessed RPE and motivation
and did not observe any difference in RPE, identified regulation, externddtieguand amotivation towards the

countermovement jump or MVCs.
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2.6 Discussion

With the present review we sought to outline the current knowledge on ¢ut @ffmental fatigue on physical
performance. Secondly, we aimed to propose possible factors methéieffect. All investigations included in
this review were of moderate to strong qualitysessed with the quantitative assessment tool ‘QualSyst” of Kmet

et al. [33]). Within the quality criteria check all studies lost points for hiading investigators and subjects. This
highlights a specific difficulty in this field of research, being the impdggilto blind a participant from which
task is being done, the experimental task (the cognitive task) or the control sk g@amanding cognitive task
or watching a television documentary). This could lead to different expectatigarding the performance on a
subsequent physical exercise task. This is predominantly counteracielédiing soealled ‘naive participants’,
meaning they were naive to the real aims and hypotheses of diye Isistead participants were told the study
examined the effects of two different cognitive activities (a computerizédatad watching television) on the
physiological responses to exhaustive exercise [10] or were led to believe thevatigxamining whether
watching television or completing a mentally engaging task is a p@mération for maximal anaerobic exercise
performance [37]. Despite participants being deceived, the difference idgasind between the experimental
and the control task could still have created different expectations concerningulibequent physical
performance. A solution might be to measure how patrticipants expeetftorp on the physical task, however

this carries the risk of emphasizing a potential difference in performapeetations between conditions.

2.6.1 Mental fatigue inducing interventions

One of the most important questions in studying the effect of miatiglie on physical performance is whether
mental fatigue was successfully induced. To answer this question gigilefii mental fatigue and its markers is
needed. As already stated in section 1, mental fatigue has subjective, bethavidphysiological manifestations.
Most of the included studies assessed only the subjective and behavionif@stagons and therefore the
quantification of mental fatigue is often restricted. Marcora et al. [1Glladsd that higher subjective fatigue
and/or a decline in cognitive performance indicate the presence of mental fetiguezer, whether the presence
of these two markers is sufficient to determine that mental fatigue hasummmssfully induced is debatable. This
is shown by the fact that only six of the 11 included studiseiwed higher subjective fatigue [10, 12, 17, 21, 23,
31] and only two studies reported a decrease in accuracy with longeonitask [10, 21]. Moreover, observing
an increase in subjective fatigue or not, also greatly depends on thdigalgeale that is used. A visual analogue
scale assessing how mentally fatigued an individual feels might béveehat promote response bias, while the
BRUMS or POMS may be less capable of detecting small but relevant short-teige€iramental fatigue. This
raises the need for well-thought paradigms that account for the retatitebution of other parameters, like
motivation and/or boredom, when tinoe-task effects are investigated [9, 44]. In an attempt to account for these
effects (e.g. loss of motivation with subsequent task disemgeqt), incentives were provided for the best
performances in seven of the eleven included studies. Gergelyfi et htiddnstrated that alterations of the
motivational state through monetary incentives failed to compensate the effextsital fatigue and therefore
this seems a legitimate way to account for task disengagemente(reade in cognitive performance) through
loss of motivation. Nonetheless, the interpretation of subjective and belswvoeasures of mental fatigue

remains challenging without (neuro)physiological measures.
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Brownsberger et al. [12] is the only included study that used edexctephalography (EEG) to examine neural
indices (a and B waves) of electrocortical activity in the prefrontal cortex, a brain region that poitant in
decision-making [5]They reported an increased p-band activity of the prefrontal lobe in the middle of and after
the mentally demaling task compared to the control task. B-waves are fast (130 Hz) EEG potentials associated
with increased alertness, arousal and excitement [45]. Brownsberger[¥2]atubsequently interpreted this
finding as an indication of successfully eliciting greater attention, informagpi@cessing and cognitive
ergagement. This greater attention could of course indicate that compensatrgnisms were in place to
maintain performance in the presence of mental fatigue [46], howelesrs not automatically indicate that mental
fatigue was present. The greater elicited attention and cognitive engagement ratbsisghgtithe experimental
task was more mentally demanding. EEG measures that have repeatadigdmsated with the occurrence of
mental fatigue are increases in frontal 6 and in frontal, central and parietal a-power [8, 4749]. Moreover, if one
considers the continuous change of a measure as a criterion in oedsigo it to the development of mental
fatigue, the increase in frontal 6 power seems to be the most valid measure of mental fatigue according to the data
reported by Wascher et al. [8] and Trejo et al. [49¢vated 0 activity shows that more effort is required to
maintain the performance level, certainly when tasks have to be rege@2). [Unfortunately 6 activity was not

measured in the study of Brownsberger et al. [12].

In order to state whether mental fatigue was induced requires subjdxethavioural and physiological measures,
and the interactions between all three manifestation areas of mental fatigie lsbanterpreted. Moreover,
adaptation, motivation and inter-individual differences in threshold ttahétigue are important variables to
acount for. Participants have to be in a well-familiarized setting [9] in whid¥jestive, behavioural and
physiological effects can be most certainly attributed to mental fatiguecdiibe attained by adding a different
cognitive task before and after the mentally fatiguing task (i.e. theegtdirethod [53]), allowing researchers to
evaluate the effect of fatigue on cognitive performance independentlytiimeron-task [44]. In addition it is
likely that the occurrence of mental fatigue differs from one indivittuanother, and depends on the duration
and/or difficulty of the mentally exerting task. Therefore, it cannot lpeard that the same physiological,
psychological and behaviouraanges will be observed in all individuals. The importance of the duration of the
task to induce mental fatigue is underlined by the recent replication stithgger et al. [29] and is shown again
by a recent study published by Schiicker et al. [54]. In this st#lyno effect of a 10-min cognitive task on
subsequent whole-body endurance performance was found. Thesaadhtit one possible explanation for these
results is the ineffectiveness of the manipulation task (10-min Stroapjitce mental fatigue. They however
argue that even shorter tasks have been observed to reduce whotawthadnce performance [55] and therefore
feel confident that the induced state of mental fatigue was comparable withugrstuidies in this line of research.
However there seem to be some crucial differences between the lines oftreseanental fatigue and self-
regulation depletion [56]. More specifically, in the short tasks usea isetfi-regulation depletion research mental
exertion is not sufficiently prolonged to induce subjective feelingseiftal fatigue. Therefore one should be
cautious about attributing the results in both lines of research to the samenimechn the end, all included
studies in the present review but the studies of Pageaux et al. [28)&88h et al. [37] and Duncan et al. [36]
have arguments to state mental fatigue was induced in the experimentabnantt not or to a lesser extent in
the control condition. Despite not being able to substantiate mental fatigue was iimdilne@dstudy, the studies

of Pageaux et al. [20, 35], Martin et al. [37] and Duncan et al. [863 wmcluded. To begin with, these studies

46



Chapter 2: Mental fatigue and physical performance; literature review

[20, 3537] used tasks of a similar nature and length as the tasks used in thanciteed studies that were
successful in inducing mental fatigue. Secondly, Duncan et al. [3@ptlidclude any subjective, behavioural or
physiological measures to monitor mental fatigue, whereas Pageaux et ab] [@0d 3/artin et al. [37] used the,
perhaps too insensitive, BRUMS or POMS to assess the participants’ state of mental fatigue. Therefore, and
because in the studies of Pageaux et al.38Dand Martin et al. [37] it was reported that participants perceived
the intervention task as more mentally demanding and effortful compmatkd control task, these studies were
also included.

2.6.2 Mental fatigue and physical performance

For the purpose of discussing the subsequent physical perforinaaoeentally fatigued state a distinction was

made between behavioural, physiological and psychological outcomes duricigexer
2.6.2.1 Behavioural

Out of the nine studies that examined the effect of mental fatigue on befshviteasures, eight included an
endurance performance-measure. Seven of those eight reported tw@neadperformance was negatively
affected by mental fatigue. This was evidenced by a decrease inotembaustion [10, 17], an increase in
completion time [23, 35], a decrease in self-paced velocity [21], eaein self-selected power outputs [12] and
a decrease in distance covered [31]. Only in the 3-min all-oubgul of Martin et al. [37] no impact of mental
fatigue was observed. Martin et al. [37] argued that the lack of effect d¢énfetigue on performance was caused
by the reduced to non-existent cognitive component of the exercise tiesbd]Jm@an all-out strategy is characterized
by the athlete working maximally from the start of the event and rafatfyuing as a result of that [19]. This
statement seems to be supported by the null findings in the studike effect of mental fatigue on maximal
strength, power and anaerobic work [17, 20, 36, 37]. The gmaglphysical tasks in these studies all require a
maximal all-out effort. From these results it can be pointed out that it appdagsirgportant to differentiate
between endurance and maximal power tasks to observe a negativeokfieental fatigue on behavioural
measures. This leads to the assumption that, the shorter and more Intiaitaak, the lower the impact of the
mental fatigue. The distinction between whole-body and local muscle exnduesks does not seem to be of great
importance to find an effect of mental fatigue. In a study of Pagetaalx [17] it was shown that besides whole-
body endurance, muscle endurance was also impaired when mentallgdafldus is however the only study
examining the effect of mental fatigue on muscle endurance perforraadceeeds to be confirmed by other
studies in the future. The importance of both the cognitive componeth@sdbmaximal, endurance intensity in
the physical task also points towards the need for future researerctmtbucted in a more applied way (e.g. in
prolonged endurance tasks/events). The demands of such realllifegebendurance events are physically but
also cognitively high, as is shown by the metacognitive framewoBqiok et al. [57]. Therefore such real life
endurance events are possibly able to accentuate even more the decrehsamtemperformance due to mental
fatigue. A recent investigation by Brick et al. [58] demonstrated this tmpadng an RPE-clamped time trial and
an externally-controlled pace time trial. Preceding the randomized completi@sefttto time trials participants
completed two self-controlled pace time trials. Pacing strategy for the exteraathylled and RPE-clamped time
trials was the same as for the subjects' fastest self-controlled pace tinievidalconcluded that external control
over pacing (e.g. drafting in a race) may facilitate performance fakibly mediated through reducing the

cognitive load and promoting appropriate attentional strategies that optimize @aréernAn applied study was
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recently performed in soccer. Badin et al. [59] assessed the effect of fatigiaé on physical and technical
performance in small-sided soccer games. Physical performance (totatalistarered tracked with a global
positioning system) in this setting was however not a main objebtaause a player could perform better (e.g.
more successful passes) without covering more distance. Thelefoagise covering as much distance as possible
did not translate unequivocally to a better performance in a small-sideer Iame and because the researchers
also did not instruct the participants to cover as much distance as possihietbdergame, there was no real
physical performance measure included in this study and conskgoihenstudy was not included in the review.
Nonetheless studies of this kind are extremely useful and neceassatigi to expand our knowledge on the effect

of mental fatigue on physical performance.
2.6.2.2 Physiological

Regarding the studies on endurance performance, Marcora et aBl@@hsberger et al. [12] and Smith et al.
[21] observed respectively a higher HR and [Bla] at exhaustion, a mgtem HR in the RPE 11 exercise-bout
and a higher V@in the control trial compared to the mental fatigue trial. However all these findambe
explained by behavioural changes. In the study of Marcora et al. [Li@dhtper timeto-exhaustion explained the
physiological differences between conditions. Brownsberger et alidé2fjfied the higher self-selected power-
outputs as an explanation for the higher mean HR and Smith2tleémiphasized the higher self-selected running
velocities to account for the higher Y@ the control trial. Brownsberger et al. [1#}o observed elevated
activity in the prefrontal brain lobe during a 3-min warm-up duenémtal fatigue. This significant difference
disappeared during the subsequent exercise bout. Pageaux et al. [20ktdatied that mental fatigue was
associated with a higher EMG root mean square of the vastus lateralis guating.cThis suggests an alteration
in muscle fibre recruitment for the same power output and was preyrepsirted by a self-regulation study [24]
In contrast to the above mentioned physiological differences between conditigas also observed that many
physiological measures did not differ. Marcora et al. [10] did not obsammyeeffect of mental fatigue on
cardiovascular measures during exercise. Pageaux et al. [20] used a timéerssity ifixed protocol in order to
observe the effect of mental fatigue on exercise induced peripheral (amidicboublet parameters and EMG
measures) and central (voluntary activation level) fatigue. It could be condiaedental fatigue did not
accentuate peripheral fatigue as well as it did not increase exercise-induced eéigtral [R0]. Overall, all
included studies were rather unequivocal, mental fatigue does not reduce engerdmcaance by altering
physiological, cardiorespiratory and neuromuscular responses to thesebs exercise. These findings are
confirmed by the line of research on the effect of mental fatigue on rabgirangth, power and anaerobic work.
Studies by Pageaux et al. [17], Martin et al. [37] and Rozand et al.if60ptdobserve any effect of mental fatigue
on central fatigue. In contrast, Budini et al. [34] reported a decreased U@ decreased tremor amplitude
during a 100% MVC after a mentally fatiguing task (100 min). Weakearetico-muscular coupling (i.e.
synchronized activity of the motor cortex and the spinal motoneuroh) pmluced by mental fatigue is one
possible explanation for this finding [34]. Yet they did not include a obgtoup and as a consequence muscle
relaxation cannot be excluded as another potential explanation for theigfind@imese results demonstrate that
mental fatigue is able to alter endurance performance without altering argisexaduced physiological

parameter in the periphery and without any change in the cortico-musoufding. A side note to this conclusion
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has to be that, due to the findings of Pageaux et al. [20] and Budin[®t]afurther investigations on the effect

of mental fatigue on muscle fibre recruitment are warranted.
2.6.2.3 Psychological

Martin et al. [37] reported a trend for a decrease in intrinsic motivatwartts the upcoming physical task when
mentally fatigued. Moreover, Pageaux et al. [35] found that a 5-km tiedenmais perceived as more mentally
demanding and participants also rated their performance on the time triallbeementally fatigued. The most
consistent finding was however the higher RPE during exefdiarcora et al. [10], Pageaux et al. [17, 20, 35]
and Smith et al. [21, 31] all observed a higher RPE during exercisténMgal. [37] observed a trend towards a
higher RPE and Brownsberger et al. [12] and MacMahon et al. [2B]dhmwed a lower self-selected power
output or running velocity for the same RPE. Therefore the curesrgl opinion is that endurance performance
is impaired by mental fatigue and this is predominantly related to therktigdan-normal perceived exertion during
exercise. Mental fatigue appears not to alter motivation towards the upcordugmece task. In the study of
Marcora et al. [10] this could have been due to a ceiling effect, created astifttially increased motivation by
offering monetary reward for best cycling performance, that maskegossible influence of mental fatigue on
motivation. However, no other studies provided monetary incentivesreagse engagement in the physical task
and a ceiling effect was therefore less plausible in those studies. Encouragameritsial feedback during the
physical task itself are other important factors that impact on ntiotiva hese specific aspects differed between
studies, with some [20, 21] giving no feedback nor encouragieseme giving feedback but no encouragements
[12, 31, 34, 35] and others giving both feedback and standaréizesuragements [10, 17, 37]. However,
independently from giving feedback or encouragements, all studiege@pw effect of mental fatigue on
motivation towards the upcoming physical task. Mental fatigue not haringffect on motivation is possibly
explained by the differing natures of both tasks following upon edoér.otnzlicht et al. [61] proposed a
motivational shift model to explain that engaging in self-regulation at tifeads to declines in performance at
time 2. However, while this model accounts for many relevant fisdimghe field, crossing over the nature of the
task (e.g. a cognitive task followed by a physical task) might counteract the motivational shift (away from ‘have-

to’ goals and towards ‘want-to’ goals) often observed when tasks of a similar nature follow each other (e.g.
cognitive task after cognitive task) [62]. Higher perception of effortasdiator of the negative effect of mental
fatigue on physical performance also explains why mental fatigue does not ingxdmnal anaerobic tasks. The
role of perception of effort in maximal anaerobic tasks is limited becduke all-out strategy that is employed.
All-out strategies typically require no pacing and induce a faster build-pgripheral fatigue (e.g. accumulation

of metabolites).

2.6.3 How does mental fatique increase perceived exertion during endurance performance?

Perceived exertion, also referred to as perception of effort, can be defihedcasscious sensation of how hard,
heavy, and strenuous a physical task is. So far, three different theaviedeen suggested on which néura
signal(s) are processed by the brain to generate the perception of4&fo(i) the afferent feedback from the
working muscles and other peripheral physiological systems (i.e. therdffeedback model [63]); (ii) the
corollary discharges (neural signals from premotor/motor aressn®ory areas of the brain) associated with the
central motor command (i.e. the corollary discharge model) [64-67]a (@mbination of afferent feedback and

corollary discharges (i.e. the combined model [68]). It should bedrthat recent evidence provides support in
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favour of the corollary discharge model (for more details please see9idd,)6 Yet without wishing to extend
this discussion much further, it can be stated that perception of effdd possibly be increased by 1) increasing
the intensity of afferent feedback from peripheral physiological syst&)riacreasing the intensity of central
motor command (i.e. motor-related cortical activity) and thus its corollachialiges and 3) altering the processing
of these neural signals in the brain (independently whether they origioataHe periphery or from corollary
discharges of the central motor command). The first option has heen sultiple times not to be influenced by
mental fatigue, i.e. mental fatigue does not alter the physiological responses to ¢xeugjbeto provide afferent
feedback to the brain (see section 4.2 Physiological). Regarding thedspassibility, Pageaux et al. [20]
demonstrated that mental fatigue was associated with a higher EMG roctaneam of the vastus lateralis during
cycling. This suggests that alterations in motor control may force meffdtitjued subjects to increase their
central motor command and muscle recruitment (as shown by the incr&86& amplitude) in order to produce
the same power output even when central and peripheral fatigue are not exacenmtdtbred EMG amplitude
due to mental fatigue has however to be confirmed by other studidseffoote, EEG should be used to directly
test this hypothesis because central motor command can change tteakisence of changes in EMG amplitude
[69]. The third option, an altered brain processing of the neurablsigmderlying perception of effort
(independently whether they originate from peripheral receptors ooprsegmotor areas of the cortex appears to

be a reasonable explanation. However, we are not aware of any studysabetéd this hypothesis.

2.6.4 A potential role for brain neurotransmitters

The importance of brain neurotransmitters in endurance performancedatydleen underlined by Roelands et
al. [72]. They showed that reboxetine (a noradrenaline re-uptake inhibégorgased whole-body endurance
performance in normal and high ambient temperature. Interestirgggitel a decreased power output during the
time trial in this study there was no change in absolute RPE values, conbetoeeasing the RPE to power
output ratio (meaning less power output is generated for a samedRRI: Whe intake of methylphenidate [73]
[a dopamine (DA) reuptake inhibitor] in contrast allowed subjects to maiataigher power output and improve
time trial performance in the heat, again without influencing absolute BRIREs/ This demonstrates that altered
brain neurotransmission is able to affect whole-body endurance parfoerand that this effect is associated with
an altered RPE to power output ratio (in the case of DA, a decreasedKhkss) et al. [74] showed that muscle
endurance performance is affected in a similar way. A noradrenalineketphibitor reduced endurance time
by 15.6 %. This was associated with a greater rate of supraspinal impaamdeincrease in RPE. Participants
experienced the same intensity of intermittent contractions as harder to paftermadministration of a
noradrenaline reuptake inhibitor, without affecting the fatigue-relateghmiscular impairments [74]. Pageaux et
al. [17, 20, 3] stated that neural activity increases the extracellular concentration of adenosimeikiaory
neurotransmitter; [75]) and that brain adenosine accumulation reduces engherdmcaance [76]. Subsequently
they speculated that adenosine accumulation in the pre-supplementary matan@ranterior cingulate cortex
(due to a mentally fatiguing task) could also explain in part the highernormal perceived exertion during an
endurance exercise in a mentally fatigued state. However, there is to datdythat demonstrates that mentally
fatigued individuals have increased adenosine in specific areas. Morethegrpossible neurotransmitters that
could mediate the effect of mental fatigue must not be overlooked. Hopstalken[13] monitored certain
psychophysiological markers of locus coeruleus activity during a mefatitiping task and reported that these

markers (P3 and pupil diameter) were affected by the ¢ira&sk manipulation. Consequently this indicates that
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the locus coeruleus (i.e. a nucleus in the brainstem responsible feteaserof cortical noradrenaline) is also a
possible mediator of the effects of mental fatigue [13]. Moeller et al.ifivéptigated the role of DA in mental
fatigue and concluded that also the dopaminergic midbrain is involved innsugtaiotivation during fatigue.
Research on neurological disorders and the often associated feelingsuef, falsgp points towards an important
role for the midbrain and other subcortical regions [78]. The abovéspminthat most probably it will not be one
particular neurotransmitter that mediates the negative effect of mental fatignelunance performance. Rather
mental fatigue will affect neurotransmitter systems in multiple brain regiahtharsummation of these alterations

might explain (in part) the impairment in endurance performance.

2.6.5 Future directions

Evidence from fields other than physical performance has already deatedsthat manipulation of
neurotransmitter systems could reduce the negative effects of mentaé fitigy 79]. Moeller et al. [77] used
methylphenidate (i.e. a DA reuptake inhibitor) in order to manipulate the coatt@mtof DA in the brain and
assess what effect this had on the development of mental fatigue duringittveqaerformance task. Similar
interventions could be employed to assess the role of the above menteuretramsmitters in the mental
fatigue/physical performance interaction. Almost 20 years ago, Calelal|[79] reported that administration of
dextroamphetamine (i.e. an indirect dopamine agonist) improwgd fierformance during the final 23 hours of
a 40-hour period of continuous wakefulness. Similar studiestigagag the effect of mental fatigue on physical
performance could enlarge our knowledge of the role of differentotransmitters in this interaction.
Simultaneously more applied areas need further investigation as well. Tiigveosks used to induce mental
fatigue in the reviewed studies do not entirely resemble tasks (e.yidnter emotion control, and tactical
meetings) that would regularly occur prior to competition. The mentabiatigduced by the cognitive demands
of the competition itself should also be investigated. Finally, the impaceofaifatigue should be assessed on
endurance performance of longer duration (e.g. marathon) anghifiehviel athletes, as it is likely that they may

have superior ability to maintain performance [80]
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2.7 Conclusion

Mental fatigue is a psychobiological state caused by prolonged periods ahdiem cognitive activity and is

characterized by a combination of specific subjective, behavioural arslofugical manifestations. Recent
research has observed the effect of mental fatigue on physical perforfla@agirrent systematic review aimed
at unravelling whether mental fatigue impairs physical performance amghtsto create an overview of the

potential factors underlying this effect.

Eleven articles on the topic were selected and the main outcome was a decline in engenrfancg&nce
(decreased times-exhaustion and self-selected power output/velocity or increased compilei)miue to mental
fatigue, associated with a higher than normal perceived exertion. Physiologiahlegatraditionally associated
with endurance performance (heart rate, blood lactate, oxygen uptakac cautput, VQ) were not directly
affected by mental fatigue during and after endurance performance. Matiength, power and anaerobic work
were not affected by mental fatigue. This led to the conclusion that dugatib intensity of the physical task

appear to be important factors in the decrease in physical performante®rdantal fatigue.

Practically these findings suggest that a higher-than-normal perceptieffoot and reduced endurance
performance are respectively a psychological and behavioural mankemtdl fatigue. In addition, engagement
in mentally demanding tasks before competitions requiring endurancéddhe avoided in order to optimize
performance. Moreover, the high cognitive demands of sport astepmodbably mentally fatiguing when prolonged
over time. This opens new opportunities to improve endurancerpenfice by minimizing as much as possible
the cognitive load during competitions and/or by increasing resistance to #tevaedfects of mental fatigue on

perception of effort and endurance performance.
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3.1.1 Abstract

Purpose: Mental fatigue is a psychobiological state caused by prolonged perioesahding cognitive activity
and has been observed to decrease time-trial (TT) endurance performant5% in normal ambient
temperatures. Recently it has been suggested that heat may augment the eéfgatiof mental fatigue on
cognitive performance, raising the question whether it may also antpéfeffect of mental fatigue on TT-
performanceMethods: In 30 °C and 30% relative humidity, ten endurance-trained male athletes QAg& 2,
Whax 332 £ 41 W) completed two experimental conditions: intervention (mi#bStroop task) and control (C;
45-min documentary). Pre and post intervention/control, cognitive performaasdollowed up with a 5-min
Flanker task. Thereafter subjects cycled for 45 min at a fixed paaktediD%-Whax, immediately followed by
a self-paced TT in which they had to produce a fixed amount of (ggikal to cycling 15 min at 80%-¥) as

fast as possibleResults: Selfreported mental fatigue was significantly higher after | compared to<0.(QB).

Moreover electroencephalographic measures also indicated the occurrence offatign&alduring the Stroop
(P<0.05). TT-time did not differ between conditions (I: 906 +s30C: 916 + 29 s). Throughout exercise,
physiological (heart rate, blood lactate, core and skin temperature) andtparoepasures (perception of effort
and thermal sensation) were not affected by mental fat@preclusion: No negative effects of mild mental fatigue
were observed on performance and the physiological and perceptual essfoesdurance exercise in the heat.
Most plausibly mild mental fatigue does not reduce endurance performaecetive brain is already stressed by

a hot environment.

Key words: exercise, whole-body endurance performance, heat, effort
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3.1.2 Introduction

Physical performance and more specifically endurance performmnegatively affected by mental fatigue (see

Van Cutsem et al. [1] for a systematic review on the topic). Mental faigu@sychobiological state caused by
prolonged periods of demanding cognitive activity and is characterizedrlmus subjective, physiological and
behavioural alterations. It is manifested as an acute increase in subjective oatfatigue [2-5], specific
electroencephalography (EEG) alterations [3, 6, 7] and/or an acute dedognitive performance [2, 5]. Often
it is induced by a response inhibition task (e.g. incongruent Stroop tagkjetjuires self-control to inhibit
automatic responses to certain stimuli. Prolonged performance on suclpadask endurance exercise leads to
higher perception of effort and impaired endurance performanca fiiher perception of effort manifests itself
as a higher rating of perceived exertion (RPE) during fixed workloag] teltist during time trials the workload
is lower relative to RPE. Physiological parameters like respiratory, cardiovasoelabolic or neuromuscular

function during and after endurance exercise [2, 5, 8] do not sdeerinfluenced by mental fatigue.

Heat stress is also known to impair endurance performance [9,HEimpairment in performance has frequently
been associated with a rise in cardiovascular strain [9] during endurarcesexa decrease in maximal aerobic
capacity, a higher internal body temperature, T, higher skin temperature {&) [11], hypohydration [11]
neuromuscular changes within the central nervous system [12Jraatlered metabolic profile in the activity-
dependent muscle groups [13]. Apart from all these physiological alteratidng dxercise in the heat, perceptual
responses [thermal sensationre«J, thermal comfort and perception of effort] are also affected. Traditiothaly
effects of heat on these perceptual responses have been explained ag@eowesof the increased physiological
strain [11]. However, we still do not know why perception of efferhigher during exercise in the heat. This
could be due to the increased physiological strain, but direct effectstajrhéze brain could also be the cause
[14]. Similarly, we do not know why perception of effort dgrigxercise is higher in mentally fatigued individuals
[1]. However, we can exclude physiological strain [2] and neuromusfatigue [15] as there have been no
differences observed in these parameters due to mental fatigue. Thinesdbat the mechanisms causing the
higher perception of effort during exercise in conditions of mentgUatand heat are currently largely unknown.
If the mechanisms between the two stressors differ, then one rimuheould add to the other and cause
perception of effort to raise further and consequently deteriorate endurarmenpede even more.

Qian et al. [16] were one of the first to combine both mental fatigue and After thermal exposure
[normothermic (25 °C, 1 h) and hyperthermic condition (50 °C)] 1tlventy participants performed a twenty-
minute psychomotor vigilance test while task-related cerebral blood flow wag Hegjistered in a scanner. This
revealed that prior heat stress has a potential fatigue-aggravating effect arfilenpng a task demanuj
continuous attention. They observed a decreased resting-state cerelorfibblaon the fronto-parietal cortex after
the heat exposure compared to a thermoneutral situation. This was asseitlatmabsequent slower reaction
times, consequently indicating heat may accelerate the occurrencetaf fatgue. The fronto-parietal cortex is
an area in the brain that encompasses multiple regions (e.g. dorsolateraltgireaex (DLPFC), anterior
prefrontal cortex (APFC) and somatosensory association cortex (SAC)).iSpbkaifiges in brain-activity in this
part of the cortex have frequently been associated with an impaired cegmtiormance and mental fatigue [6,
7,17, 18]
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From the above it is clear that mental fatigue impairs endurance pertm@mad that heat stress may accelerate
the occurrence of mental fatigue. Heat stress might augment the effemttad fatigue on endurance performance
by aggravating the mental fatigue induced by a given prolongedrting cognitive task and/or by affecting
perception of effort through a different and additive mechanisrarefére the main aim of this study was to
examine whether mental fatigue decreases subsequent endurance perforrtienbeat as measured by a time
trial (TT). Such TT protocols have been shown to have a high negitolity [19]. Before the self-paced TT we
included a fixed-workload period to accentuate fatigue in the heat andd&tteify the effects of mental fatigue
on physiological and perceptual responses to endurance exercise. From a more papulied view, this
endurance task simulates many cycling races in which a peloton coviirsttiieee quarters of a race at a slower
pace than the last quarter. Additionally it would be useful to know whisthetal fatigue exerts the same negative
influence on endurance performance in warm conditions as has bserved in normal ambient temperatures
(5% [20] and 2% [4] decrements). Therefore this study providefslussights for athletes competing in major
sport events like the 2022 (in Qatar) FIFA World Cup and the 2020 Olympite&én Japan that take place in

such a warm climate.

We hypothesized mental fatigue would be induced in the heat, characterizdjayige (higher ratings of mental
fatigue [2, 3, 5]), neurophysiological (lower P3b-amplitude [],a higher frontgparietal theta (6)- and alpha
(a)-activity [6, 18] due to mental fatigue) and behavioural measueesdgdsed accuracy and increased reaction
time (RT) in time due to mental fatigue [2, 5]). Mental fatigue wauldsequently negatively affect performance
on the endurance task in the heat. More specifically we expect a higher peroémffort during the 45-min
fixed workload part, whilst the time trial (TT) would take longer to complatetd mental fatigug2-4]. We also
expected a bigger decrease in TT-performance due to mental fatigue in hefiteti@pairments observed in

normal ambient temperatures (~3.5%) [4, 20].

3.1.3 Methods
3.1.3.1 Subjects and ethical approval

Ten trained male cyclist or triathletes (mean + SD; age: 22 + 3y, hefght 4 cm, weight: 74 £ 7 kg, Wx 332

+ 42 W) volunteered to participate in this study. None of the subjadtamy known mental or somatic disorder.
Our subjects can be included in the performance level 3 in the classificasabjett groups in sports science
research [21]. Each subject gave written informed consent priorstutihe Experimental protocol and procedures
were approved by the Research Council of the Vrije Universiteit Brussel, Belgisnbjects were given written

instructions describing all procedures related to the study but were naivaiafstand hypotheses.

3.1.3.2 Experimental protocol

On the first visit to the lab subjects underwent a medical examinayi@nphysician. Subjects were excluded if
they presented with any medical history, family history or medicatiairgy use that would prevent them from
safely completing the experiment. Subjects then completed a maximal cyolmeter test to determine the
maximal wattage (Way). This maximal exercise test was conducted progressively on a cycle ergoroeler (L
Excalibur Sport, Groningen, the Netherlands) in order to determigad accurately as possible: the test started
at 80 W for 3 min, thereafter the resistance was increased by 40 V8 esichuntil exhaustion. The Wx was

calculated with the formula: Wx = Wout + (/180) x 40 [Wu: workload of the last completed stage; t: time
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(seconds) in the final stagé&lefore the incremental test the position on the cycle ergometer was adjustadhfor
subject, and settings were recorded and reproduced at each subsegjuedihjects were also given standard
instructions for overall RPE using the 15-point scale (6-20) develbpdBlorg [22]. During the incremental
exercise test, the scale low and high anchor points were establislerder to acquaint participants with the
feelings of exertion that should be rated 7, they were asked to cyoéalad at 50 rpm for 3 min before the start
of the incremental exercise test. To establish the high anchor point particieasatasked to assign a rating of 19
to the conscious sensations of how hard, heavy, and stremaraise felt at the end of the incremental exercise

test.

The subjects were asked to return to the lab for 3 consecutive triall, wanie all conducted in the morning and
were separated by at least 5 days to ensure full recovery. The first sial familiarization trial (to get to know
the routine, the equipment and to avoid learning effects), followed bytemention trial and a control trial in a
randomized and counterbalanced order (www.randomization.com). All triaéscseducted in 30 °C and in a
relative air humidity of 30 %. In both the intervention and the controldujects performed a 45-min cognitive
task, either involving response inhibition (Stroop task) or a control sskCQognitive taskssection). In the
familiarization trial subjects completed only 15 min of the 45-min Stroop Rasiceding the beginning of the 45-
min cognitive task, a urine sample was taken, the subjects’ body mass was measured and all physiological
measuring instruments were applied (Béwsiological and psychological measuremesgstion). After the 45-
min cognitive task, subjects performed 45 min of moderate intengidfng exercise at a fixed workload
immediately followed by a self-paced time trial (TT; sEedurance tasksection). Heart rate (HR) and
thermoregulatory measures were followed up at 5-min intervals throughaarittteprotocol and RPE at 5-min
intervals during the endurance task ($¥ysiological and psychological measuremesggtion). Cognitive
performance was tested before and after the 45-min cognitive tagk aisttanker task (se€ognitive tasks
section). Brain activity was measured during the 45-min cognitiv$askEG recordingsection). Self-reported
mental fatigue was assessed with a visual analogue scale (M-VAS) before andedftankier tasks, during the
45-min cognitive task and during the endurance taskRégsiological and psychological measuremesetstion).
Subjective workload was assessed after the 45-min cognitive task andefiadtirance task (sedysiological
and psychological measuremergsction). Blood glucose levels and salivary concentration of cortis@ wer
assessed before and after the Flanker tasks and salivary cortisol concentrat®mseasured again after the
endurance task (sdthysiological and psychological measuremesgstion). An overview of the experimental

protocol performed during the intervention and the control trial is presemtgd.il.
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Fig. 1 Overview of the protocol depicted on a timeline (min).
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The subjects were given instructidossleep for at least 7 hours, refrain from the consumption of caffeint@oélco
andnot to practice vigorous physical activity 24 hours before each visit.diti@dsubjects were asked to have
the same meal the night before and the morning of each trial andefwd any kind of medicinal products during
and between the trials was prohibited. If subjects could not meet thesardsatitey were excluded from the
study. To facilitate the contact between the Ed€strodes and the subjects’ head, they were also asked to wash
their hair (with neutral soap) the evening before the experiment

To ensure high maotivation during the Stroop task and the TTs,aademvas given to the best mean performance
in the Stroop task (€50) and in the TTs (€50).

3.1.3.3 Cognitive tasks

The 45-min tasks used as experimental manipulation in the present studyikaretgsithose used by Smith et al.
[23]. A 50%-incongruent Stroop task and a documentary were used respefcivibly mentally fatiguing task
and the control task [23]. A brief description of these cognitive tasksecéound below.

Stroop task

The Stroop task requires response inhibition which is a form of inhibitartyatoln this task, coloured words
(“red”, “blue”, “green” and “yellow”) were presented one at a time on a computer screen and participants were
required to indicate the colour of the word, ignoring the meaninlgeofvord itself. The trials were arranged in
pseudo-random sequence with 50% of trials being congruent (matchddawdrcolour), while 50% were
incongruent, with all incongruent word-colour combinations being eqcattynon. Participants were required to
press the button on the keyboard that corresponded to the coloumafrthdisplayed on screen. Each word was
presented on screen in font size 34 for 1000 ms followed by a $daeén for 1500 ms before the next word was

displayed. Therefore a new word was presented every 2500 ms pgpaithtal of 1080 stimuli over the 45-min
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task. Each 15 min there was a 30-s break in the task to assess M-¥AgaSubjects were instructed to respond
as quickly and accurately as possible and were aware that points would bedeevatibth performance measures
for the €50-prize.

Control task

The control task involved watching a 45-min documentary on the sanputeamscreen as the one used for the
Stroop task. The documentaryedsn this study was “When We Left Earth: The NASA Missions — Episode 6: A
Home in Space” (Discovery Channel, USA). The content of this documentary has shown in a previous study [23]

to be engaging, yet capable of maintaining a neutral mood and not to iméuta fatigue. In order to prevent
sound-artefacts occurring in the EEG recordisge EEG recordingssubjects watched the documentary without
sound. Every 15 min, subjects refrained 30 s from watchingldlcementary while M-VAS and sdns were

assessed.
Flanker task

To assess the influence of the 45-min tasks on cognitive perfornmategendently from timen-task a modified
Flanker task, identical to the one used by Weng et al. [24], was used. This tasloses lwecause, similar to the
Stroop task, it requires inhibitory control [24]. The congruency effléinking items to the target arrows was
manipulated in the modified Flanker task, resulting in three conditions: canideug. > > > > >), incongruent
(e.g. < <><<)and neutral (e.g.>- - ). Each array of arrows was focally presented in white text (fonBdize
for 200ms on a black background with a variable inter-stimulus intef\t®00, 1200, 1400, or 1600 ms. For each
of the task conditions, 40 trials were presented randomly with right anthigétt arrows occurring with equal
probability, yielding a total of 120 trials. Total Flanker task duration was appately 5 min. To assess
performance on the Flanker task accuracy and RT were collected &ioghaats were instructed to respond as

quickly and accurately as possible to the direction of a target arrow whaeing two flankers on each side.

3.1.3.4 Endurance task

Subjects had to perform 45-min cycling at 60%a)immediately followed by a TT that requires the subjects to
complete a predetermined amount of work equal to 15 min at 8Q%ad/quickly as possible. Throughout the
endurance task subjects were not verbally encouraged by the exgerito@msure no bias occurred in motivating
subjects. Subjects performed the task on an electromagnetically byakedigometer (Excalibur Sport, Lode,

Groningen, The Netherlands) and had ad libitum access to plain non |ed-aaber.
45-min fixed workload part

During the 45-min fixed workload part, the cycle ergometer was set in tieebdolic mode so that the workload
(60% Whay was independent of pedalling rate (RPM). Cadence was freely cheseaen 60 and 120 RPM.

Feedback on elapsed time, RPM, power output and HR was not available to¢lee sub
Self-paced time trial part

One to two min (to program the TT-protocol) after the 45-min fikedkload part of the endurance task, the self-
paced TT began. Similar to the initial part, the cycle ergometer was set in hyperbdéc As stated above, the

TT required the subjects to complete a predetermined amount of work edahia at 80% Wax as quickly as
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possible. Subjects began the TT at a workload corresponding to 8Q%bit were free to in- or decrease their
power output as desired from the outset. If subjects indicated (orallyyvemeed to in- or decrease their power
output, the experimenter respectively increased or decreased the workéosibglardized amount of 5 Wgain
cadence was freely chosen between 60 and 120 RPM and subjgaecented feedback regarding RPM if they
dropped below or above the given interval. Furthermore no feedlzecgravided regarding power output or HR.
However they did get feedback regarding the amount of work prodiucethtion to their goal (equal work to 15
min at 80% Whay). Therefore a graph was displayed where the amount of work was degidiesl y-axis and on
the x-axis the amount of time elaps&dibjects were instructed to produce the predetermined amount ofis/ork

quickly as possible and were aware that mean performande @ twas scored for the €50-prize.

3.1.3.5 Physiological and psychological measurements

Heartrate

Heart rate was recorded continuously (followed up at 5-min intenvatsdghout the entire protocol using a HR

monitor (Polar RS400, Polar Electro Oy, Kempele, Finland).
Hydration status and body mass

A urine sample was taken and analysed for specific gravity (poekattometer; Atago, Japan) preceding the
start of the protocol and at the end of the protocol. If a hydration $tigfiusr than 1.020 was observed, subjects
were instructed to drink ~20cl of water to prevent them from startangrtocol in a too dehydrated state. Body
mass was also measured before and after the protocol to observedegsigitgain. As the subjects had ad libitum

access to plain water during the protocol the amount of water drunksgas@asured to take this into account.
Thermoregulatory measures

During the entire protocol, thermoregulatory measurements were re@weigtb min. To measuregls subjects
inserted a rectal thermistor 10 cm beyond the anal sphincter (Grgror@ion LT-8A, Saitama, Japan). Skin
temperature probes (Gram Corporation LT-8A, Saitama, Japan) were attafthedties (chest, upper arm, thigh
and calf). Subsequently mean weighted skin temperatgig (Vas measured according to the method described
by Ramanathan [25]. dns the subjective feeling of heat, was assessed using a 21-pointraogieg from

unbearable cold to unbearable heat.
Blood lactate and glucose

Capillary blood was collected at the ear lobe for the determination of blood laf%§) (determined
enzymatically; EKF; BIOSEN 5030, Magdeburg, Germany). [Bla] levels were meshbafore and after the 45-

min task, during the endurance task (at 5-min intervals) and aftendineamce task.
Salivary cortisol

Saliva was used to test for cortisol responses due to its ease of cemplaninvasiveness, and ability to track
the biologically active “free” hormone. Saliva (2ml) was collected by passive drool into sterile containdrs, an

these were stored at —80 °C until assay. A saliva sample was taken before the 45-min task, after the 45-min task
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and after the endurance task. After visual inspection for blood cordtiom, the saliva samples were analysed in
duplicate using th&Cortisol I1” test of Roche on the Cobas ¢601 analyser.

Self-reported mental fatigue

Self-reported mental fatigue was measured using M VAS before, during (&vaniy)land after the 45-min task,
during (every 15 min) and after the endurance task. Participants weretaskditate their perceived level of

mental fatigue (from naat all to completely exhausted) by placing a mark on a 10-cm line.
Perception of effort

During the endurance task, perception of effort was measured at thaibggind each five minutes thereafter
using the 15-points RPE scale [22] anchored during the incremeatalsextest.

Subjective workload

The National Aeronautics and Space Administration Task Load Index (NASA[26]) was used to assess
subjective workload. Participants completed the NASA-TLX after the 45-mirata$kfter the endurance task in

accordance with a study of Pageaux et al. [15].

3.1.3.6 Electroencephalographic recordings and analysis

During the 45-min task preceding the endurance task, brain actwity continuously measured. 32 active
Ag/AgCl electrodes were attached on the subjects’ head (Acticap, Brain Products, Munich, Germany), according
to the “10-20 International System” . The sampling rate was set at 500 Hz (Brain Vision Recorder, Brain Products,
Munich, Germany)Electrode impedance was kept <10 kQ throughout the recording. Baseline measurements were
taken 2 min with eyes open, 2 min with eyes closed and subjectssgated in a dim lit rooruring EEG
recordings, subjects were seated, inserted earplugs and had beeteidstr minimize movement of the head and
eye blinking, to avoid frowning, to maintain the same posture an hatich their head with their hands in order

to minimize movement, sound and muscle artefacts.

ERP analysighe program Brain Vision Analyzer (version 2.1) was usedeaeppocess and process the data sets.
Raw data were down-sampled to 256 Hz, filtered (high pass 1 Hz, lowp&ts @nd Notch, Slope 48 dB/oct)
with a Butterworth filter design and re-referenced to an averagemeéer€or each data set of interest (i.e. ERP
during the first, middle and last 15 min of the Stroop task) artefacts were@stmatically removed. Then the
different stimuli (congruent=S3; incongruent S5) were extracted fromBEedata sets. For stimulus locked ERP
analysis, a data window was set at -200 to 800 ms relative to stimukts drials in which performance errors
occurred were excluded. For each ERP epoch, independent componesitsdih@ly) and inverse ICA further
reduced artefacts. Furthermore, a baseline correction was applied (peritalO20§). Epochs were then averaged
and the visually evoked potentials, P2, N2, P3b were assessed. Péaldampnd onset latencies were measured
for the P2, N2 [inferior/orbitofrontal cortex (F7), broca’s area (mean of electrodes FC6 and F8), dorsolateral
prefrontal cortex (mean of electrodes F3, Fz and F4), anterior prefrontal @oeax of electrodes FP1 and FP2),
premotor cortex (mean of electrodes FC1 and FC2)] and P3b [semsdog association cortex (SAC; Pz), angular
gyrus (AG; mean of electrodes P3 and P4), fusiform gyrus (FFQ) ofeelectrodes P7, P8, PO9 and PO10)]

components in their specific region of interest (ROI). ThesR&own to be frontally distributed [27] and was
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therefore analysed in the frontal ROI, it has been related to attentive stimulustievaebr the recall of task rules
[28]. The P2 was defined as the largest positive-going peak occuiiting the time window between 150 and
250 ms. The N2 is usually interpreted as an index of conflict morgt¢2i®] and emerges fronto-centrally after
the P2 [27], thus also for the N2 the frontal ROl were analysed. Theabl@&fined as the largest negative-going
peak occurring within the time window between 250 and 400Tims.P3b is linked to salience processing and
appears to occur when subsequent attentional resource activations premots operations in temporal-parietal
areas [30], therefore the FFG, the AG and the SAC were analysed teechisgreffects on the P3b. The P3b was
defined as the largest positive-going peak occurring within the timeowibétween 200 and 450 ms. Thereafter,

the data from Brain Vision Analyzer was exported to SPSS (version 22.0; SRi8&go, IL) for further analysis.

Spectral/power analysSimilar to the ERP analysis, the program Brain Vision Analyzeripme1) was used
to pre-process and process the data sets for the analysis of the t@al Raw data were down-sampled to 256
Hz, filtered (high pass 1 Hz, low pass 45 Hz and Notch, Slope 48 dBititia Butterworth filter design and re-
referenced to an average reference. For each data set of interest [i.e. ContBGome&surements during both
45-min tasks (first, middle and last 5 min)] artefacts were semi-autontatieatoved. For each continuous EEG
data set of interest segments with a length of 4 s and with an oveBapveére extracted [6]. Subsequently ICA
and inverse ICA further reduced artefacts. The resulting data segmentapezesl with a Hanning window with
10% of the total segment length. FFT power spectra with a spectral resofudi@d Hz were calculated for both
sides of the spectrum, resulting in FFT segments containing the &dtrapinformation. The resulting FFT
segments were averaged to stabilize the spectral content. The power in the FFT was extracted for theta (0, 3.5-7.5
Hz), alpha (al, 7.5-10 Hz; a2, 10-12.5 Hz) and beta (1, 12.5-18 Hz; B2, 18-35 Hz) in each ROI mentioned in
the ERP analysis with the addition of the primary motor cortex (rokalectrodes C3, Cz and C4).

3.1.3.7 Statistical analysis

All data are presented as means + standard deviation (SD) unless stated otherwise:Sdmple Kolmogorov-
Smirnov test was used to test the normality of the data, sphericity waed/ésfthe Mauchly's test. When the
assumption of sphericity was not met, the significance of F-ratios adjusted with the Greenhouse-Geisser
procedure. Paired t-tests were used to assess the effect of conditionrftigarve. control) on mean HR during
both 45-min tasks, and on NASA-TLX scores after the 45-min taskafter the endurance task. The effects of
condition and time on salivary cortisol were analysed with two-wagate measure (2 x 3) ANOVAs. Two-way
repeated measure (3 x 2) ANOVAs were used to test the effect of tistenffiddle and last 15 min) and stimuli
(congruent and incongruent) on response accuracy and RT theiigjroop task. Two-way repeated measure (2
x 4) ANOVAs were used to test the effects of condition and time onA8-during the 45-min task and during
the fixed workload part of the endurance task, during the self-paced paired t-test was employed to test the
effect of condition. For the EE@ata (0, al, a2, B1, B2) three-way repeated measure (2 x 3 x 9) ANOVAs were
employed with condition, time and ROI as factors. The different ERP-awanp® (P2, N2 and P3b) were also
analysed with a three-way repeated measure ANOVA with factors timgylss-type and ROI. Three-way
repeated measure (2 x 2 x 3) ANOVAs were used to test the effectsdifion, time and stimuli on mean accuracy
and RT during each Flanker task. Two-way repeated measure AN®@¥esused to test the effects of condition
and time on HR, dre Tskin, RPE, Eensand [Bla] during the fixed workload (2 x 10) and the self-paeet(@ x 3;

time: 5 min, 10 min and end-point) of the endurance task.nffgignt interaction effects in the three-way or two-
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way repeated measure ANOVAs were observed, respectively two-way repestedrenANOVAS or paired t-
tests were performed in order to interpret the effect of condition (intervergtia@montrol) in each time interval. If
no significant interaction effects were observed in the three-waymwhy repeated measure ANOVAS, main
effects were immediately observed and further interpreted through paicemsparisons with Bonferroni
correction. Significance was set at 0.05 for all analyses, which were condsittgdhe Statistical Package for
the Social Sciences, version 22 (SPSS Inc., Chicago, IL, USA).

3.1.4 Results

3.1.4.1 Markers of mental fatigue

Various physiological, subjective and behaviouralrkers

Mean HR did not differ during the Stroop task (69 £ 8 beats/min) compathd control task (67 + 6 beats/min).
The data of the NASA-TLX were not normally distributed and therefore WoltdSigned Ranks Tests were
employed. This revealed that 5 out of 6 subscales were perceived as higheldmanding after the Stroop task
compared to the control task. Mental demand (p=0.005), temporal dépsdh@07), performance (p=0.05), effort
(p=0.005) and frustration (p=0.008) were perceived as higher, sewothe case of performance, in the Stroop
task. This subjective higher perceived demand of the Stroop task isyeechtiry the cortisol data. Cortisol values
were normalized to the value of the saliva sample taken at the beginninchdfiak(=100%). An interaction
between the condition- and the time-effect was displayed for theatipewh cortisol data (F(2, 14)=7.5; p=0.006).
Significantly higher cortisol levels were found after the Stroop task compasgdtbtdhe control task (p=0.033;
Fig. 2). Subjectively a higher self-reported mental fatigue was observed @figr@006) and 45 min (p=0.002)
in the Stroop task compared to in the control task. The accuracy and RTtHerBigoop were normalized to the
performance in the first 15 min of the task (=100%), howeveatemwements were observed (for absolute values
see Table 1).

Table 1.RT and accuracy during pre Flanker, first, middle and last 15 n8traép and post Flanker, independent of stimulus-t

INT CON INT CON
Block RT + SD (ms) RT + SD (ms) Accuracy = SD Accuracy £ SD
Pre Flanker 413 £13 398 £10 097+0.1 097+0.1
Stroop: First 15 min 633 £ 20 M 0.85+0.3 i
Stroop: Middle 15 min 632 £ 21 M 0.85+0.4 i
Stroop: Last 15 min 625+ 20 M 0.82+04 i
Post Flanker 399+9 379+8 0.96+0.1 0.96+0.1
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Fig. 2 Saliva cortisol levels before (pre-CT; pre 45-min task), after the cognitive @stk@p ; post 45-min task)
and after the physical task (post-PT; post endurance task) in the inter\@figrmnd control (CON). * denotes
a significant difference compared to the previous time-point (p¥0*@lenotes a significant difference between

conditions (p<0.05). Data are presented as means + SE.
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Spectral power analysis

The spectral power data of the first, middle and last 15 min of the Saskpvere normalized to the eyes open-
condition before the beginning of the Stroop task (=0%) for each specific frequency band (6, al, a2, B1, f2). 6.

No interactions were observéar 0-activity, it increased significantly in time (F(3, 27)=10.3; p<0.081d was
significantly higher (F(1, 9)=5.2; p=0.048) in the Stroop task (2&}&mpared to in the control task (14 + 5%).
al. The lower alpha band showed a significant main effect of time (F(3, 27)p40.017) and an interaction
effect of condition with ROI (F(8, 72)=2.3; p=0.030). In the APFTilasequent interaction of condition with time
was observed (F(3, 27)=5.2; p=0.006). The follow-up paired t4bstsed that only in the middle and last 5 min
al-activity was higher in the Stroop task compared to the control task (p<0.006; Fig. 3). In the other eight ROI no
interaction of condition with time or main effect of condition waseobsd. o.2. For the upper alpha band a
significant interaction effect of condition with time was observed (FH{B;£26; p=0.010). A subsequent two-way
repeated measure ANOVA (Cond x ROI) in each time interval revealed that indtike mind last 5 min of the
cognitive task a2-activity was significangt higher in the Stroop task compared to the control task (F(1, 9)>5.9;
p<0.037) independently from ROI. g/. The lower beta band-activity showed a significant increase in time (F(3,
27)=8.0; p=0.001), however no effect of condition or ROl wasenked.;2. Similar for the upper beta band-
activity only a significant increase in time was observed (F(3, 27)£50.004), condition or ROl again had no

effect.
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Fig. 3 al power spectral density during EO, first, middle, and last 5 min of the 45-min task in intervention (INT)
and control (CON). *Significant difference between conditions (p<0.05). &atpresented as means + SE.
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ERP analysis

P2 No interaction effects for P2-amplitude -datency and also no main effect of time or stimulus-type was
observedN2. No interaction or main effects were found for the N2-amplitudéatency.P3h The three-way
ANOVA showed that the ROI- and time-effect on P3b-amplitude interacitedeach other (F(1.9, 17.3)=3.9;
p=0.041). To further unravel the time-effect, a two-way ANOVAM&ix stimulus-type) was employed in each
ROI. This revealed that amplitude only decreased over time in FFG (F€2.48p=0.027; Fig. 4) from 3.9 £ 0.7
M1V in the first 15 min to 3.2 £ 0.6 pV in the middle 15 mid &® + 0.5 pV in the last 15 min. In case of the P3b-
latency no interactions between the different factors were found, a medh @ftime was however present (F(2,
18)=8.1; p=0.003). There was an increase (p=0.002) in latencytfiefirst (311.2 + 10.9 ms) to the middle 15
min (327.8 + 11.1 ms), where after it plateaued and even slighttgatesd from the middle to the last 15 min
(321.2 + 12.8 ms).

69



Chapter 3: Mental fatigue and the heat-induced decrease in endurancaaector Part 1

Fig. 4 Grand average ERP at P8 elicited by all (congruent and incongruent) gtitinglifirst 15 min, middle 15

min, and last 15 min during the Stroop task in intervention. ¢Significant main effect of time (P<0.05).
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Flanker task

An interaction of condition with time was observed for M-VAS before aftdr each flanker task (F(1.8,
16.3)=13.4; p<0.001). In the intervention M-VAS was higher dytie post-Flanker task (pre-Flanker: p=0.002;
post-Flankerp=0.001). This higher self-reported mental fatigue was however ratiatesl with a deteriorated
cognitive performance. The data for RT and accuracy were normalizedliagaline (i.e. the performance on the
first Flanker task (=100%)) to account for day to day variability (for labsw@alues, see Table 1). In terms of RT,
a main effect of time was observed (F(1, 9)=13.4; p=0.005). Salgecformed faster in the second (96 = 1%)
compared to the first Flanker task (100%) independent of stimulus-tygmndition. For the accuracy-data to be
normally distributed, the factor ‘stimuli-type’ was not accounted for and the mean of the three stimuli-types was
used, subsequently the effect of condition and time was observaddnveay ANOVA. Accuracy was found to
decline in time (F(1, 9)=24.5; p=0.001) independently from conditionrdpged from the first (100%) to the

second Flanker task (98.9 + 0.2%; p=0.001). No interaction or main effecndition was observed.
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3.1.4.2 Physiological and psychological responses during the fixed &drklart of the endurance task

Physiological responses

HR was not significantly altered in both conditions during the fixecklwad part, in the intervention trial mean
HR was 152 + 2 bpm and in the control trial this was 152 + 3 bpm-pdoametric tests showed that there were
no differences in [Bla] between conditions in any time interval tgjinout the fixed workload part. In both
conditions [Blalincreased in the first 5 min (Z>-2.5, p<0.013) and reached a plateau afterwards (intervention: 2.0

+ 1.0 mmol/L, control; 2.1 £+ 0.8 mmol/L). Je (F(1.8, 14.6)=430.6; p<0.001) andxT (F(2.4, 21.4)=86.6;
p<0.001) rose throughout the fixed workload cycling part untB 38.3 °C and 36.3 £ 0.4 °C respectively. There
was however no difference ingle and Twin between both conditionscfe data of only 9 subjects were used in

this analysis.
Perceptual responses

An interaction between condition and time was observed for M-VASgltine fixed part of the cycling task (F(3,
27)=12.3; p<0.001; Fig. 5). Self-reported mental fatigue was higher atareand after 15 min in the fixed
workload part of the cycling task in the intervention compared to control (p<0.012; Fig. 5). RPE and Tsensdata
were not normally distributed, Wilcoxon tests pointed out that RPE (Fand)ensdid not differ significantly in

any time interval between both conditions.

Fig. 5 Self-reported mental fatigue during the fixed workload part of theranda task, at the begin (P0), after
15 min (P15), after 30 min (P30), and at the end (P45). *"&ignifdifference compared with the previous time

point (P<0.05). *Significant difference between conditions (P<0.05). &atpresented as means + SE.
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Fig. 6 Rating of perceived exertion during the endurance task in battitmms. At the begin (P0O) of the fixed
workload part, and at 5-min intervals throughout the fixed workloat gt the time trial (TT) part. Data are
presented as means + SE.
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3.1.4.3 Performance, and physiological and psychological responseg the self-paced time trial part of the

endurance task
Endurance performance

The TT was completed in 906 + 30 s in intervention and in 916sti28ontrol. These performances did not differ
significantly from each other. The selected power output was, as the THiteagly indicated, similar in both
conditions and decreased in time (F(2.0, 17.6)=4.3; p=0.030) indempénftom condition.

Physiological responses

HR (F(1.2, 10.8)=46.8; p<0.001), [Bla] (F(2, 18)=24.1; ©8Q) and Tore (F(1.1, 8.9)=239.4; p<0.001) increased
significantly during the TT. At the end of the TT participants reachegtan HR of 186 + 3 bpm, mean [Bla] of
7.1 £ 0.9 mmol/L and a meanyle of 39.1 + 0.1 °C. No interaction or main effect of condition waseoved.

Similarly, also for cortisol no effect of condition was observed before aadthé endurance task.
Perceptual responses

M-VAS increased both in intervention (p=0.045) and in control (p=0.atd neither at the start or at the end of
the TT a significant difference in M-VAS between conditions was observedddta of the NASA-TLX was not
normally distributed, none of the subscales in relation to the enduisicevere perceived differently between
conditions. The RPE data had also to be tested non-parametrically, RPE insigaifiedntly in both conditions
during the TT (Chi*>14.1; p<0.001) and eventually reached a mean value of 19 + 1 over all trials. No effect of
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condition was observed.ghsincreased significantly during the TT (F(2, 18)=23.1; p<0.001foup4 + 0.4, no
interaction or condition effect was however observed.

3.1.5 Discussion

This is the first study that looked at the effect of mental fatigueeradurance performance and cognitive

performance in the heat (30°C) in performance level 3 [21] trained athlete
Markers of mental fatigue

The importance of monitoring subjective, behavioural, and physiologicdtensanf mental fatigue and the
interactions between all three manifestation areas to conclude whether mentalatiginduced or not has been
highlighted in the review of Van Cutsem et al. [1]. In the present stdstrived towards such a quantification
of mental fatigue. Subjectively participants rated the Stroop task as more meeadgding on the NASA-TLX.
Physiologically salivary cortisol levels were higher post-Stroop compared to post-controlridsiqting that the
Stroop task was more stressful than the documentary. The highed demand and stress during the Stroop task
eventually resulted in the occurrence of mild mental fatigue. This was irdima#tgectively by the higher M-VAS
score and was further substantiated physiologically by the neurophysiological indices. Higher 6- and a2-activity
was observed in the intervention compared to control throughout all thenR® middle and the last 5 min. al-
activity was specifically higher in the APFC during the middle andase5 min in intervention compared to
control. A recent study of Wascher et al. [6], in which participants hagétorm a spatial stimulus-response-
compatibility task for an overall duration of 4 h, reported mental faigggpecifically associated with an increase
in frontal theta{0) and frontal and occipital alpha- (a) activity. These specific changes in brain-activity indicate a
reduced level of arousal and subsequent attention deficits [18]. Also BenERsures indicated mental fatigue
was successfully induced. The P300 is a component of an BRBpjpears around 300 ms after the onset of a
stimulus and its amplitude is suggested to serve as an electrdpbigsib marker of attentional resource
allocation, while its latency reflects the speed of stimulus evaluation\(##jin the P300 a distinction can be
made between the P3a that is linked to novelty detection and appearsevhéarget distractor stimuli are
processed and the P3b that appears to occur when subsequent atteygmae activations promote memory
operations in temporal-parietal areas [30]. In the FFG, a brain area kapwabject recognition and reading [31]
the P3b-amplitude decreased in time, while the P3b-latency increased otutimg the Stroop task in the present
study. Kéathner et al. [17] and Hopstaken et al. [7] both studied the PBie ®z-electrode (=an electrode in the
parietal region ) during a mentally fatiguing task and also found a dedre®3b amplitude with increasing self-
reported mental fatigue and tino@-task. Polich suggested [30] that the P3b is related to temparatal activity,

an area where dense norepinephrine inputs are found [30]. In adulitiatso associated P3b-amplitude with
dopaminergic activity [32]. The associations Polich [30, 32] makes inditatéhe altered P3b-amplitude and -
latency observed in the present study suggest that altered neurotransthissa®creased norepinephrine- and
dopamine-activity) has a role in the state of mental fatigue. Only lmelmakmeasures did not substantiate that a
state of mental fatigue was successfully induced. Contrary togitidies in the field [2, 5], no effect of time was
observed in terms of accuracy or RT during the Stroop task. Despiteseotioly the typical decrease in accuracy
and RT associated with mental fatigue, there are arguments to state mildfatgntalwas successfully induced
and to expect a decrease in subsequent endurance performance spndeiotss studies [2, 4, 5, 20]. Studies of

Macmahon et al. [4] and Pageaux et al. [20] also did not observe asgeicraacuracy nor an increase in RT with
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prolonged performance on the mentally fatiguing task and still deteieificant reductions in a subsequent

endurance task due to mental fatigue.

The Flanker task was included in the study, as proposed in the reviandCutsem et al. [1], to be able to
quantify cognitive performance independently from tiometask effects during the Stroop task. In terms of
performance on the Flanker task our data only partly confirmedythitheses. Accuracy during the Flanker task
indeed decreased pre to post the Stroop task, but this was also theedaspagst the control task. The RT-data
even contrasted our hypotheses. Instead of increasing, RT durifiatiker task decreased pre to post both 45-
min tasks. A trade-off effect between RT and accuracy couldibbhpsxplain these results. Meaning that
participants adapted their strategy within a trial and performed faster in $h&lpaker task while sacrificing
accuracy. Besides a trade-off effect, switching between tasks could alsdnddhvae motivational effect that
possibly masked a negative effect of mental fatigue on the Flanker3@skAhother explanation could be that
participants, despite a 30-min adaptation period to the environmental conditionst dédich a steady baseline
level when performing the pre-Flanker task. Subsequently the fastertRa post-Flanker task can be explained
as an adaptation-effect to the heat stress. This adaptation could also clarify vilyend3T during the Flanker
task was observed with after the 45-min Stroop task. However this is sptmiative and because of the fact no
effect of condition was found in RT or accuracy during the Flatdgd, it was concluded to define the mental

fatigue hduced in this study as ‘mild’.
Effects of mild mental fatigue on endurance perfante in the heat

The endurance task consisted of two parts, a fixed workload partsahdeguent TT. During the fixed workload
part, the effects of mild mental fatigue on physiological and perceptual measuldsbe more accurately
assessed, while during the subsequent TT the effect of mild mentalefatigendurance performance was
evaluated. In order to monitor the state of mental fatigue during theviimddoad part of the endurance task, M-
VAS was taken each 15 min. According to this measure, mental fatigukigtes during the intervention trial
compared to control only in the first 15 min of the endurance task,decreased thereafter. Contrary to our
hypotheses the perceptual measures (i.e. perception of efforts@ddvEre not affected by this state of mild
mental fatigue. The physiological data did confirm our hypotheses. HR dajdwBre unaffected by the mild
mental fatigue, confirming the findings of previous studies [2, 4MBfeover thermoregulatory measuresgrel
and Tsin, during exercise in the heat were also unaffected by mild mental fatigiseadds to the mounting
evidence that mild mental fatigue indeed does not influence the traditional phigsibtesponses thought to limit
endurance performance. In the subsequent TT, pacing and perfertmrae were the main variables of interest.
Contrarily to our hypotheses, both performance time and pacinggdienT T were unaffected by mild mental
fatigue. Likewise the physiological and perceptual responses during ther€ Limaffected. Multiple explanations
for these diverging results compared to previous res¢2+6h20] are possible. First, performing the Stroop task
for 45 min might have been insufficient to induce mental fatigue ial@ady stressful environment (i.e. in the
heat). However multiple findings are presented (saekers of mental fatiggen this study to support that mild
mental fatigue was present, and to a similar extent, compared to previous[2uli@®]. A mentally demanding
cognitive task as short as 30 min has been shown to negatieyaibsequent endurance performance [20]. The
mentally fatiguing task in the present study was longer compared to theo$tedgeaux et al. [20]. Second, the

fixed workload part of 45 min could have counteracted the negative effetldofnental fatigue on performance
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(i.e. exercise has a restorative effeBptentially the mild mental fatigue induced in the present study could affect
endurance performance in longer duration or open-loop tests. Anaissbifity could be that, as suggested by
the study of Martin et al. [34], endurance trained athletes are more retidtas negative effects of mild mental
fatigue on subsequent endurance performance. The population tasiegiesent study was slightly better trained
[i.e. performance level 3 according to De Pauw et al. [21]] compared fmofhulations (i.e. performance level 2)
used in other studies that did find a negative effect of mental fatigaadurance performaa[2, 20]. Therefore

the better training status of our participants may explain, in part, the flackaffect of mild mental fatigue on
endurance performance [34]. A last and possibly the most reasexpldeation is that mild mental fatigue does
not further reduce endurance performance when the brain is afiteasiyed by a hot environment. Consequently
we speculate that a floor effect was observed in the present study. Meaningitieagtiiesses the brain (e.g. heat
stress, mental fatigue, ...) endurance performance will decrease, at some point however further stressing the brain
(e.g. combining heat stress and mental fatigue) will not resulfurtteer reduction of performance and a floor
effect is observed. This emphasizes the importance of the brain in enduranomgecé and might indicate that

it is irrelevant which stressor (heat and the increased physiological@tragntal fatigue) leads towards a higher
perception of effort; relevant is whether or not the stressor increasepfi@n of effort (see the psychobiological
model [35, 36]). The higher perception of effort experienced dwitlyrance exercise in a hot environment or
when mentally fatigued may share a common psychobiological mepfsanmiegative valence. Exercising in the
heat is associated with thermal discomfort whilst mental fatigue is knoimduoe a more negative mood. The
valence of emotional stimuli have been shown to affect perception of @fdrand the activity of the cingulate
cortex [38], prefrontal and premotor cortical areas [39] related to penceytieffort [40, 41]. So it is plausible
that a similar psychobiological mechanism may explain the effects oftnesé and mental fatigue on perception
of effort and why the effects of the two stressors do not sumnmaiher words, in conditions of thermal
discomfort, the negative effects of mild mental fatigue on mood widgad to further increase in negative valence
and perception of effort. EEG data support this hypothesis; Nybo &aXi§lel] observed that perception of effort
during prolonged exercise in hot environments is associated witgehancerebral electrical activity rather than
changes in the electromyogram of the exercising muscles. They reported a higher o/p-activity ratio in the heat,
mainly due to a ~50% lower B-activity in the heat [14]. Mental fatigue has been repeatedly associatesleviated
frontal 8 and frontal, central and parietal a-power [6, 42], an association that also is supported by the resuies in t
present study. Consequently mental fatigue might also increase percdpéffortovia the same mechanism
proposed by Nybo & Nielsen [L4iaising o/p-activity ratio during an endurance task. This makes a floor effect

neurobiologically plausible.

3.1.6 Conclusion

The subjective workload scale and the higher salivary cortisol levels after thep Stisk substantiated
perceptually and biologically that the Stroop task was more mentally demgaaminstressful than the control
task. The demanding nature of the Stroop task eventually causesbes in 0-, al-, a2-activity and P3b-latency
and a decrease in P3b-amplitude. These results and the highaBMpport that at least a ‘mild form” of mental
fatigue was induced. The mild mental fatigue did however not influence participants’ psychological or
physiological responses during the endurance task, nor their penfnigossible explanations are: 1) the mild
form of mental fatigue was insufficient to alter performance on a subseendurance task or 2) endurance trained

athletes are resistant to the negative effects of mild mental fatigue on subssyglweance performance or 3)
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mild mental fatigue does not reduce endurance performance when this latedady stressed by a relatively hot

environment (30 °C).
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3.2.1 Abstract

Purpose: The aim of this study was to test the hypothesis that subjective thermalcstnareduce endurance
performance independently from the general physiological strain norassbciated with impaired endurance
performance in the hedlethods: In 20°C and 44% relative humidity, 12 endurance-trained athlgfed13;
mean + SD; age:27 + 6 y; l@ax:61 + 6 ml/kg/min) performed a time to exhaustion (TTE) testandifferent
experimental conditions: with an electric heat pad applied to the subjects’ upper back (HP) and control (CON:
without heat pad). In both conditions, subjects cycled to volitional etlbauat 70% of their V@nax.
Cardiorespiratory, metabolic, thermoregulatory and perceptual responses wenedtasughout the TTE test
and compared at 0%, 50% and 100% isotime and at exhaluRésults: TTE was reduced by 9% in HP (2092 £
305s) compared to CON (2292 + 344s; p=0.023). The main effectnofition on thermal discomfort at isotime
(p=0.002), the effect of condition on thermal sensation at 0%-isopr@d04) and the condition by isotime
interaction on rating of perceived exertion (p=0.036) indicated highgrcdivie thermal strain in HP compared to
CON. None of the measured cardiorespiratory, metabolic and thermoregulaiablesgadiffered significantly
between conditionsConclusion: Our novel experimental manipulation (HP) was able to induce significant
subjective thermal strain and reduce endurance performance in a temperatengenirwithout inducing the
general physiological strain normally associated with impaired endurancenp@ntce in the heat. These results
suggest that subjective thermal strain is an important and independent mafdiaédneat-induced impairment in

endurance performance.

Key words: Time to exhaustion: Local heat; Thermal discomfort; Thermal sensation; Bemazfeffort
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3.2.2 Introduction

Endurance performance during whole-body exercise (e.g. rureyickng, and rowing) is known to be impaired

in the heaf{1-3]. The aetiology of this impairment is multifaceted and physiologicalbpmpasses a higher
cardiovascular strain, a decrease in maximal aerobic capacity , a higher ibwmagalemperature (Tcore),
hypohydration, neuromuscular changes within the central nervoiesrsgad an altered metabolism in the active
muscles [4]. A review by Nybo et al. [4] provides a clear overviewhergeneral physiological strain normally

associated with impaired endurance performance in the heat.

In addition to physiological strain, performing endurance exercise in theisheasociated with significant
subjective thermal strain [4]. This strain is indicated by ratings of heaatsem, thermal discomfort and higher
perceived exertion. It is generally accepted that subjective thermal strgieplele in the deterioration of
endurance performance observed in the Héat]. Nonetheless, the exact extent to which it causes this
deterioration is unknown as it is difficult to dissociate subjective thertr@hdrom the general physiological
strain normally associated with impaired endurance performance iedbéehg. increased Tcore and decreased

stroke volumeSV).

A line of research that provides some insight on the role oéstingg thermal strain in the heat-induced impairment
in endurance performance is the research on the effects of cooling ititerseResearch on the effects of cooling
interventions on endurance performance is available in abundance 18]. &ooling vests, collars,
sprays/gels/solutions are some of the interventions that have bderedxand often found to reduce subjective
thermal strain and improve endurance performance. Most of these stusiesghdhave not controlled for the
physiological changes associated with endurance exercise in the heat, as the mamaften to assess whether
the intervention improves endurance performance, rather than to dissadigéetive thermal strain from
physiological strain [8, 9]. For example Kenny et al. [8] observedabating an ice cooling vest during walking
under uncompensable heat stress lowered Tcore and HR responses as welja®frdt@at sensation and
perceived exertion and that this led to an increased time to exhaustion ()l & al. [11] also found an
improved cycling TTE in the heat when wearing an ice cooling vesatinduted this mainly to the improved
heat sensation, however the ice cooling vest also consistently decreased HRhaufifig: test. Nonetheless,
some of the research on cooling interventions succeeded in disgpaabjective thermal strain from the
physiological strain that is traditionally associated with the heat-induced impairmendurance performance.
Tyler and Sunderland [12] reported a reduced heat sensation bing@pbpoling collar during the entire timespan
of a TTE test in the heat (~32°C) without affecting the physiologicahsaitaany isotime point during the TTE
test. The result was an improvement in TTE of 13.5% [12]. Flood Et3]lobserved that serial L-menthol mouth
rinsing extended exercise time in the heat at a fixed RPE (i.day1B, without affecting Tcore, Tskin, body
mass loss, oxygen uptake (VOZ2), minute ventilation (VE), HR or therimedrdfort. Serial L-menthol mouth
rinsing only decreased heat sensation. The results of the studiderci¢y Sunderland [12] and Flood et al. [13]
demonstrate that subjective thermal strain may play a role in the deatthreduction in endurance performance,

independently from the heat-induced physiological strain.

Besides a lack of studies that explicitly attempted to evaluate the independent role of sutbjeatial strain in
the heat-induced reduction in endurance performance, subjectiveathgtrain has been almost exclusively

investigated with interventions that reduce it during endurance exercised@liag interventions). This is possibly
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due to the difficulty in increasing subjective thermal strain without isingathe ambient temperature. Only
Schlader et al. [6] and Lee et al. [14] made an attempt to negatively afigattaie thermal strain during exercise.
Lee et al[14] succeeded to increase heat sensation by serially feeding 50°Cdlriivigga 90-min low-intensity
cycling task, however, it also increased HR. In addition, they foordifference in performance in the subsequent
TTE test [14]. Schlader et al. [6] applied capsaicin cream (i.e. a substatitetbased heat sensation and thermal
discomfort independent of changes in local (skin) temperaturpraodbly did affect local skin blood flow [1)5]

to the face of the subjects prior to a fixed RPE 16 cycling task imperate condition. Schlader et al. [6] did
however not find any decrease in performance compared to a comalitiao. It was hypothesized that this could
be due to capsaicin likely eliciting thermal pain, but not necessarily thermal dlistd&j. Therefore it was
suggested that, given the nociceptive nature of capsaicin, Schlader et ehp|§]wsere not able to adequately

test their hypotheses.

The purpose of the present study was to further test the hypothatssubijective thermal strain can reduce
endurance performance independently from the general physiological sraially associated with impaired
endurance performance in the heat (e.g. increased Tcore and decreasétiSWypothesis was tested by
aggravating heat sensation and thermal discomfort (rather than amelitiatimgby locally applying an electric
heat pad on the upper back during endurance exercise in a temperateneenirc&Endurance performance was
measured using a TTE test on a cycle ergometer at 70%m&0Oin a group of endurance-trained subjects. This
TTE test has been shown to be sensitive to changes in endurance aectdue to a warm ambient temperature
(30°C €<~ 10°C) with TTE dropping by 36% in a study of Galloway and Mamng[i6]. We hypothesized that
the sensation of heat and the thermal discomfort induced by the heabplbb& associated with a higher
perception of effort and premature exhaustion despite no negdtetsadf the heat pad on the cardiorespiratory,

metabolic and thermoregulatory responses to endurance exercise in a temperate emvironm

3.2.3 Methods
3.2.3.1 Subjects and ethical approval

Fourteen trained cyclists or triathletes, of which two participants droppgdwaito sickness and incompatible
training schedule), volunteered to participate in the present study. Evemiedilg trained cyclists or triathletes
(12 1138; mean + SD; age: 27 £ 6y, height: 177.0 £ 7.9 cm, body mas%:+®.8 kg, VGmax: 61 + 6 ml/kg/min,
peak power output (Wpeak): 399 + 54 W) were included in thig/siNione of the subjects had any known mental
or somatic disorder. Subjects were also non acclimatized to heat (thus alsah®subjective experience of
performing in the heat). Our subjects can be included in perfaeriawel 3 in the classification of subject groups
in sports science research [17, 18]. Each subject gave written @dfazomsent prior to the study. Experimental
protocol and procedures were approved by the local ethics committee. Alliswigee given written instructions
describing all procedures related to the study but were naive of its mairamdris/potheses. In other words,
individuals were unaware that we strove towards creating a higher subjectivaltsiaim with the heat pad and
that we expected that this increased subjective thermal strain would impairetidurance performance.
Participants were informed that the purpose of the study was to invettigatéuence of locally applied heat on

cardiorespiratory, metabolic and thermoregulatory responses during eselarancise.
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3.2.3.2 Experimental protocol

On the first visit to the lab subjects underwent a medical examination bysiiphy Subjects were excluded if
they presented with any medical history, family history or medicatiairuay use that would prevent them from
safely completing the experiment. Subjects then completed an incremental exercisketesirtime their V@nax
(MetaLyzer 3B, Cortex Biophysik, Leipzig, Germany). This incremesatcise test was conducted on a cycle
ergometer (Lode Excalibur Sport, Groningen, the Netherlands) in ordisteomineVVO.max similarly to the
protocol used by Galloway and Maughan [16]: the test started at 5 Wrhin, thereafter the resistance was
increased by 25 W each min until exhaustion [operationally defined &tla frequency of less than 60
revolutions/min (RPM) for more than 5 s despite strong verbal enconeade The 40% (24 + 3 ml/kg/min) and
70% (43 £ 4 ml/kg/min) V@max was calculated and the associated wattage [134 + 22 W; 261 + 45W 4=6
% of peak power output) respectively] selected. Before the incremental exertige tpesition on the cycle
ergometer was adjusted for each subject, and settings were recordegbramiliced at each subsequent visit.
Subjects were also given standard instructions for overall rating of peresieetibn (RPE) using the 15-point
scale (6-20) developed by Borg [19]. In order to acquaint participatitdhe feelings of exertion that should be
rated 7, they were asked to cycle unloaded at 50 rpm for 3 min bedastathof the incremental exercise test. To
establish the high anchor point participants were asked to assign a rdtbhgpahe conscious sensation of how
hard, heavy, and strenuous exercise felt at the end of the incremxentide test.

The subjects were asked to report to the lab for 3 consecutive testingsessimnsame time of day (i.e. within-
participants trials were performed at the same time of day), which wenesspby at least 3 days to ensure full
recovery. The first testing session was a familiarization session (to kygiwothe routine, the equipment and to
avoid learning effects), followed by an intervention session (with heat{®gcand a control session (without heat
pad; CON) in a randomized and quasi counterbalanced (due to 2 drop outs: 7gpéstipgsformed first CON, 5
performed first HP) order (www.randomization.com). All testing sessionsapaducted in 20 £ 0.3 °C and in a
relative air humidity of 44 + 3.5 %receding the beginning of the TTE test, the subjects’ body mass was measured
wearing only cycling shorts and a mood and motivation questionsaie® sychological measuremergsction)
was filled in. After completion of the questionnaires (~3min), the padt(seeHeat padsection) as well as all
physiological measurement instruments were applied, and blood glucosessessed (seBhysiological
measurementsection). Subsequently the TTE test was startedTise® to exhaustion testPhysiological and
perceptual responses were measured throughout the TTE test (at ferved$rand at minute 1; sBéysiological
and Psychological measurements seqtitmmediately after completing the TTE test, all physiological variables
were measured (s&hysiological and Psychological measuremdotgdetails) and subjects were asked to fill in
the same mood-questionnaire as in the beginning of the protocdt {geleological measuremeptéll subjects
were given written instructions to drink 35 ml of water per kilogarbody mass in the 24 h before each visit,
sleep for at least 7 h, refrain from the consumption of alcohol and amg vigorous exercise 24 h before each
visit. Also the use of caffeine 3 h before each visit was prohibited. Fisalbjects were instructed, depending on
the hour their session took place, to consume 200 ml of orange jaipea-&Lin orange, 352 kJ) and a cereal bar
(Asda, 555 kJ) two hours prior the beginning of the TTE tetbteiir session took place in the morning; if their
session took place in the afternoon subjects were asked to record theanfiuiolod intake during the day of the

familiarization session and to replicate this the following two sessions. Avissicio the lab, subjects were asked
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to complete a pretest checklist to ascertain that they had complied with the instriRéiditipants were also

asked to declare if they had taken any medication/drug or had any acut iliney, or infection.
Time to exhaustion test

Despite the tendency nowadays to prefer time trials to measure endurancegueréoin sports science due to
lower variability and more ecological validity, a TTE test was chosen inrdsemt study in order to control for
physiological changes induced by differences in power output {igcgeased metabolic heat production).
Moreover, TTE tests have been shown to have an adequate sensitivitiarttifygchanges in endurance
performance and the effects of arterial oxygenation and presumablyaattoes affecting endurance performance
[20]. The TTE test consisted of a 5-min warm-up (WU) at 40% ofrivéX followed by a rectangular workload
corresponding to the wattage analogue with 70%r&x. Pedal frequency was freely chosen between 70 and 120
RPM. Time to exhaustion was measured from the start of the rectanguldoasdountil the pedal frequency
became less than 70 RPM for more than 20 s. To promoteilarsmotivation towards the TTE test in each
condition, a £100-Amazon voucher was offered for the best overall ecdyparformance (= the best total time
over both TTE tests: one in HP and in CON). During the TTE test, subjectsnot informed regarding time
lapsed, also no feedback was provided regarding power output, HR othemycardiovascular, respiratory or
thermoregulatory measure and no verbal encouragement was gitaactS were only alerted when they dropped
below 70 RPM. Once alerted they had 20 s to increase RPM aboveh#&TorE test was terminated. Every 15
min subjects were required to drink 2 ml/kg of body mass of waigtrat room temperature in 1 min (via a straw
so that the oro-(mouth) mask could stay in position [21]).

Heat pad

In both conditions participants wore a specifically designed t-shirt witickep for the heat pad, but only in HP
the 40 x 30 cm electric heat pad (Beurer - heating pad - HK 35; CE-cenifisdhserted in the pocket and turned
on at a heat level 3 equivalent to a pad temperature of ~40 °C. Thigmienwas chosen based on pilot data
suggesting its ability to induce subjective thermal strain without induttie physiological strain normally
associated with endurance exercise in the heat (e.g. increased Tcore anskde®¥8a The heat pad covered
zones 13 and 14 (upper medial back and both scapulae) described inlyhaf &errett et al. [22]. This specific
localization of the heat pad was chosen based on thermal sensitivity tohwa&htThe participants had time
(=10 min) to acclimatize to the heat pad applied to their back and tmtierda temperature in the climate chamber

during the instrumentation of the equipment to measure all physiological variables.
Physiological measurements

Blood glucose concentration (mg/dl; ACCU-CHECK Aviva Blood Glucose MeteteBysRoche Diagnostics,
Mannheim, Germany) and body mass were assessed before and after tiestTBEO0d glucose was assessed in
a 0.6-ul sample of whole blood from the tip of the right indegdi. Body mass loss, taking into account the water
intake during the TTE, was calculated in kg and divided by the TTE thsuiis in order to calculate sweat rate.
Blood lactate concentration ([Bla]), Tcore, Tskin, HR, SV, cardiac outpd),(80, and VE were measured
throughout the TTE test at fixed 5-min intervals and additionally atitenih and at exhaustion. [Bla] (mmol/l)
was assessed in a 5-pl sample of whole blood taken from the righteeédietermined enzymatically; EKF;
BIOSEN5030,Magdeburg, Germany). To monitor Tcore subjects inserted a rectal therdfston beyond the
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anal sphincter (Gram Corporation LT-8A, Saitama, Japan), and skietatare probes (Gram Corporation LT-
8A, Saitama, Japan) were attached to four sites (chest, upper armaniighlf) to monitor Tskin. Mean weighted
skin temperature was measured according to the method described laya#zan [23]. A transthoracic
bioimpedance device (Physioflow PFO5L1, Manatec, Petit-Ebersviller, Francejse@so measure HR, stroke
volume V) and CO during exercise. Two sets of two electrodes (Ambu BlueSéhs Ambu A/S, Ballerup,
Denmark), one transmitting and the other one receiving a low amperage altegteatirigal current, were applied
on the supraclavicular fossa at the left base of the neck and along thiel xifather set of two electrodes was
used to monitor a single ECG lead in the V1/V6 position. All electrode placemses were shaved if necessary,
cleaned with an alcohol pad, and dried with a paper towel. All proceduresabdation of SV and CO were
according to the methods described in the study of Marcora et al.Tl2dde data were averaged over 1-min
periods before statistical analysis. ¥@nl/min/kg) and VE (I/min) during exercise were measured briegth-
breath using a computerized metabolic gas analysis system (MetaLyzen&&, Blophysik, Leipzig, Germany)
connected to an oro-(mouth) mask (7600 series, Hans Rudolph, Kangagl@Jt This automated device was
calibrated before each test using certified gases of known concentrdtis¥% (02 and 5.1% CO2) and a 3.0-liter
calibration syringe (series 5530, Hans Rudolph). All respiratory gelsaege data were averaged over 1-min

periods before statistical analysis.
Psychological measurements

The Brunel Mood Scale (BRUMS) developed by Terry et al. [25] was usedessas®od before and after the
TTE test. This questionnaire, which is based on the Profile of Mood Stateains 24 items (e.g. angry, uncertain,
miserable, tired, nervous, energetic) divided into six respective subscales:camfasion, depression, fatigue,
tension, and vigor. The items were answered on a 5-point Likdet(@ca not at all, 1 = a little, 2 = moderately,
3 = quite a bit, 4 = extremely), and each subscale, with four relevant déamagchieve a raw score in the range
of 0 to 16. The BRUMS has been widely used to measure mood in athldtesaarges in mood in response to
both physical and mental exertion [25, 26]. Motivation related to the TTEvéssimeasured using the success
motivation and intrinsic motivation scales developed and validated by Mat#iealis[27]. This scale has been
used previously to measure task-related motivation in exercise studigg8[28] and it is sensitive to motivational
changes induced by a monetary reward [30]. Each scale consisttemis7(e.g:‘l want to succeed on the task”

and “I am concerned about not doing as well as I can”) scored on a 5-point Likert scale (0 = not at all, 1 = a little
bit, 2 = somewhat, 3 = very much, 4 = extremely). Therefore, total scotbe§e motivation scales range between
0 and 28. Ratings of perceived exertion, thermal discomfort (Td@mdif)hermal sensation (Tsens) were obtained
from the subject during the final 15 s of the first minutegath 5 min of exercise and at exhaustion. Perception
of effort was rated using the Borg RPE scale displayed in dfcthe subject throughout the TTE test. Participants
were asked to rate how heavy and strenuous the exercise feels, tisedRPEanges from 6 (no exertion at all)
through 13 (somewhat hard) to 20 (maximal exertion). The scaless® Bdsomf and Tsens were the ones used
in the study of Filingeri et al. [31]. A 1@sint thermal sensation scale (i.e. =6, very cold; —4, cold; =2, slightly
cool; 0, neutral; +2, slightly warm; +4, hot; +6, very hot) and @di8t thermal comfort scale (i.e. —6, very
uncomfortable; —4, uncomfortable; —2, slightly uncomfortable; 0, neutral; +2, slightly comfortable; +4,
comfortable; +6, very comfortable) were used [3g descriptors were applied to intermediate scores (i.e. —5;

=3; —1; +1; +3; +5). The participants familiarized with the scales during the familiarization.
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3.2.3.3 Statistical analysis

All data are presented as means + standard error (SE) unless stated othben&eagdiro-Wilk test was used to
test the normality of the data. Sphericity was verified by the Mauchly's test. iMaessumption of sphericity

was not met, the significance of F-ratios was adjusted with the GresBrisser procedure.

Wilcoxon Signed Ranks Tests were used to assess the effect of corntdRiars (CON) on TTE, and on each
subscale of the BRUMS pre and post the TTE test.

Paired t-tests (2-tailed) were used to assess the effect of condition {PN)son motivation, body mass loss,
sweat rate and on the physiological ([Bla], Tcore, Tskin, SV, VO2/&)dneasures at exhaustion. Non-normally
distributed physiological (HR, SV and CO) and perceptual (Tsens, Tdcdr¥RiE) measures at exhaustion were
analysed with a Wilcoxon Signed Ranks Test.

A 2 x 2 (Condition x Time) fully repeated measures ANOVA was usaddess the effect of condition on glucose.

A 2 x 3 (Condition x Isotime) fully repeated measures ANOVA waeduo assess the effect of condition on the
continuously measured physiological ([Bla], Tcore, Tskin, HR, COMDg and perceptual (Tdcomf and RPE)
measures at 0% (60 + 0 s), 50% (1050 + 154 s) and 100% §19@6 s) of isotime during the TTE test. In non-
normally distributed physiological (VE and SV) and perceptual (Tseaasunes the effect of condition in each
isotime interval was analysed with a Wilcoxon Signed Ranks Test. To asseffe¢hef isotime (0%, 50% and
100%) on these measures, Friedman tests were used. To obtain thegedatdinthe value of each parameter at
100% isotime was established by identifying the shortest TTE test accosdgbigleach individual over their two
tests. The value for each variable attained during the final full 5 minutdge afhiortest TTE test were then
compared to the value attained during the equivalent minute of the longer T.TEh&estinute identified as 100%
isotime was subsequently different from the point of exhaustionafl.ehysiological and perceptual measures
were taken one last time at exhaustion). This minute identified as 100% isotirbet(20@8 s) was multiplied by
0.5 and rounded to the nearest time of rating where necessary toltataaiue corresponding to 50% isotime
(1050 + 154 s). Isotime values for 0% (60 + 0 s) were attaipedimparing values for the first full minute of each
TTE test.

If a significant interaction effect (Condition x Isotime) in the fulgpeated measures ANOVAs was observed,
paired t-tests were performed in order to interpret the effect of the heat padh time interval and one-way
repeated measures ANOVAs were performed in order to interpret the effectimgiso each condition. If no
significant interaction effect in the fully repeated-measures ANOVAs was @osdhe main effect of the heat
pad and isotime was immediately interpreted. Significance was set at 0.05 for all analysesendiobnducted
using the Statistical Package for the Social Sciences, version 22 (SPSSitragpClh, USA).
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3.2.4 Results

3.2.4.1 Endurance performance

TTE was significantly lower in HP (2092 + 305 s) compared wiiNG2292 + 344 s; p=0.023). Individual TTE
was lower in HP compared to CON in 10 of 12 subjects (Fig. 1).

Fig. 1 Effect of heat pad on time to exhaustion (TTE; n = 12). ScatterpliBfin HP (heat pad condition) and
TTE in CON (control condition). The points below the identity line represdeteeased endurance performance
in HP compared with CON in individual participants.
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3.2.4.2 Psychological measures

Subjective thermal strain

Tsens was significantly higher in HP (2.8 = 0.3) compared to CION+ 0.3) at 0% isotime (p=0.004), while at
50% (p=0.088) and 100% (p=0.167) isotime no difference betaeaditions was observed (Fig. 2). In addition
subjects rated Tdcomf consistently higher in HP during the TTEtedk isotimes (HP: -3.6 £ 0.3; CON: -2.4 +
0.4; F(1,11)=15.4; p=0.002; partial n?>=0.58; Fig. 3). For RPE an interaction between condition and isotime was
observed (F(2,22)=3.9; p=0.036; partial n>=0.26). Visual inspection of this significant interaction effect suggests
a quicker increase in RPE in the latter stages of the TTE test in the Hi#orondmpared to CON (Fig. 4).
However, follow-up tests did not demonstrate any significant difterdetween conditions at any isotime point
(all p>0.132). Regarding the effect of isotime, all perceptual variables (Tsens, Tdcomf and RPE) changed
significantly over time during the TTE test (p<0.001; see Fig.&43 At exhaustion, neither Tdcomf (p=0.104)
nor RPE (p=0.358) were significantly different between conditiéig. @ & 4). Only Tsens was significantly
higher in HP (5.3 + 0.3) than in CON (4.5 £ 0.4) at the point b&astion (p=0.031, Fig. 2).
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Fig. 2 Effect of heat pad on thermal sensation during the time to eida(§TE) test. # Significant main effect
of time (p < 0.05). * Significant effect of condition (p < 0.0Bata are presented as means + standard error.

Minute O represents start of TTE test. HP heat pad condition, CON control condition.
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Fig. 3 Effect of heat pad on thermal discomfort during the time to exhaustidg) test. # Significant main effect
of time (p < 0.05). T Significant main effect of condition (p < 0.05). Data are presented as means + standard error.

Minute O represents start of TTE test. HP heat pad condition, CON control condition.
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Fig. 4 Effect of heat pad on rating of perceived exertion during the timehaustion (TTE) test. # Significant
main effect of time (p < 0.05). { Significant interaction effect between condition and time (p < 0.05). Data are
presented as means * standard error. Minute O represents start of TTE tesat lHR®d condition, CON control

condition.
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No significant differences in success (p=0.870) or intrinsic vatitin (p=0.111) regarding the TTE test were
observed between conditions. The fatigue-subscale of the BRUMS indieat®ipants experienced the TTE test
as fatiguing in both conditions (p<0.005). No effects of condition or time were found for mood in any other

subscale of the BRUMS measured pre and pesETl test (p>0.107).

3.2.4.3 Physiological measures

At isotime, all physiological variables ([Bla], Tcore, Tskin, HR, SV, CO,¥ad VE) changed significantly over
time (all main effects of time, p<0.017; see Table 1), but notteeat (including the non-normally distributed SV
and \E variable3 was significantly affected by the heat pad (p>0.219; Table 1). At exhaustion, none of the
physiological variables were affected by the heat pad (p>0.284; Table 1), only for [Bla] a trend towards a
significantly higher concentration in CON was observed (t(11)52-R.051). Body mass loss due to the TTE
test (p=0.795; HP: 0.878 + 0.171 kg; CON: 0.850 + 0.159 kgyamat rate (p=0.189; HP: 1.66 + 0.29 I/hr; CON:
1.35 £ 0.16 I/hr) did not differ between conditions, and alsogtheose concentration did not differ between
conditions (p=0.682) nor in time (p=0.188).
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Table 1. Physiological responses during the time to exhaustion test at all isotimes (0%, 50% and
100%) and exhaustion in HP and CON (Mean =+ SE).

Physiological measure 0% (60 = 50% (1050 £ 100% (1925  Exhaustion
0s) 154 s) + 306 s)
HR (beats/min) # HP 138 +4 172+£3 181 +2 182+3
CON 137+ 4 168 +4 180 £2 1812
SV (ml) # HP 119+7 144+ 9 141 +£7 146 £ 8
CON 129+ 11 152+ 11 141 £8 144 £7
CO (I/min) # HP 16.5+1.1 245+1.3 253+1.0 264+1.4
CON 177+ 1.4 254+1.6 253+1.2 260+ 1.1
VO, (I/min) # HP 24+0.1 3.5+0.2 3.7+0.2 35+£0.2
CON 24+0.1 3.7+0.2 3.6+0.2 3602
VE (I/min) # HP 56.2+2.5 99.2 £4.8 109.6 + 6.5 113.7+7.4
CON 56.9+2.2 98.5+4.5 1053 +5.8 112.2+6.3
Icore (°C) # HP 37.0+£0.2 38.1+0.1 38.8+0.2 39.0+£0.2
CON 37.2+0.1 38.0+0.1 38.6+0.2 38.9+0.2
Iskin (°C) # HP 31.7+£0.3 342+0.2 344+0.3 344+0.2
CON 31.8+0.2 34.0+0.3 342+0.3 343+0.3
Bla (mmol/l) # HP 1.7+0.2 39+0.5 4.7+0.6 5.0+0.7
CON 1.7+0.2 42+0.5 50+0.6 57+0.7

# indicates a significant main effect of time (p<0.05); s seconds, HR heart rate, HP heat pad
condition, CON control condition, SV stroke volume, CO cardiac output, VO, oxygen consumption,

VE minute ventilation, Tcore core temperature, Tskin skin temperature, Bla blood lactate.

3.2.5 Discussion

This study aimed to test the hypothesis that subjective thermal strain ipamainm determinant of endurance
performance, rather than just an epiphenomenon of the pdwisial strain normally associated with the endurance
exercise impairment in the heat. This hypothesis was tested by aggravating heat sem$atiermal discomfort
rather than ameliorating them. This effect was achieved by locally appyimeat pad to the upper back of
endurance-trained subjects performing a TTE test on a cycle ergometenperaée conditions. This novel
experimental manipulation was successful in inducing higher ratings bééesation and thermal discomfort,
and a quicker increase in RPE during the TTE test compared to the camidion (no heat pad). Despite no
negative effects of the heat pad application on the measured cardioregpiretabolic and thermoregulatory
responses to endurance exercise in a temperate environment, TTE wa@sdrby 9%. The size of this negative
effect on TTE is comparable to the effect (-13%) of a 10°C ambient tempeddterence (31°C vs 21°C, Tcore
at exhaustion was respectively 40.1°C and 39.4°C) observed in thedt@Galloway & Maughan [16], and
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substantiates that subjective thermal strain is an important mediatorha&atigrduced reduction in endurance
performance. As clearly shown in Fig. 1 there was a group e tharticipants whose TTE (3957 + 449 s) was
significantly longer than the rest (n=9; mean-TTE=1603 + 35#&&).most likely explanation for this difference
in endurance performance is that the group with the longer TTEWwéBsg below the anaerobic threshold (n=3;
Fig. 1; mean [Bla]=2.91 + 1.36 mmol/l) whilst the other group wadimy closer to it (n=9; Fig. 1; ean
[Bla]=4.36 + 1.44 mmol/l).

The present study is not the first study to put forward that sulgetttermal strain is an important mediator of
thermoregulatory behavio(4-6] and an important determinant of endurance performphée 10]. However,
the only way to provide evidence in favour of its causal role in endarperformance is to dissociate subjective
thermal strain from physiological strain. Previously, this has beea lopneducing subjective thermal strain in a
hot environment [12, 13], but not yet by aggravating heat sensatibtharmal discomfort. The present study
provides further evidence that subjective thermal strain is an impoetmhdnant of endurance performance. As
discussed earlier, local application of the heat pad to the upper backsafbjeets did not affect the general
cardiorespiratory, metabolic and thermoregulatory responses to endaxancise in a temperate environment.
Therefore, changes in [Bla], Tcore, Tskin, HR, SV, CO, VE and &8dnot explain the negative effect that this
experimental manipulation had on endurance performance. Althoudbllaxssed up the general physiological
measures, these give no indication of the locally induced changes lahpad. The heat pad will of course have
increased the number of thermosensors that reached their activation th{gshdddtal Tskin will have been
increased). Subsequently the afferent feedback of the peripheral thesorgsdecated at the upper back to the
central effector cells (e.g. preoptic anterior hypothalamus) will have hgkerhin HP compared to CON [32]
Possible thermoeffector responses in the heat are for example variouss adpdleermoregulatory skin
vasodilation, increased sweat rate and thermoregulatory behaviour [32].almmlgh some of these
thermoeffector responses might have been present locally (e.g. increatediéataate and/or blood flow), they
did not occur generally. The fact that they did not occur generadly However not exclude completely that local
thermoeffector responses could have had impaired endurance perforB@@ciécally concerning CO, despite
no difference in absolute CO was observed during the TTE testhrcboditions, we can however not exclude
that a redistribution of CO occurred. If present, this redistribution mosalbgwould have resulted in a larger
amount of blood flowing to the skin in the HP-condition, (1) tuthe heat pad-induced vasodilation at the upper
back and (2) to dissipate the added heat to the body by the local hdappesknt, this redistribution may reduce
convective oxygen delivery to the working muscles and exacerbates musggle {&8]. However, the lack of a
difference in [Bla] during the TTE test does not corroborate the preséagacerbated muscle fatigue due to this
potential redistribution of CO. It seems the body was physiologicallytalslepe with this added stress factor and
no general physiological thermoeffector response was triggered by thesatraffierent feedback of the

peripheral thermosensors located at the upper back.

Besides physiological variables that could have possibly explained the obseruetioreéh TTE, multiple
psychological variables could have as well. One possibility is a nocebo effect ebtigald which may decrease
motivation, sé-efficacy, drive or self-esteem. To avoid as much as possible thisurwling variable, we used
naive participants and informed them that the study was on the phisibleffects of local heat with no

suggestion of any potentially negative effect on endurance perfoer(@ee Methods). Although we did not
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measure all the psychological constructs potentially affected by a nocehldnfgaéons & future suggestions
success motivation and intrinsic motivation towards the TTE test wereurad fo be affected by the heat pad,
and also mood before and after the TTE test did not differ between bathi@oes either. These psychological

findings argue against a nocebo effect.

Besides triggering a nocebo-effect, the heat pad could also have worked trachodif.e. diverting attention
away from other task-relevant thoughts), and although suchdtist strategies tend to reduce perception of effort
[34] this may be at the expense of a slower-than-optimum pacegdself-paced endurance tasks [35]. This
explanation does however seem to be unlikely, as RPE is not decreaseand Ri°’pacing was demanded in the
TTE test employed in the present study. Therefore, the most likelgratipn for the impairment in endurance

performance observed in the HP condition was the higher subjectineathsrain induced by the heat pad.

Despite the increased afferent feedback of the peripheral thermosensors lodegegper back did not trigger a
general thermoeffector response, it did trigger a psychological resp@nsecfeased subjective thermal strain).
Among the three factors that subjective thermal strain encompassgs ehulurance exercise (i.e. heat sensation,
thermal discomfort and perceived exertion), heat sensation was sigyfididferent between conditions only at
the beginning of the TTE test. Moreover, significantly different hezsdat®n levels were reached at exhaustion
in both conditions, indicating that heat sensation was probably not the cardinal “exercise stopper” [36]. Thermal
discomfort on the contrary was significantly worse througho®TthE test and its levels at exhaustion did not
differ significantly between conditions. This could be interpreted as evidlesicpeople stopped exercising when
they reached the highest level of thermal discomfort that they were willirigelieved to be able) to tolerate, i.e.
a sensory tolerance limit [36]. However, visual inspection of the data questis interpretation (Fig. 3). The
level of thermal discomfort at exhaustion in CON (-4.4 £ 0.4) is |dhvan that in HP (-5.1 £ 0.3) and almost
identical to the level at 50% isotime in HP (-4.2 + 0.4). This observatiggest that participants did not stop
exercising when an individual sensory tolerance limit was reachéigeyshould have stopped earlier in the HP
condition. The most likely psychological explanation for the shorter mrthe HP condition is the higher
perception of effort induced by the heat pad. An interaction betweeitioarehd time was observed for RPE,
and although follow up tests were not conclusive, visual inspectitie afata suggests that RPE in HP was higher
in the later stages of the TTE test compared to CON. As a result, in the HP epradititicipants reached the
maximum level of effort they were willing to exert (potential motivation) decided to stop exercise earlier than
in the control condition [37]. In accordance with the above outlined meagdRoussey et al. [38] recently stated
that within the three components of subjective thermal strain, the percepteffort appears to be the key
regulator of intensity when exercising in the heat while the contributioreohti sensation/discomfort probably
fluctuates according to the hyperthermia level, but also to training experigmeénterpretation of our data as
evidence that heat sensation and thermal discomfort did not play a to&eéarlier exercise cessation in HP in
the concept of a sensory tolerance limit, does however not mean thattbessrtponents of subjective thermal
strain were not thought to play a role. Rather than a limit, heat sensation ardlkysipermal discomfort are
proposed to act as determinants of endurance performance by intevéthipgrceived exertion (i.e. increasing
the inclination rate of RPE during the later stages of the TTE), subgbgleading to the earlier termination of

exercise in HP.
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In the interpretation that perception of effort is the key variable in rsgept study, caution is warranted. The
authors acknowledge that this interpretation is only supported byesadtion effect and not by significant follow-
up tests. Nonetheless it is an important mechanism to consider arebitige/to the questiotwhy was perception

of effort higher in HP compared to CON@&eneral physiological strain did not differ between conditions and the
cerebral changes associated with heat stress [39] are not plausible expla@at®psssibility is that the late
increase in RPE observed in the HP condition compared to CON may e duggher attentional focus on
thermal sensation/discomfort. Excessively focusing on interndilybeensations has already been shown to
exacerbate perception of effort and negatively impact pacing and TTE(JB4The observed higher subjective
thermal strain in HP compared to CON does however not automatically indicateea &itgntional focus on
thermal sensation/discomfort was present in HP. Participants were askdgl efien in both trials to reflect on
the subjective thermal strain. As such, despite no measures of attentionaldoeuscluded in the present study
(seeLimitations & future suggestiofsattentional focus is hypothesized to have been similar in both HP add CO
Therefore we suggest that the late increase in RPE observed in HP nmegbtdieed by a higher activity of the
premotor cortex when exercising in an unpleasant condition like when enderindigh thermal discomfort.
This suggestion is supported by a neuroimaging study sigolwgher premotor cortex activity when unpleasant
stimuli are provided during exercise [41] and increasing evidence that thgyaxdtipremotor and/or motor areas
of the cortex is associated with RPE during exercise [42-44] as prebigtée corollary discharge model of
perceived effort [45]. Furthermore, the continuation of exercise imatteedf very high thermal discomfort most
likely requires inhibitory control. This is an effortful mental proctess involves many cortical areas [46] also

associated with perception of effort during physical tasks [47].
Limitations & future suggestions

The authors are aware that the present study has, inevitably, its limitatiorexalrqule, the heat pad was not
applied to the back in the control condition. Consequently thermal discomifgint be induced not only by the
increased heat sensation of the heat pad, but also by increasedepaiegissweat production on the application-
site of the heat pad (i.e. upper back). Filingeri et al. [48] alreadygubout that sensing temperature is not the
only factor to contribute to thermoregulatory responses in humansiviegaaitaneous wetness is also critical.
Therefore, the increased pressure and sweat production at the uppertBatoimpared to CON was beneficial
in order to maximize the difference in thermal discomfort between HRC&N. Subsequently the present study
provides evidence that thermal discomfort can be affected by skin heatisas/receptors without altering core
temperature. In future studies, evaluating whether the heat pad-indutaunpace decrease is also present in
self-paced endurance tasks and including specific measures effeglty, self-esteem and attentional focus
could provide additional valuable insights on the psychological mechdmghkind the heat pad-induced decrease

in endurance performance.
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3.2.6 Conclusion

This study assessed the effect of a heat pad applied to the uppambaoiurance performance in temperate
conditions. This novel experimental manipulation was successful in induchificsigt subjective thermal strain
during cycling exercise and reduced the TTE of the endurance-tisibgetts by 9% on average. We measured
the main cardiorespiratory, metabolic and thermoregulatory parameters noaswdlyiated with heat-induced
impairment in endurance performance and found that they ve¢rsignificantly affected by HP. Success and
intrinsic motivation and mood prior to or after the cycling task aldmdt differ between conditions. Therefore,
the mediator of the heat pad-induced decrease in endurance perforsnamast ilikely, the increase in subjective
thermal strain and more specifically the increased thermal discomfort aftbidson perceived exertion. These
results provide additional evidence that subjective thermal strain is an inmpdet@nminant of endurance
performance in the heat rather than an epiphenomenon and jubkgfiese of specific techniques aiming to reduce

subjective thermal strain (e.g. menthol spray).
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4.1 Abstract

Purpose: It has recently been reported that professional road cyclists haveosuphgibitory control and
resistance to mental fatigue compared to recreational cyclists. We sought sordetesr badminton players also
have superior executive functions and whether they are more resistaental fatigue than controls on a
visuomotor taskMethods: Eleven healthy controls (mean+SD; age: 25+4y; 6 females, 5 males) and nine healthy
badminton players (age: 23+3y; 4 females, 5 males) performed two expelitrials#an a randomized crossover
order. Participants completed a baseline visuomotor task, followed by a Flakkétaxss they performed either
a 90-min Stroop task (MF) or watched a 90-min documentary (CON). Immgdiatetafter, the Flanker task and
the visuomotor task were completed again. Multiple physiological and psychologicslinegavere assessed
during the protocolResults: Badminton players’ and controls’ accuracy during the Stroop task decreased over
time (p=0.023). Subjectively, both groups perceived the Stroop taskoes mentally demanding than the
documentary (p<0.001). In addition, higher mental fatigue was perceiWBl compared to CON, independently
from group (p=0.029). In the visuomotor task, controls as well as bsmmplayers reacted significantly slower
on the complex stimuli when mentally fatigued (~7%; p<0.001). Baidmiplayers (1109 + 251 ms) outperformed
controls (1299 + 227 ms; p=0.022) in the visuomotor ta8knclusion: Mental fatigue negatively affects open
skill-visuomotor performance in both badminton players and elsnBadminton players did not exhibit a superior

executive function compared to controls.

Key words: mental exertion; response inhibition; task switching; inhibitory control; executietidan
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4.2 Introduction

Mental fatigue has been shown to impair multiple visuomotor related skgisart-specifi¢1-4] and non-sport-
specific settings [5, 6]. In addition, Smith et al. [4], Le Mansec §2hhnd Veness et al. [3] observed that also
within trained (ranging from moderately trained to elite) athletes mental faimgi@ negative effect on sport-
specific visuomotor related skills. For example, Smith et al. [4] used.dbhghborough Soccer Passing and
Shooting Test with experienced soccer players and found that theirpgemt and accuracy decreased when
mentally fatigued. Similarly, Le Mansec et al. [2] found that ball speededsed and number of faults increased

in mentally fatigued table tennis players who play at regional-natiorellifeFrance.

These findings are in accordance with the effect of mental fatigue ore@odyserformance in endurance trained
athletes [7]. Based on these results, one would conclude trained/elite athletes araumz itmmental fatigue-
induced impairments in sport performance. However, given the-onas nature of all these studies, we should
be careful in drawing conclusions. Trained/elite athletes might still be reergtant to mental fatigue than
untrained individuals. In literature it has already been suggested that geneticesmvitlanmental (i.e. training
effects) factors could underlie an athlete’s greater resistance to mental fatigue-associated physical performance
impairments [8]. Evaluating whether athletic status mediates the resistance to atgntali$ of importance. On
the one hand, it allows to determine the factors that may contribute to $ucspseg performance, while on the
other hand it provides further insights in the mechanisms behirdkthimental effect of mental fatigue on sport

performance.

In endurance sport, Martin et al. [8] was the first to design a stuslyetifically assess whether level of training
had any influence on the effect of mental fatigue. Interestingly, ftheyd that professional cyclists exhibited
superior performance during a 30-min Stroop task compared to repaatyclists, which is indicative of stronger
inhibitory control. Moreover, professional cyclists displayed a greater resistatieenegative effects of mental
fatigue on a 20-min cycling time trial than recreational cyclists [8]. Fatigwn this first study, Clark et al. [9]
also attempted to determine whether athletic status influences the effect of mentaldatcycling performance.
Clark et al. [9] found that a 6-min cycling time trial performance ithhotrained men and non-professional
highly trained individuals with a history of competition in a varietyspbrts was unaffected by mental fatigue.
Unfortunately, as in the study of Martin et al. [8], also in thiglg a 30-min prolonged cognitive task was
employed to induce mental fatigue. Clark et al. [9] were not able to @aeywecline in performance during the
prolonged cognitive task, or an increase in subjective mental fatiguehpastgnitive task. In addition, also the
mental fatigueassociated drop in frontal cortex oxygenation (i.e. a drop in A[HbO2] [10, 11]) was not observed.
As such, Clark and colleagues themselves express their uncertainty whethevere successful in inducing
mental fatigue in the first place [9], a limitation that is also put forward ittty of Martin et al. [8], and that

might be caused by the relatively short period of increased mental load.

To directly assess whether open skill-athletes (i.e. required to react inraicgihachanging, unpredictable and
externally-paced environment) might, like cyclists, be more resistantritahfietigue than untrained individuals
(i.e. controls), the effect of a 90-min mentally fatiguing task ooen skill-visuomotor task (visuomotor task;
i.e. a test where a lunge movement combined with an arm extensioniiedaas examined in both badminton
players and controls. Several studies demonstrated that sport-specifimetsr related skills are impaired in

trained athletes when mentally fatigy@e]. However, based on the genetic and/or environmental factors that are
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put forward by Martin et al. [8] as possible mediators of the mental fasigseciated decrease in physical
performance, it is still plausible visuomotor performance in trained athtekessi affected by mental fatigue. We
hypothesized that mental fatigue would negatively affect performances onstiomotor task in controls, while
badminton players would demonstrate greater resistance and be lessftetldffy mental fatigue [8]. In addition

it was expected badminton players would outperform controls orighemotor task as well as on the Stroop task

[8].
4.3 Methods

4.3.1 Participants and ethical approval

An a priori sample size calculation based on the results reported in theostMadytin et al. [8] (reported effect
size of the interaction between condition and group was np>=0.293) revealed with a set at 0.05 and an actual
power of 0.85- that a total of 8 participants were needed in each group to observe a simitationeeffect.
Twelve healthy controls and ten healthy badminton players voluntegpaditipate in this study, and eventually,
eleven healthy controls (mean + SD; age: 25 * 4y, stature: 1.69 +,(b@dynmass: 70.2 £ 13.8kg, 6 females, 5
males) and nine healthy badminton players (mean + SD; age: 23 + Byesfa?3 + 0.11m, body mass: 67.0 +
12.8kg; 4 females, 5 males) were included in the data analys&®e&defor reason of dropout). Each participant
gave written informed consent prior to the study and were naiite aims and hypotheses. Controls were not
engaged in any kind of regular physical activity during the lasas, badminton players competed at national
and/or international level and performed >2/3 badminton training sessions per week and had >8 years badminton
experience. The experimental protocol and procedures were approved Bggsbarch Council of the Vrije
Universiteit Brussel, Belgium. The participants were given instructions to alsgpilar amount of time before
each trial (at least 7 hours), refrain from the consumption of caffaidl alcohol and not to practice vigorous
physical activity the day before and from each visit. In addition, partispeere asked to have the same meal the
morning of each trial and the use of any kind of medicinal producitsgdaind between the trials was prohibited.

If participants could not meet these standards they were excluded fromdje st

4.3.2 Experimental protocol

Participants were asked to report to the lab for 3 consecutive trials, which waredltted at the same time of
day (in the morning) and were separated by at least 3 days to ensurec@wéry. The first trial was a
familiarization trial, followed by an experimental trial (MF) and a control trial (CON)trials were conducted
in thermoneutral conditions (23.5°C, humidity 35%) and took ~2h tplmien MF and CON were completed in
a randomized, crossover manner. See Fig.1 for a complete overview andetiofiehie protocol. Participants had
to perform a baseline visuomotor task (gseomotor task followed by a Flanker task (s&¢anker task Next,
they performed either a 90-min Stroop task (MF;mestal fatigue taglor watched a 90-min documentary (CON;
seecontrol task Immediately thereafter, the Flanker task and the visuomotor task werétenrpgain. In the
familiarization trial participants completed all procedures as if it was an experimeitgdde Fig. 1), except for
the 90-min cognitive task. Instead of the 90-min cognitive task, participaritsrped a 30-min version of the

Stroop task to familiarize with all instructions.
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Fig. 1 Protocol timeline (min). Participants had to perform a first visuomotor fftdr completing the baseline
visuomotor task, participants sat down and completed a 90-min mefatajlying task or a 90-min control task,
that was preceded and immediately followed by a 3-min Flanker task. Imnhedig2enin) after the second

Flanker task a second visuomotor task was performed. T = ambient temgeRatu= relative humidity; MFS =

self-reported mental fatigue; Motivation = success motivation and intrinsic rotivecales developed and
validated by Matthews et al. [18]; NASA-TLX = the National Aeron%utics andeSpdministration Task Load

Index; GLUC = blood glucos”z heart ratd‘ = visuomotor ta%; = 3-min Flanker task
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Visuomotor task To develop a visuomotor task, Fitlight-hardware and software was used

(http://www.fitlighttraining.com). Seven lights were set up against a wall (see Fig.2) and illuminates, fone

after the other in a set sequence. These lights colored, similar to the Stradp-stih blue, green or yellow. If

a light turned red, green or yellow (i.e. simple stimuli) participants hadttout the light as fast as possible by
passing before the light with the left or right hand within a randgecof. However, if a light turned blue (i.e.
complex stimulus), participants were instructed not to respond to thdistion the wall. Instead they had to turn
around and put out another light lying behind them on the lon50; see Fig.2). After each stimulus, participants
were instructed to return to their starting position (perpendicular to light hm20 away from the wall and with
both feet ~30cm apart and on the same line), which was indicated ondheafid focus again on the fixation
cross (see Fig. 2). Each color was presented 16 times, yielding a t6taktimuli. The sequence in which the
colors appeared was programmed randomly (www.randomization.comsabe location of the light in which
the color appeared. The inter-stimulus time varied between 3, £s50d each inter-stimulus time was randomly
used 16 times. Total task duration was approximately 6min30s. To avaithtgaffects each visuomotor task
was different as the pre-programmed sequence would always starinfarstonewhere within the sequence.

Accuracy and response time (RT) were collected to assess performance.
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Fig. 2 Overview of the visuomotor task.
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Flanker taskn the Flanker task participants were instructed to respond as quickcanrhtely as possible to
the direction of a target arrow while ignoring two flankers on emfth See Van Cutsem et al. [12] for a detailed
description. The task used in the present study only differed from thesedkn the study of Van Cutsem et al.
[12] in that sense that all trials presented in the present task were meon(@®.g., < < > < <), requiring a great
level of inhibitory control. The second Flanker task was performedfgscampletion of the 90-min mentally
fatiguing task or control task. To assess performance on the Flanker taskcgcand RT were collected.
Participants were, based on the assumption that they were already fatiquedadequately familiarized [13]
excluded from the analysis if they were not able to reach a miniawenracy level of 90% in the first Flanker

task (i.e. the baseline performance).

Mental fatigue task modified Stroop task of 90min, partitioned in 8 blocks of 252 dinwas used as the
mentally fatiguing task. This 90-min task was continuous withesblireaks (i.e. participants had no knowledge
of the existence of the 8 task blocks). The inclusion of the 8 taskddepochs allows the researcher to examine
performance impairment (i.e. accuracy and RT) as a function ofdimtask which is a behavioral indicator of
cognitive fatigue [7, 14]In this task, four colored words (‘“red”, “blue”, “green” and “yellow”) were presented

one at a time on a computer screen. If the ink color of the word was ygllean or blue the participants were
required to indicateht color of the word, ignoring the meaning of the word itself (i.e. ‘color’ stimuli). If however,

the ink color was red, the button to be pressed was the button linked to the real meaning of the word (i.e. ‘meaning’
stimuli), not the ink color (see Van Cutsem et al. [15] for a detdistription). The word presented and its ink
color were randomly selected by the computer (100% incongruent), witlc@ligruent word-color combinations
being equally common (meaning, in each block 63 words wesepted in the color red, yellow, green and blue).
Prior to each 90-min Stroop task time-keeping devices such as watchesllapldones were surrendered and

during the task participants did not receive any feedback on performatice lapsed. Participants were, based
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on the assumption that they were already fatigued or not adequately famil[a8}eexcluded from the analysis

if they were not able to reach a minimum accuracy level of 70% in the fisstond time interval of the task.

Control taskin the control task participants haglwatch a documentary ((A) “Planet earth” (BBC Worldwide,
20006), (B) “When we left earth — the NASA missions” (Discovery entertainment, 2008), and (C) “ooggetuigen”:
(Ca)“Honden”, (Cb) “Haaien”, or (Cc) “Vulkanen” (BBC Worldwide, 2007)). In order to promote engagement
and avoid boredom participants were given the choice: 1 chapter from (A) and 1 disc “ooggetuigen” or 1 disc from
(B), for a total of 90min. These documentaries were chosen baseeéioertiotionally neutral, yet engaging

content.

Physiological and subjective measuremebtsring the entire protocol a researcher was sitting behind the
participant to ensure compliance with the intervention. Participants were equifihesl veart rate monitor to
continuously record heart rate (HR). Blood glucose was measuract teé 90-min task and immediately after
finishing the second visuomotor task by extracting 0.6-ul ofiwom the right earlobe (CONTOUR LINK
Medtronic Blood Glucose Meter System, Bayer, Basel, Switzerland). Subjectseopmyical assessment took
place with a mental fatigue-visual analogue scale (MFS) [16], the Natiorah@&dics and Space Administration
Task Load Index (NASA-TLX; [17]) and the success motivation and sitrimotivation scales developed and
validated by Matthews [18]. The validity and reliability of a visual anal@gade (0-10cm) to assess fatigue was
demonstrated by Lee et al. [18]FS posed the question ‘How mentally fatigued do you feel?’, and ranged from

‘not at all’ to ‘completely exhausted’ [16]. The NASA-TLX scale assesses subjective workload and was taken
after finishing the 90-min task. Motivation related to the visuomotor taskmeasured by the scales of Matthews

[18] and was assessed before both visuomotor tasks (see Fig.1).

4.3.3 Statistical analysis

All data are presented as means + standard deviation (SD) unless stated othernbapirbewilk test was used
to test the normality of the data, sphericity was verified by the Maudbbt'sWhen the assumption of sphericity

was not met, the significance of F-ratios was adjusted with the GresB®risser procedure.

A two-way mixed (2x2) ANOVA was used to assess the effectgranfp and condition on each NASA-TLX
subscale and on square root transformed mean HR. A three-wag (@x2x2) ANOVA was used to assess the
effects of group, condition and time on intrinsic and succes&ation towards both visuomotor tasks. Blood
glucose (2x2x2) and MFS (2x2x4) responses were analyzed with tlageeiwed ANOVAS, with factors group,
condition and time. A tleeway mixed (2x8x2) ANOVA was used to test the effect of group (badmipieyers

vs controls), time (first to eighth block) and stimuli (meaningoler) on RT and square root transformed accuracy
during the mental fatigue task. Three-way mixed (2x2x2) ANOVAwezsl to test the effects of group, condition
and time on RT and square root transformed accuracy during theeFlasks. A four-way mixed (2x2x2x2)
ANOVA was used to test the effects of group, condition, time andiktfgimple vs. complex) on RT during the
visuomotor tasks. Wilcoxon signed ranks tests were employed to assesffetheof condition and time on

visuomotor task accuracy in each group and each stimulus type.

If significant interaction effects including the factors condition and tmthe four-way, three-way or two-way
mixed ANOVAs were observed, subsequent three-way or two-way mAREOVAs or paired t-tests were

performed to elucidate the main effect of condition and time. If nof&ignt interaction effects, including the
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factors condition and time, in the four-way, three-way or two-wasethANOVAs were observed, main effects
of condition and time were immediately studied and further interpreted thrpaigwise comparisons with

Bonferroni correction.

In order to assess whether badminton players possess superior iiphioitdrol and task switching-ability
compared to controls, and to control for the potential confoundingt effedifferences in resistance to mental
fatigue, planned comparisons were executed in the first time intervdleoFlanker task, Stroop task and

visuomotor task.

Significance was set at <0.05 for all analyses, which were conducteptisiStatistical Package for the Social
Sciences, version 23 (SPSS Inc., Chicago, IL, USA).

4.4 Results

4.4.1 Manipulation checks

All participants except two (1 control and 1 badminton player) reacheédbé&ed minimum performance level

of 70% in one of the two first time intervals during the Stroop tadknare included in the data-analysis.
Behavioural

The effect of time on the transformed accuracy-data differed inygotl of stimuli (time x stimuli; F(7,126)=2.1;
p=0.050), group did however not affect the effect of time. Withircther stimuli accuracy was similar over time
(F(4.2,79.3)=0.5; p=0.753; see Fig. 3). Within the meaning starddicrease in accuracy over time (F(7,133)=2.4;
p=0.023; 1°=0.11; See Fig. 3) was found. In terms of RT it was shown thtitipants performed faster in time
independent of group in both the color stimi#{7,133)=3.5; p=0.002; n,?=0.16; see Fig. 4) and the meaning
stimuli (F(3.9,74.2)=12.7; p<0.001; ny?>=0.4; see Fig. 4). Regarding transformed accuracy on the Flankerdask, n
effect of condition, time or group was observed. RT on the Flatsskr was observed to increase in time
independent of group and condition (PRE: 362 + 36ROST: 371 £ 35 ms; F(1,18)=7.2; p=0.015; np,>=0.29).

In addition, the planned comparison in the first time interval of tineof task and the first Flanker task

demonstrated that there was no difference in accuracy or RT bdtageinton players and controls in both tasks.
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Fig. 3 Square root transformed accuracy during the 8 blocks of the Stroop tieslotes a significant main effect

of time on the meaning stimuli in both badminton players and der(e0.05). Data are presented as means +
SE.
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Fig. 4 Response time (RT) during the 8 blocks of the Stroop task. * denetgsificant main effect of time in

both badminton players and controls (p<0.05). Data are presentedras#ria.
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Subjective

Overallsubjective mental fatigue was higher (F(1,18)=5.6; p=0.029; n,°=0.24) in MF (44 + 17) compared to CON
(38 + 12), independently from group. Subjective mental fatiguehigder after both the Stroop and control task
compared to before the respective tagk3,64)=34.7; p<0.001; n,>=0.66; pre control and Stroop task = 30 + 18;
post control and Stroop task = 63 £ 17). In both badminton playersentrols, the mental demand, physical
demand, temporal demand, effort and frustration subscale of the NAZAvere perceived as higher after the
Stroop task compared to the control task (F(1,18)=8.1; p<0.011; np2>0.41). Only the performance subscale of the
NASA-TLX was not perceived as different between both conditions. No aliiferwas observed in intrinsic and

success motivation towards both visuomotor tasks.
Physiological

Transformed mean HR was significantly (F(1,18)=8.9; p=0.008; np?>=0.33) higher during the Stroop task (8.8 +
0.6; absolute value=77 + 9 bpm) compared to during the control tésk (85; 72 + 9 bpm) independently from
group. Blood glucose levels decreased (F(1,17)=10.5; p=0.005; n,>=0.38) from the beginning of the protocol (93.8
+ 6.7 mg/dl) to the end (86.6 = 7.6 mg/dI).

4.4.2 Performance on the visuomotor task

Accuracy
Non-parametric testing showed that there was no effect of condition oonimecuracy.
Response time

The effect of the mentally fatiguing task on RT during the visotor task was independent of group. In contrast,
type of stimulus did affect the effect of the mentally fatiguing f@sindition x time x stimuli; F(1,18)=8.0;
p=0.011). Within the complex stimuli an interaction between the eff#fctondition and time was present
(condition x time; F(1,19)=10.0; p=0.005). Participants got significatihyes in time only in MF (t(19)=-4.4;
p<0.001; d=0.98; PRE: 1282 + 242 ms; POST: 1372 + 249 mEjge®), while the effect of condition (t(19)=2.2;
p=0.040; d=0.49; 1372 + 249 ms; CON: 1322 + 253 ms; see}-igas only present in the second visuomotor
task. Within thesimple stimuli only a main effect of time (F(1,19)=25.9; p<0.001; n,?>=0.58) was observed,
independent of condition. The planned comparison in the first visuortastbrdemonstrated that the controls
(1299 + 227 ms) performed slower than the badminton plagéf9(+ 251 ms), independently from stimuli and
condition (F(1,18)=6.3; p=0.022; n,>=0.26).
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Fig. 5 Response time (RT) on the complex stimuli (independent of grou) mie®ing the visuomotor task (pre
and post). I denotes a significant condition x time interaction (p<0.05). * denotes a significant main effect of time
in MF (p<0.05). ~ denotes a significant difference between MF and CON irottevisuomotor task. Data are

presented as means + SE.
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4 .5 Discussion

To our knowledge this is the first study that assessed the effenemtal fatigue on open skill-visuomotor
performance in badminton players and controls. The most impditatings were: (I) Badminton players
demonstrated a superior visuomotor performance compared to contjdisertal fatigue decreased open skill-

visuomotor performance in controls as well as badminton players.

4.5.1 Manipulation checks

The behavioral, subjective and physiological measures confirmed highéal regartion in the Stroop task,
indicating a greater state of mental fatigue was successfully induced in Mfarato CON. Both subjective
(higher perceived mental demand) and physiological (higher mean HRRnj@é8@kures confirmed that the Stroop
task was more mentally demanding than watching the documentary.\Mgrgothe Stroop task the often found
decrease in accuracy in time was observed in the meaning stimuli ithedthdminton players and controls [20,
21]. Performance on the Flanker task confirmed that cognitive capacity detieddF. Participants performed
slower on the second Flanker task compared to the first. However, also in€i@iMadeterioration in RT during
the second Flanker task was observed. This indicates that the induced faténiel did not affect Flanker
performance in the present study, or, that 90min watchinganaentary might also have induced a certain degree
of mental fatigue. Subjectively a higher feeling of mental fatigue was regaridd& compared to CON in both

badminton players and controls.
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4.5.2 Visuomotor task performance

On average, participants responded 7% slower on the complex stimuli @ estibhuli) compared to baseline in
MF, while in CON no significant impairment was found. These results shatvmental fatigue particularly
impaired the RT to the complex stimuli, rather than the simpleubt{ire. green, red and yellow stimuli), in both
the badminton players and the controls. This is in accordance with ysestialies on the effect of mental fatigue
on cognitive performance [224], showing that executive control (i.e. the control to overrule an automatic
response) is compromised by mental fatigue, but more automatic cogniteesging is relatively insensitive to

this state.

According to the proposed models attempting to explain the link between fiag¢igiaé and human performance
[25], similarities across the cognitive and the physical task should adootime observed mental fatigue-induced
decrease in sport-specific psychomotor performance. In betBGkmin Stroop task and the 7-min visuomotor
response task response inhibition was an important executive functionidatgtiassk performance. In the Stroop
task response inhibition was necessary for 100% of stimuli, while in them@ar task this function was
employed for 25% of the stimuli. Both tasks also worked with a geremabnse rule and an exceptional response
rule, meaning that participants had to switch rules depending on specifidaatiares of the stimuli. This task
switching ability was necessary in 25% of the stimuli, as 25% of the stineagiépted in the Stroop task and in
the visuomotor task contained the specific feature (i.e. in the Stroop déatters of the word were colored in
red; in the visuomotor task when the pad lighted op in the color blue) diedtied that participants had to switch
to the exceptional rule in order to respond correctly. These two execuitéofs, response inhibition and task
switching ability, represent two important similarities across the cognitidetten visuomotor task that might

explain why carry-over effects were observed.

In the present study mental fatigue did not affect Flanker performampeformance on the color stimuli in the
Stroop task (i.e. both response inhibition-measures). As such, the éffieebtal fatigue on response inhibition
appears to be ambiguous. In contrast, task-switching ability wasispligiissessed by accuracy and RT on the
meaning stimuli in the Stroop task and RT on the blue stimuli in thewistor task. These measures specifically
assessed task-switching ability due to their low appearance probability pradseam with the other stimuli in both
tasks (i.e. the low appearance probability of both stimuli leads to adiagive rate of switch trials; [26]), and
performance on both these measures was impaired by mental fatigueabbising puts forward task-switching
as the main executive function that was deteriorated by mental fatigue and sathi@mreviously reported
findings of a mental fatigue-induced impairment in task-switchinifity [26-28]. Moreover the present findings

add that this impairment also persists in a more sport-specific setting.

4.5.3 Badminton players vs controls

Badminton players only outperformed the controls on the visuartek. These findings lead to the conclusion
that badminton players did not have a superior inhibitory control orstaig&hing-ability compared to controls,
rather badminton players demonstrated a superior visuomotor RTcdrtiiasts the observed superior inhibitory
control in elite cyclists in the study of Martin et al. [8]. In addition, kenin the study of Martin et al. [8], the
badminton players in the present study did not demonstrate a greater cesistarental fatigue than controls.
Martin et al. [8], and also other studi@s4], however already indicated that although superior inhibitory control

might be a psychobiological characteristic of athletes, this does not meaar¢hieymune to mental fatigue. It
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seems this statement is substantiated in the present study, agheBiRemin Stroop task used in the studies of
Martin et al. [8] and Clark et al. [9] to induce moderate mental fatigue,rai®@®troop task was employed to
induce more severe mental fatigue. This might explain why, in adystental fatigue impaired visuomotor
performance not only in controls but also in badminton playersthén factor that could explain why we cannot
substantiate the results of Martin et al. [8] is the fact that the badminte@rplagluded in the present study were
trained (se@articipants characteristigsbut not elite. Therefore, caution is warranted in concluding that Iével o

training does not improve the resistance to mental fatigue.

Badminton players thus did not demonstrate superior inhibitory comtrtzisk switching-ability compared to
controls. They did however demonstrate a superior visuomotor R&byhesubstantiating the statement of
Hulsdinker et al. [29] that open skill-athletes typically outperform-atbtetes on visuomotor RT-tasks.
Hulsdinker et al. [29] assessed why this is the case and concliadetigtsuperior visuomotor performance
originates from faster visuomotor transformation in the premotor gmlesuentary motor cortical regions rather

than from earlier perception of visual signals in the visual cortex.

4.5.4 Practical applications

The present study shows that mental fatigue impairs open skill-vigoommerformance in athletes and should
thus be taken into account by trainers and coaches to optimize sport pader(e.g. avoid long tactical talks
prior to competition). This stresses the need for future research to develwentions (e.g. cognitive training,
mouth rinsing, ...) that might be suitable to increase resistance to mental fatigue [15]. In addition the newly
developed open skill-visuomotor task is shown to be a sensitive tool to gespssformance-impairing effect of
mental fatigue and subsequently provides a perhaps more suitable altereatoes the traditional psychological
cognitive tests (e.g. Flanker task), for trainers and coaches who wewvdltate the individual mental fatigue-
resistance of their athletes.
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4.6 Conclusion

Mental fatigue manifested in both badminton players and controls afenmardStroop task and impaired open
skill-visuomotor performance in both groups. More specificadlstipipants responded on average 7% slower on
the complex stimuli in the visuomotor task compared to baseline in MF. Firsslghows that athletes are indeed
not immune to mental fatigue. Secondly the present results substantiate aggaa €oes not only impair

endurance sports, but also impairs open skill-visuomotor peafozen
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5.1 Abstract

Introduction: Mental fatigue is a psychobiological state caused by prolonged periaigsnainding cognitive
activity that has negative implications on many aspects in daily lifeei@affand carbohydrate ingestion have
been shown to be able to reduce these negative effects of mental fatigke of these substances might however
be less desirable in some situations (e.g. restricted caloric intake, Ramadan, ... ). Rinsing caffeine or glucose within

the mouth has already been shown to improve exercise performanceford@re sought to evaluate the effect of
frequent caffeine-maltodextrin (CAF-MALT) mouth rinsing on mental tagighduced by a prolonged cognitive

task.

Methods: Ten males (age:23+2y, physical activity:7.3+4.3h/week, low CAF-useesformed two trials.
Participants first completed a Flanker task (3 min), then performed a 9®wenially fatiguing task (Stroop task),
followed by another Flanker task. Before the start and after each 12.8% 8froop task (8 blocks) subjects
received a CAF-MALT mouth rinse (MR;0.3g/25m| CAF;1.6g/25ml MALT)pteicebo (PLAC;25ml artificial

saliva).

Results: Self-reported mental fatigue was lower in MR (p=0.017) compardeL&C. Normalized accuracy
(accuracy first block=100%) was higher in the last block of the Stroop if1d®4 + 1.6%; p=0.032) compared
to PLAC (91.0 + 3.5%). P2-amplitude in the dorsolateral prefrontal c¢eRFC) decreased over time only in
PLAC (p=0.017).

Conclusion: Frequent mouth rinsing during a prolonged and demanding cagtétsk reduces mental fatigue

compared to mouth rinsing with artificial saliva.

Keywords: Cognitive fatigue, Mouth Rinse, Electroencephalography, Cognitive peafare
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5.2 Introduction

Mental fatigue is a psychobiological state caused by prolonged perioeisiahding cognitive activity [1, 2] with
subjective and objective manifestations [for an extensive definition seeCutmem et al. [3]]. Subjectively,
increased feelings of tiredness and lack of energy are reporteds[4jell as a decrease in alertness [5]
Obijectively, mental fatigue can also result in a decline in cognitive perfoari@hand alterations in brain actiyit
[7, 8]. Multiple studies have shown a negative effect of mental fatigueamy aspects of daily life [3, 9, 10]. In
the workplace for example, mental fatigue has been found to predintraased risk of error of surgeons,[9]
while during military operations it has been found to impair physical agwitdee ability [11]. In daily life, fatigue
can ensue after only 60 min of driving and is associated withieudlijffin maintaining skilled driving behaviour
[12]. In addition it is also one of the most common symptome&rxpced by individuals with neurological
disorders [10] and recognized as one of the most common andsiiggreisle effects of cancer and its treatment
[13].

Therefore, an interest in how to reduce mental fatigue has emergedn€&ti&i, 7-trimethylxanthine) is the most
commonly consumed psychoactive stimulant in the world, and is ofteml fto enhance human vigilance and
mental alertness [14]. Consequently the intake of caffeine, with its/dbilitoss the blood-brain barrier and block
the adenosine receptors in the brain [15, 16], was the first mental fetigntermeasure to be tested and found to
be successful [16, 17]. Furthermore carbohydrate ingestion has alsimbeeéo positively affect mental fatigue
[18]. There is even some evidence that, when administered together tiotesr&detween glucose and caffeine
counteract mental fatigue even more successful [18]. A combinatizaffefne and carbohydrates (e.g. glucose)
is the main ingredient of the energy drinks that have become so pwprdaent years to enhance alertness and

both physical and cognitive performance [18,.19]

Caffeine, as well as carbohydrate intake, might however come with somanied side-effects. Caffeine-intake
for example, can cause tremors, nausea, nervousness, increaseaf leweisty or gastrointestinal distress [17]
In addition it may also adversely affect sleep patterns [17]. Ingesihgphydrates might also be forbidden (e.g.
during Ramadan) or unwanted for health reasons (e.g. diabetdseamity)o especially in the form of energy drinks
[20]. Therefore, an alternative to caffeine and/or carbohydrate ingestiomenageful to people who want to

reduce their mental fatigue without the potential negative effects of caffairememohydrate ingestion.

One of the alternatives to caffeine and/or carbohydrate ingestion is mmgitty. Mouth rinsing is a nutritional
strategy that involves rinsing of substrates within the moutlsdgeral seconds {20 s) without ingesting the
solution, and thus avoids the negative side-effects of intake ofitis¢asice. The rinsing of a solution containing
carbohydrates, caffeine or both, has been shown to reduce fatigue fanch@ece during exercise [213]. The
combination of both carbohydrates and caffeine has even been obserhiede an additive positive effect
compared to the separate use of both substances [22]. However, ésttloé dur knowledge, the use of mouth
rinsing with both carbohydrates and caffeine as a mental fatiguéecowwasure has never been tested. Therefore,
we sought to assess the effects of frequent mouth rinsing witHfeaneafmaltodextrin (CAF-MALT) solution
during a prolonged and demanding cognitive task (serial mouth rirsingyrious markers of mental fatigue. We
hypothesized that the subjective markers (i.e. self-reported mental fatigjee}ive markers (decline in cognitive

performance) and brain activity alterations typically associated with mentalddtig. a decrease in P2- and P3-
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amplitude and an increase in 6 and o activity) would be positively counteracted by the serial CAF-MALT mouth
rinsing.

5.3 Methods

5.3.1 Subjects and ethical approval

Ten active healthy male students volunteered to participate in this study (n8@nage: 23 + 2 vy, physical
activity hours(h)/week: 7.3 + 4.3 h/week). They were all loweia# users (caffeine usage/day: 101 + 97 mg/day
assessed with a caffeine consumption questionrai none had any known mental or somatic disorder. Each
subject gave written informed consent prior to the study. Experimanotaicol and procedures were approved by

the Research Council of the Vrije Universiteit Brussel, Belgium.

5.3.2 Experimental protocol

Subjects were asked to return to the lab for 3 consecutive trials. The firgiasial familiarization trial (to get to
know the routine, the equipment and to avoid learning effects), follbyweédo experimental trials [i.e. a mouth
rinse-trial (MR) and a placebo-trial (PLAC)], all separated by at least §oheg: 8 days, SD: 3days) to ensure
full recovery. All trials were conducted in thermoneutral conditions (208@yidity 45%) and took approximately

2 h (Fig. 1). Preceding the beginning of the familiarization trial stbjeere asked about their health status, were
given written instructions describing all procedures related to the studyoaride opportunity to ask questions.
Subjects were excluded if they presented with any medical history, faistilyyhor medication or drug use that

would prevent them from safely completing the experiment.

After an overnight fast, subjects entered a sound-insulated and dim lit labatatoe same time of day. Subjects
were seated in a comfortable chair, wore earplugs, and kept the sayngobtude during the entire experiment.
The MR- and PLAC-trial were completed in a double-blinded, randomizedpgaygsrotocol. To determine the
effect of the mouth rinse solutions on brain activity, 32 active Ag/AgCl electrodes were attached on the subjects’
head preceding each trial (Acticap, Brain Products, Munich, Genmastording to the “10-20 International
System” [24]. EEG was continuously measured during all cognitive tasks E&&e recordings for more
information). All trials began with one baseline Flanker task (duration 3 fieiilgwed by a 90-min mentally
fatiguing task (in the familiarization trial this task was performed for 3%) mind ended with the same 3-min

Flanker task as in the beginning (Fig. 1).

116



Chapter 5: Counteracting mental fatigue

Fig. 1 Protocol timeline (min). T = ambient temperature; RH = relative humidity; POM$8fi#tepof mood
states; SIMS = situational & intrinsic motivation scale; GLUC = blood glucose; MFS =epelfted mental
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Flanker taskn the Flanker task all cues were incongruent, meaning the flanking aroimtecbin the opposite
direction as the target arrow (e.g. < < > < <), requiring a great level oftorlyilbontrol over the flanker arrows

in order to execute an accurate response. Each array of arrows wigspfesented in white text for 200 ms on a
black background with a variable inter-stimulus interval of 1000, 12400, or 1600 ms. One hundred and twenty
trials were presented randomly with right and left target arrows ocgusith equal probability. Total Flanker
task duration was approximately 3 min. Participants were instructed to reapajquickly and accurately as
possible to the direction of a target arrow while ignoring two flankermsach side. The second Flanker task was
performed exactly 20 s after completion of the 90-min mentallyatiptask to avoid a rest break influencing the
effect of the mentally fatiguing task on the Flanker task performamcas3ess performance on the Flanker task

accuracy and response times (RT) were collected.

Mentally fatiguing tasl& modified Stroop task [25, 26] of 90 min, partitioned in 8 blaak®52 stimuli, was used
as mentally fatiguing task. Between each block a small intersect@® stimuli was implemented (participants
perceived no stop in the Stroop task) that, without the participants’ knowing, was not accounted for in the accuracy-

, RT- and EEG-analysis (s&R protocolfor the purpose). The Stroop task is a task that requires inhibition and
selective attention on controlled processes.[BYthis task, four coloured words (“red”, “blue”, “green” and
“yellow”) were presented one at a time on a computer screen. The participants were required to indicate the colour
of the word (i.e. ‘colour’ stimuli), ignoring the meaning of the word itself. If however, the ink colour was red, the
button to be pressed was the button linked to the real meaning of tleneb the ink colour (& ‘meaning’
stimuli). The word presented and its ink colour were randomly selbgtde computer (100% incongruent), with
all incongruent word-colour combinations being equally common (meamingach block 63 words were
presented in the colour red, yellow, green and blue). Each word wastpdesarscreen in 34 point font for 1000

ms with a variable inter-stimulus interval of 1100, 1500 or 1880with each inter-stimulus interval being equally
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common. Subjects were instructed to respond as quickly and accastebssible. Performance was assessed
similarly to the Flanker task and a €50-reward for the best mean performance on the mentally fatiguing task in
both conditions was offered. This should minimize the negative efféptmor motivation and disengagement on

Stroop-performance.

MR solutionsThe MR solutions were bottled (volume 25 ml) and flavoured with an angdwsadium salt of
saccharin (0.03 g PLAC MR, 0.45 g CAF-MALT MR) by an independent pheyrto blind the caffeine-taste,
and stored in the dark at room temperature. PLAC MR consisted ogihéanic components of saliva, meaning
distilled water containing 25 mmol KCI (0.047 g) and 2.5 mmol N@I([®.005 g) [28], which is tasteless and
odour4{ree. This ‘artificial saliva’ solution was employed, instead of pure water, to minimize the activation of
cortical taste areas which are sensitive to water in the mouth [29]. The datrmnseas used for CAF-MALT
MR with the addition of 1.2% w/v CAF powder (0.3 g) and 6.4% w/v MAIowder (1.6 g).

MR protocolBefore the start of the Stroop and every 12.5% completion of the 9B8dhiparticipants had to rinse
their mouth with a given solution. A block of 20 stimuli was presedtethg and immediately after the mouth
rinse. At this time the accuracy and RT data were collected, but notedaluany analysis. This created the urge
to keep on performing and avoided the subjects regaining motivht®to a rest-break. The subjects had to rinse
the MR solution for 10 s before expectorating it into a waste container. The Miisolas provided in a 30 ml
cup, the researcher poured the drink in the mouth of the participant gartivgpant did not have to detach his
hands from the keyboard to be able to rinse the solution in ththraod expectorate it afterwards in another cup.
The subjects’ subjective rating of the pleasantness of the bitterness/sweetness of the taste stimuli was also assessed

after each trial using a rating scale [28] (+2= very (pleasant), 0= neutraR=andry (unpleasant)).

During the entire protocol subjects were equipped with a heart rate mgtiRpPolar RS400, Polar Electro Oy,
Kempele, Finland). Before and after the entire protocol blood glucosertmatam was assessed (Bayer, Contour
Next Link, Medtronic, Vienna, Austria) by collecting capillary blood at the eag.|8ubjective psychological
assessment took place before the start of the cognitive tasks with the Sitititwation Scale (SIMS) to assess
participants’ motivation towards the upcoming 90-min Stroop task [31], during the cognitive tasks with a mental
fatigue- and motivation-scale (0-100) and after the cognitive taskstétiNational Aeronautics and Space
Administration Task Load Index [NASA-TLX; [32]] and the Profile Of Mb&tates (POMS). The SIMS was
filled in before the start of the first Flanker task and is a 16-item self-reperttory, which is designed to measure
intrinsic motivation, identified regulation, external regulation and amotivaBoih a mental fatigue and
motivation-scale (0-100) were taken before and after both Flanker tasksithimdeach timeframe of the 20
unrecorded stimuli during the mentally fatiguing task. These scedessed respectively how mentally fatigued
the subject was feeling (MFS; ‘0 = not at all’ to ‘100 = completely exhausted’) and how motivated the subject was
feeling towards the next block in the Stroop task [‘0 = not at all’ to ‘100 = extremely motivated’ [7]]. For the
subjects to be able to keep their hands in place on the keyboarddfoadd their level of mental fatigue and
motivation vocally by announcing a number between 0 and 108.NASA-TLX scale was taken after the
completion of the second Flanker task and is composed of six subsssdssing subjective workload. The 32-
item POMS scale was also assessed after completion of the second Flanker tasisistsl of five subscales;

tension, depression, anger, fatigue and vigor. All items had to exidcom O (not at all) until 4 (extremely). The
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higher the score on a category, the more participants felt this mood stateesast.pThe questionnaire was

translated into the native language of the participants [Dutch [33]].

The subjects were given instructions to sleep for at least 7 h, refraittfeoconsumption of caffeine, alcohol and
not to practice vigorous physical activity the day before each visitddiition, to intra-individually standardize
calorie- and macronutrient-intake, subjects were asked to have the sai@nmnterms of content and quantity)
the evening before each trial and not to have any food/drink intakealer after 22:00 the night before each trial.
The use of any kind of medicinal products during and betwednialewas prohibited. If subjects could not meet
these standards they were excluded from the study. To facilitate thetdmeitaeen the EEG-electrodes and the
subjects’ head, they were also asked to wash their hair (with neutral shampoo) the evening ddferexperiment.

5.3.3 EEG recordings and analysis

During the two Flanker tasks and the modified Stroop task, brain actiagycantinuously measured. Thirty two
active Ag/AgCl electrodes were attached on the subjects’ head (Acticap, Brain Products, Munich, Germany),
according to the “10-20 InternationaSystem” [24]. The sampling rate was set at 500 Hz (Brain Vision Recorder,
Brain Products, Munich, Germany). Electrode impedance was kept <10 kQ throughout the recording. Baseline
measurements were taken 2 min with eyes open, 2 min with eyesiclouring EEG recordings, subjects were
seated in a dim lit room, inserted earplugs and had been instructed mazaimovement of the head and eye
blinking, to avoid frowning, to maintain the same posture and nouich their head with their hands in order to

minimize movement, sound and muscle artefacts.

Event-related potential (ERP) analy3ike program Brain Vision Analyzer (version 2.1) was used to preeps
and process the data sets. Raw data were down-sampled to 256 Hz, filghgzhés 0.1 Hz, low pass 45 Hz and
Notch, Slope 48 dB/oct) with a Butterworth filter design and re-referencad awerage reference. For each data
set of interest [i.e. ERP during the first, fourth and eighth blockhén Stroop task] artefacts were semi-
automatically removed. Then the different stimuli (Flanker task: ine@mgy Stroop task: colour / meaning) were
extracted from the EEG data sets. For stimulus locked ERP analysis, airttida was set at -200 to 800 ms
relative to stimulus onset. Trials in which performance errors occweed excluded. For each ERP epoch,
independent component analysis (ICA) and inverse ICA further redadethcts. Furthermore, a baseline
correction was applied (period -200 to 0 ms). Epochs were then avenadjdide visually evoked potentials, P2,
N2, P3b were assessed. Peak amplitudes and onset latencies were meathede2fdN2 and P3b components
in their specific region of interest (ROI; Table 1). The P2 is knoviae tioontally distributed [34] and was therefore
analysed in the orbitofrontal cortex (OFC) and dorsolateral prefrontal corteRHOL It has been related to
attentive stimulus evaluation or the recall of task rules [35]. The P2 wasdef the largest positive-going peak
occurring within the time window between 80 and 260 ms and veamlly confirmed. The N2 is usually
interpreted as an index of conflict monitoring [36] and emerges fronto-cerafi@hythe P2 [34], thus also for the
N2 the OFC and DLPFC was analysed. The N2 was defined as the largest nedatjiygegk occurring within
the time window between 180 and 440 ms and was visually cadirithe P3b is linked to salience processing
and appears to occur when subsequent attentional resource activatinagepremory operations in temporal-
parietal areas [37]. Therefore the fusiform gyrus (FFG), the angylas (AG) and the somatosensory association

cortex (SAC) were analysed to observe any effects on the P3b. TheaP38lefined as the largest positive-going
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peak occurring within the time window between 180 and 415 ndswas visually confirmed. Thereafter, we
exported the data from Brain Vision Analyzer to SPSS (version 22.0; SPB8&gg&HL) for further analysis.

Table 1.Regions Of Interest (ROI) defined by Brodmann Areas (BAs) and electrode sites according to the “10—

20 International System”. V denotes the ROI checked for that particular electroencephalography-measure.

Table 1.Regions Of Interest (ROI)

ROI Brain region BAs Electrode sites P2 & N2 P3b EEG
1 Inferior/Orbitofrontal cortex 11, 47 F7 \% - Vv
2 Broca’s area 44, 45 FCe6, F8 - - Vv
3 Dorsolateral prefrontal cortex 8,9, 46 F3, Fz, F4 \Y - \
4 Anterior prefrontal cortex 10 FP1, FP2 - - \%
5 Premotor cortex 6 FC1, FC2 - - \%
6 Primary motor cortex 4 C3,Cz,C4 - - \%
7 Somatosensory Association Corte 7 Pz - \% \
8 Angular Gyrus 39 P3, P4 - \% \%
9 Fusiform Gyrus 37 P7, P8, PO9, PO10 - \% V

Spectral power analysiSimilar to the ERP analysis, the program Brain Vision Analyzerifre1) was used
to pre-process and process the data sets for the analysis of the taal Raw data were down-sampled to 256
Hz, filtered (high pass 0.1 Hz, low pass 45 Hz and Notch, Slope 48 dB/dety Bitterworth filter design and
re-referenced to an average reference. For each data set of interest firudenEEG measurements from the
fifth to the eighth minute in the first (5-8 min), fourth (88n 45 sec-41 min 45 sec) and eighth (83 min 45 sec-
86 min 45 sec) block in the Stroop task] artefacts were semi-automataaibved. For each continuous EEG
data set of interest segments with a length of 4 s and with an oveBapwire extracted [38]. Subsequently ICA
and inverse ICA further reduced artefacts. The resulting data segmeatspened with a Hanning window with
10% of the total segment length. Fast Fourier transform (FFT) power spébteaspectral resolution of 0.25 Hz
were calculated for both sides of the spectrum, resulting in FFT segmetamitg the full spectral information.
The resulting FFT segments were averaged to stabilize the spectral content. €henpgbes FFT was extracted
for theta (0, 3.5-7.5 Hz), alpha (a1, 7.5-10 Hz; a2, 10-12.5 Hz) and beta (31, 12.5-18 Hz; B2, 18-35 Hz) in each
ROI.

5.3.4 Statistical analysis

All data are presented as means + standard error (SE) unless stated othben&®agiro-Wilk test was used to
test the normality of the data, sphericity was verified by the Mauclelsts When the assumption of sphericity

was not met, the significance of F-ratios were adjusted with the GremmfBmisser procedurBubjective data.
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NASA-TLX-, SIMS- and POMS-data were not normally distributed and thezéiVilcoxon signed ranked tests
were used to test the effect of condition (MR vs. PLAC) in each subscale. Sainptk t-tests were employed to
assess the effect of condition on the pleasantness-rating of the taste $tio-way repeated measure ANOVAs
were used to test for the effect of condition and time on motivatiarl® and MFS (2 x 11Behavioural data
Stroop accuracy-data had to be normalized to a baseline performance (i.engrec®on the first block = 100%)
within each condition and subject (see Results) in order to be nomistliyputed. The effect of condition, time
(second to eighth block in the Stroop) and stimuli (colour vs. mganimnormalized Stroop accuracy-data was
tested with a three-way repeated measures ANOVA (2 x 7 x 2). The lsaamentay repeated measures ANOVA
with an extra level in the time variable (the first block; 2 x 8 x 2) was usadalgse Stroop RT-data. A two-way
repeated measure ANOVA (2 x 2) was used to assess the effect of coad@titme on Flanker-accuracy and -
RT. (Neuro)Physiological datarhe effect of condition and time on blood glucose concentratior2fZard HR

(2 x 11) was tested with a two-way repeated measure ANOVA. Fourepagted measure ANOVAs were used
to assess the effect of condition, time (first to eighth block in the Strsi)li (colour vs. meaning) and ROI
(see Table 1) on multiple ERP (P2-, N2- and P3b-amplitude andcjateSquare root transformed normalized
(spectral power during baseline eyes open condition = 100%) spectral power (a1, 02 and 0) variables associated
with mental fatigue were analysed with a three-way repeated measures A¢OMiition, time and ROI; 2 x 3
X 9; see Table 1). If significant interaction effects in the repeated meABIDVAs were observed, subsequent
repeated measure ANOVAs or paired sample t-tests (depending on the afmqietagcting factors) were
performed in order to elucidate the main effect of the interacting fatitars significant interaction effects were
observed, main effects were immediately observed and further interprededtttpairwise comparisons with
Bonferroni correction. Within-subjects correlation coefficients (r) were ctedpfor the correlations between
MFS/P2amplitude in DLPFC and Stroop accuracy on ‘meaning’ stimuli/P2-amplitude in DLPFC using the
method described by Bland and Altman [39]. This method adjustsgeated observations within participants by
using multiple regression with “participant” treated as a categorical factor using dummy variables. Significance
was set at 0.05 for all analyses. All statistical tests were conducted using the St®isticgje for the Social
Sciences, version 24 (SPSS Inc. Chicago, IL, USA).

5.4 Results
5.4.1 Subjective data

No significant condition x time interaction was found for self-repamedtal fatigue. Self-reported mental fatigue

significantly increased in time from 10.1 £ 2.5 before the firstkdatask to 42.7 + 7.4 after the second Flanker
task (F(1.2, 9.3)=12.7; p=0.005) and was, on average, significanty o MR (23.2 + 4.4) compared to PLAC
(30.4 £ 4.6; F(1, 8)=9.0; p=0.017; main effect of condition; FigTRe POMS however showed no difference
between conditions in fatigue or any other subscale (depression, temgjenand vigor). No difference between
conditions was observed in terms of general motivation towards thepS&ssessed with the oral 0-100 scale) or
intrinsic motivation, identified regulation, external regulation and amotivétissessed with the SIMS). General
motivation (assessed with the oral 0-100 scale) did decrease in tim86tbra 2.9 at the start of the protocol to
69.9 + 5.6 at the end of the Stroop task (F(1.6, 14.8)=9.90p31.The NASA-TLX data revealed that there was
no effect of condition on any subscale (mental demand, physical deteenmbral demand, performance, effort,

frustration). Although efforts were made to mask the differing tastsveen both mouth rinse solutions,
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participants scored the pleasantness of the bitter/sweet taste in MR (-0.9) sitipif@er than in PLAC (0.7;
p=0.008).

Fig. 2 Self-reported mental fatigue throughout the protocol; before and aftergh€lfinker task (Pre F1, S0)
after each block during the Stroop task (S1, ..., S8) and after the last Flanker task (Post F2). i Significant effect
of time (p<0,05). * Significant effect of condition (p<0,05). Dataesented as means + SE.
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5.4.2 Behavioural data

Stroop performance

A triple condition x time x stimulus-type interaction (F(6, 54)=2.7;.p2) for the normalized Stroop accuracy
was found. A post hoc condition x time ANOVA in each stimulysetyevealed a condition x time interaction
within the ‘meaning’ stimuli (F(6, 54)=3.3; p=0.008) and a main effect of time within the ‘colour’ stimuli (F(6,
54)=2.4; p=0.039; see Table 2). Concerning the ‘meaning’ stimuli, follow-up paired sample-t-tests within each
time interval revealed that accuracy was higher in the eighth andldatof the Stroop in MR (100.4 + 1.6%)
compared to PLAC (91.0 + 3.5%; p=0.032; see Table 2). RegardingpRMa time x stimulus-type interaction
was observed in the three-way-ANOVA (F(7, 63)=8.1; p<0.001¢.ddst-hoc condition x time ANOVA in each
stimulustype revealed that for the ‘meaning’ stimuli participants reacted faster in time (F(1.9, 17.1)=4.9; p=0.023;

see Table 2) independent of condition. For the ‘colour’ stimuli no interaction or main effects were found.
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Flanker performance

No interaction effect or time effect was observed for accuracy, participafisnped worse in PLAC (0.89 +
0.02) than in MR (0.91 £ 0.01; F(1, 9)=6.6; p=0.031; see TablB&jarding RT no interaction effect or main

effect of condition or time was observed (see Table 3).

Table 3. Flanker performance; Accuracy and RT in pre and post Flanker task. Datasaeted as means + SE;

* indicates a significant difference compared to PLAC.

Table 3.Flanker performance; Accuracy and RT in pre and post Flanker task

Pre Post
MR (accuracyt SE)* 0.91£0.02 0.91+0.01
PLAC (accuracy SE) 0.92+0.01 0.86 +0.03
MR (RT £ SE; ms) 350+ 13 342 +11
PLAC (RT % SE; ms) 3608 365+ 11

5.4.3 (Neuro)Physiological data

Heart rate and blood glucose

For HR no interaction effect or main effect of condition was obseiBddid however decrease in time in both
conditions (F(4.1, 37.0)=5.0; p=0.002) from 71 + 3 bpm betbeepre-Flanker to 63 + 3 bpm after the post-
Flanker. For blood glucose no interaction effect or main effect of time ouaslf There was however a main
effect of condition (F(1, 8)=21.6; p=0.002). Blood glucose wabkdrign MR (95.9 + 3.9 mg/dl) than in PLAC
(88.4 £ 3.2 mg/dl).

Event related potentials

P2.For P2-amplitude a condition x stimulus-type x ROI (F(1, 9)=5.3;@#8).and time x stimulus-type x ROI
(F(2, 18)=4.3; p=0.03) interaction effect in the four-way ANOVA led towdndsimplementation of a post hoc
condition x time x ROl ANOVA in each stimulus type. This revealed aition x ROI interaction (F(1, 9)=5.8;
p=0.039) for the ‘meaning’ stimuli and a condition x time interaction (F(2, 18)=5.0; p=0.018) for the ‘colour’
stimuli. Subsequently, for the ‘meaning’ stimuli, follow-up condition x time ANOVAs in both ROIs were
performed. For the ‘colour’ stimuli condition x ROI and time x ROI ANOVAs were performed. Within the
‘meaning’ stimuli, the P2-amplitude in the OFC was larger in MR (2.6 £ 0.5 pV) than in PLAG £ 0.4 pV;
F(1, 9)=9.9; p=0.012) independently from time. In the DLPFC aitiondx time interaction was present (F(2,
18)=4.2; p=0.032). Amplitude decreased in time in PLAC (F(2, 18)35-0.017; see Fig. 3a), whilst in MR time
did not have an effect (Fig. 3b). Paired sample-t-tests indicated thatplidide was larger in PLAC in the first
time-interval (p=0.049; see Fig. 3a & b), while in the third and lag-imterval it was larger in MR (p=0.034; see
Fig. 3a & b). Within the ‘colour’ stimuli, P2-amplitude decreased over time in PLAC (F(2, 18)=11.1; p=0.001)

independently from ROI. In MR P2-amplitude did not differ over time t{me x ROI interaction or main effect
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of time) in the ‘colour’ stimuli. No interaction effects or main effect of time or condition were observed for latency.
N2. For N2-amplitude no interaction effects or main effect of time or comditiere observed. For N2-latency a
time x stimulus-type interaction was present (F(2, 18)=6.4; p=0.8@8ntency on the ‘meaning’ stimuli became
longer in time (304.2 £ 12.0 m2 330.8 = 19.9 ms) independent of condition (F(2, 18)=4.3; [28).@Mn the
‘colour’ stimuli, N2-latency did not differ between conditions or in tirR8b.No interaction effects or main effect
of time or condition were observed for P3b-amplitude. A time x R@raction was present in the four-way
ANOVA for P3b-latency. Subsequent follow up condition x time x shirsstype ANOVAs in all three ROIs
revealed that only in the FFG, P3b-latency became longer in timed(2611.8 ms> 293.0 + 8.5 ms; F(2,
18)=11.6; p=0.001) independent of condition.

Fig. 3 a.Grandaverage ERPs at Fz elicited by the ‘meaning’ stimuli (i.e. indicate the meaning of the word) in the
first block (solid black line), fourth block (large dashed line) and eigbttki{small dashed line) during the Stroop
task in PLAC. } Significant main effect of time (p<0.05). Grandaverage ERPs at Fz elicited by the ‘meaning’
stimuli in the first block (solid black line), fourth block (large dashed)lend eighth block (small dashed line)
during the Stroop task in MR.
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Spectral power

In all spectral power frequencies (0, al, a2, f1 and 2) no interaction or main effect of condition and time was

observed. Only B1-power was found to decrease in time during the Stroop task (FER.68p=0.013).

5.4.4 Correlations

Within-subjects correlation coefficients were computed for those parametessrttilat, to the markers of mental
fatigue, were affected by the intervention (i.e. an increase in self-repogethinfatigue and a decrease in
accuracy). No significant correlations were however observed beteamplitude and MFS or Stroop accuracy

on the ‘meaning’ stimuli.
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5.5 Discussion

This study is the first to assess the ability of serial CAF-MALT moinsing to counteract mental fatigue. It was
observed that a serial CAF-MALT mouth rinse-intervention counteractjecsivie, behavioural and

electrophysiological (i.e. decreased P2-amplitude was counteracted in MR) mental fatig

In both conditions, MR as well as PLAC, the 90-min Stroop task elicited matitald. This was measured as an
increase in self-reported mental fatigue and a decrease in accuracy. Hewaldout important differences were
observed between both conditions. Despite that self-reported mental fatigifecasigly increased in both
conditions, significantly less mental fatigue was perceived in MR. Panmitsgcommenced the protocol in both
conditions with a similar degree of self-reported mental fatigue (MR: 42.7; PLAC: 8.9 * 3.2), whilst at the
end this differed substantially (MR: 34.7 £ 7.8; PLAC: 50.73).80MS measures however showed no difference
in fatigue between conditions. It was suggested by Van Cutsem et tidlaf{3he POMS may be less capable of
detecting small but relevant short-term changes in mental fatigue and this ebe confirmed in the present

study.

Behaviourally performance on the ‘meaning’ stimuli (which represent the stimuli in which subjects had to respond

to the meaning of the word, and not the colour), also indicated a diféeveasrs present between conditions. This
became specifically apparent in the eighth and last block of the Stroop task. Accuracy on the ‘meaning’ stimuli in
this block was higher in MR compared to PLAC. This means that partisipvere able to keep up their cognitive
performance for longer. Furthermore participants reacted faster on the ‘meaning’ stimuli in time, independent from

the condition. This indicates participants adopted the higher risk strateginevigasing timesn-task with more
success in MR than in PLAC, as participants were only able to keepcupaey in MR condition. The lower
occurrence rate (25% of all stimuli) of these ‘meaning’ stimuli brings along a higher mental demand, which could
explain why performance on these stimuli was more sensitive to the intenvefféot. In order to be able to
observe the effect of mental fatigue on cognitive performance indepenftentlyime-ontask, a Flanker task
was completed before and after the mentally fatiguing task. Perforroaniteés task confirmed that cognitive
performance was better in MR, mainly due to a higher accuracy on tileeFtask completed after the mentally
fatiguing task (see Table 3). Consequently also this measure indicattgmiticipants were more resistant to

mental fatigue in MR.

Multiple functional magnetic resonance imaging- [30, 40, 41] and BE@es [42] have demonstrated that rinsing
a solution containing glucose and/or caffeine activates certain brain rggignsanterior cingulate cortex,
orbitofrontal cortex, striatum, ...). An objective effect of CAF-MALT mouth rinsing on the brain was confirmed
by our data. Specifically, serial CAF-MALT mouth rinsing preventeddénerease in P2-amplitude in time. The
P2 is a component of an ERP that appears around 200 ms afbestieof a stimulus [34] and its amplitude is
suggested to serve as an electrophysiological marker of the process ircwhiclfiormation is associated to the
functional properties of this information (i.e. the recall of task rules)43},In other words, serial CAF-MALT
mouth rinsing prevented a decrease in the ability to select relevantfatraation. Nonetheless, the change in
P2-amplitude was not significantly correlated with the other markers of matigué. In contrast, the frequently
reported shift of EEG power towards Idigquency bands (3, 6, a) in mentally fatigued subjects [38, 44-48] was
not observed in the present study. It is possible this shift in speisrébution was prevented in both MR and

PLAC by the brain activating properties of both substances. In the atu@lyambers et al. [30] it is shown that
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caloric (e.g. the solution used in MR in the present study) as well as non-caketesad (e.g. the solution used
in PLAC in the present study) solutions activate multiple brain areasigin.imsula, frontal operculum, left
dorsolateral prefrontal cortex). The present results suggest that a prevérkisnsbift in spectral distribution
[i.e. a decrease in arousal [49]] is however not sufficient to postiperoccurrence of mental fatigue, subjectively
and behaviourally. Unfortunately we did not include a control trial (i.e.owitinouth rinse) to confirm whether
the spectral distribution-shift occurred in the first place in the present sthidrefore we can also not further

substantiate this suggestion.

A potential mechanism for the serial CAF-MALT mouth rinsing positiadfgcting mental fatigue might be the
absorption through the oral mucosa, especially for a lipophilic agent lil@reafb0]. Caffeine, rapidly taken up
in the bloodstream through the buccal mucosa, may arrive in theviMahe systemic circulation and exert its’
known effects (i.e. antagonist of adenosine). Doering et al. [51] inat=dignowever the effects of serial caffeine
mouth rinsing on endurance cycling time-trial performance anadfow significant increase in plasma caffeine
concentration after repeated oral exposure. Similarly, Rollo et al. [52] assdwsber peripheral blood glucose
concentration is affected by serial carbohydrate mouth rinsing (i.e. lde&zort, Brentford, England) and did
not observe any increase. This is confirmed by our results, althdoogh dlucose was higher in MR, it was not
altered differently in time in both conditions. In addition, the time dynanfitiseochanges in other parameters
like P2-amplitude and accuracy during the Stroop task cannot berexplay the higher blood glucose in MR.
Therefore this difference in glucose between MR and PLAC, mostlgyolb@es not explain our results. Although
both caffeine and maltodextrin were probably not taken up systemabaliiyg the serial CAF-MALT mouth
rinsing, it could still be that minimal amounts of both substancee alesorbed through the oral mucosa and
exerted their effect in the brain without showing up in the blood. A ptaeéflect [53] could also explain the
observed results and could have been triggered by the participants’ awareness that they were expected to perform
better in one trial compared to the other. Participants were however informedyntlat they were naive of the
study’s real aims and hypotheses. This also anticipated the fact that pleasantness of taste was rated lower in MR
than in PLAC. A possible role of motivation in the observed reswtsalso accounted for. A monetary incentive
was provided in an attempt to prevent task disengagement and to restribtepalisrations in motivation
throughout the task performance [3, 54]. In addition the leveladifvation was monitored before the start of the
task (SIMS) and during the task (oral 0-100 scale). In none of the étfwods an effect of the intervention was
found. A final potential mechanism by which the serial CAF-MALT moiriking attenuated mental fatigue is
the activation of specific brain regions (i.e. the anterior cingulate cortethantht caudate, that forms part of
the striatum) known to produce dopamine [30, 55]. A mecharfisinhas already been suggested in the self-
control literature, where a carbohydrate-mouth rinse has been shosutdessfully counter on self-control
impairments [56]. Moreover mental fatigue has already been associated ntirtigdewith alterations in the
anterior cingulate cortex [4, 6, 57, 58]. This way a mouth rinsgatong caffeine and maltodextrin might be able
to (partly) restore dopaminergic transmission in the striatum and antergoiata cortex and postpone mental

fatigue by activating sensory neurons in the mouth and initiatgigrel transduction cascade towards the brain.
Future research

In the present study caffeine and maltodextrin were combined in oné nraé in order to increase the chances

to successfully counter the electrophysiological changes associated evithl ifatigue. This assumption was
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based on a study conducted by Beaven et al. [22], who found tretthean additive effect of combining caffeine
and carbohydrates on power production during repeated sprints ole @&ometer. The additive positive effect
suggested that distinct mechanisms are involved in the performanceemiesn [22]. This indicates that it would
be interesting to look at the separate effects of a maltodextrin mouth rithse caffeine mouth rinse on the
occurrence of mental fatigue. Looking at the separate effects of botln miesgs might further increase our
knowledge on the electrophysiological measures laying at the base of thewcewf mental fatigue. The present
study was completed with low caffeine users in a fasted state, melaiiitgs still to be confirmed whether these
effects would still occur in another population at another time of dayvaen switching between tasks. Another
important aspect that needs further investigation is whether serial masitigria also capable of postponing
mental fatigue in a less demanding way. The mouth rinse interventiba present study was based on a study
of Carter et al. [59], were participants also had to rinse their mouth ex&86 task completion. A less demanding
mouth rinse-protocol, that is still able to postpone mental fatigue, woeddgimprove its applicability. Caution
is however warranted as a recent study of Kumar et al. [60] reported shajle carbohydrate mouth rinse

preceding a 20-min cognitive task, was unable to prevent a decreaseitivequprformance in time.

5.6 Conclusion

A 90-min Stroop task induced mental fatigue in both MR and PLAC. Memia the MR condition mental fatigue
was induced to a lesser extent, indicated by a slower increase in selédepental fatigue, the ability to keep
up cognitive performance and by preventing a mental fatigue-assb@#getrophysiological change (i.e.
decreasing P2-amplitude) occurring with increasing timg¢ask. Two potential mechanisms to account for the
ability of serial CAF-MALT mouth rinsing to counter mental fatigue are:ab¥yorption of caffeine and
maltodextrin via the brain that does not show up systemically; 2) reslopaininergic brain transmission via
sensory neurons initiating a signal transduction cascade towardsiteld addition, for individuals that do not
want to or cannot ingest caffeine and/or carbohydrates but need to reduce mgntg| ttagise findings provide a

possible practical solution.
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6.1 Main findings

e Mental fatigue and physical performance; literature review (Chapter 2)

o Research Question 1Does mental fatigue affect physical performance, and if yes, what are the

underlying factors?
Mental fatigue impairs endurance performance (decreased time to exhaustion and self-selected power
output/velocity or increased completion timahd this impairment appears to be associated with a higher
than normal perceived exertion.Physiological variables traditionally associated with endurance performance
(heart rate IR), blood lactate ([Bla]), oxygen uptake (¥Qcardiac output (CO)) were not directly affected by
mental fatigue during and after endurance performance. Maximal streogtér, and anaerobic work were not
affected by mental fatigue. This led to the conclusion that duration, iptemsita cognitive component in the

physical task appear to be important factors in the decrease in physical paderuz to mental fatigue.

e Mental fatigue and the heat-induced decrease in endurance performhapee(Q)

o Research Question 2Does mental fatigue affect endurance performance in the heat?

Mental fatigue does not impair endurance performance in the heatlthough a ‘mild form’ of mental fatigue
was successfully induced in the heat (30°C) with a 45-min Stasdg this mild mental fatigue did not influence
participants’ psychological or physiological responses during the endurance task or their endurance performance
in the heat. These findings could indicate that heat is a moderatingditttermental fatigue-induced endurance
impairment. It is plausible the higher perception of effort experienttethg endurance exercise in a hot
environment or when mentally fatigued may share a common psgtdgibal mechanisms: negative valence.
Exercising in the heat is associated with subjective thermal strain (ergathitscomfort), whereas mental fatigue
is known to induce a more negative mood. The valence of emotiamaligtias been shown to affect perception
of effort [1] and the activity of the cingulate cortex B} prefrontal and premotor cortical areas [3] related to
perception of effort [4, 5]Thus, it is plausible that a similar psychobiological mechanism may explafféiats

of heat stress and mental fatigue on perception of effort and wheffgcts of the two stressors do not summate.
In other words, in conditions of thermal discomfort, mild mental fatigag not lead ta further increase in

negative valence and perception of effort.

o Research Question 3:Does a heat pad, locally applied to the upper back, impair endurance

performance?

Subjective thermal strain impairs endurance performance in a temperate environmentThis finding
substantiates that subjective thermal strain is a mediator of the heeg¢dngherformance impairment,
independently from the physiological strain that is associated with it.gfortine, it substantiates the hypothesis
that heat stress and mental fatigue may share a common psychobiologltahisraci.e. the negative valence of
emotions associated with both heat stress and mental fatigue increases pestefftdrand subsequently impair
physical performance. Neurophysiologically, this might be explained liyheractivity of the premotor cortex
when exercising in an unpleasant condition like when enduring vgytiermal discomfort. This suggestion is
supported by a neuroimaging study showing higher premotor cacteity when unpleasant stimuli are provided
during exercise [3]. Furthermore the activity of premotor and/or nao&as of the cortex is associated with RPE

during exercis¢5-7] as predicted by the corollary discharge model of perceived effort [8]. &nmare applied
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point of view these results justify the use of specific techniques aimiregltwe subjective thermal strain (e.g.

menthol spray).

e Mental fatigue and sport-specific psychomotor performance (Ch&pter

o Research Question 4Does mental fatigue impair sport-specific psychomotor performance?

o Research Question 5Does level of training affect the impact of mental fatigue on spexifp

psychomotor performance?

Mental fatigue decreased open skill-visuomotor performance in controls as well as badmintglayers.
These results substantiate that mental fatigue does not only impair endpaits,ebsit also impairs sport-specific
psychomotor performance (e.g. open skill-visuomotor perfooela Mental fatigue particularly impaired the
response time to the complex stimuli, rather than the simpler stinidgtlirthe badminton players and the controls.
This is in accordance with previous studies on the effect of metigilidaon cognitive performand®-11],
showing that executive control (i.e. the control to overrule an autonegjiommse) is compromised by mental
fatigue, but more automatic cognitive processing is relatively insensitikeststate. In addition, these results also
demonstrate that, although Martin et al. [12] indicated that superior inhib@atyol might be a psychobiological

characteristic of athletes, this does not mean they are immune to mental fatigue.

e Counteracting mental fatigue (Chapter 5)

o Research Question 6Does serial caffeine-maltodextrin (CAF-MALT) mouth rinsing counteract

mental fatigue?
Serial CAF-MALT mouth rinsing counteracts subjective, behavioural, and electrophysiological ental
fatigue. Practically this intervention provides the opportunity to avoid the, sometimesnted side effects of
caffeine and/or maltodextrin intake. Caffeine intake, for example, care deeisiors, nausea, nervousness,
increased levels of anxiety, or gastrointestinal distress [13]. In additioayitlso adversely affect sleep patterns
[13]. Ingesting carbohydrates might also be forbidden (e.g. dRamgadan) or unwanted for health reasons (e.qg.
diabetes and obesity), especially in the form of energy drinks [14]. &Metltally two potential pathways can be
put forward to account for the ability of serial CAF-MALT mouthsiitg to counter mental fatigue: (1) absorption
of caffeine and maltodextrin via the oral mucosa that does not sheystgmically and (2) restored dopaminergic

brain transmission via sensory neurons initiating a signal transdeeisoade towards the brain.

6.2 State of the art of mental fatique-research in sports science

To situate the results obtained in the present PhD within the existing baeseafech on mental fatigue in sports
science and to provide an overview of the advances made in the mentsd-fatigarch in sports science we
decided to replicate the search-strategy defined in our published systeviaticon mental fatigue and physical
performance. This replication resulted in an oversight of the publishd@&ston mental fatigue and physical
performance between April 2016 and December 2018. The sedrelbimed and Web of Science indicated that
within this period, besides the studies included in the present PhD, sereeartides were published on the topic
[15-21]. Screening the reference lists of thegven articles resulted &2 more articles on the topic of mental

fatigue and physical performance [33}.
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6.2.1Methodology to induce mental fatigue

In our systematic review the importance of the length of the cuogriisk used to induce mental fatigue was
already indicated and substantiated [34]. A cut-off point at 30-ragset based on the reasoning that shorter tasks
may be sufficiently arduous, yet they may not be of sufficiemtéhn or intensity to result in mental fatigue.
Despite that we still support the reasoning behind this cut-off point mir30axe are aware that applying this cut-
off results in the exclusion of multiple high quality studies. These studiekl otherwise have provided valuable
additional knowledge and as such conducting a meta-analyses that includes altrsitidiesessed the effect of a
preceding cognitive task on physical performance is of great import8nch.a meta-analyses could result in
bringing together both the line of research on self-control depletioroanuental fatigueHowever, in the
following discussion on the 19 articles that were published in the last 25 greamental fatigue and physical
performance, it was decided, similarly as in Chapter 2, to applytkeffoof 30-min. This resudtdin the exclusion

of five articles [15, 21, 22, 26, 27]. Despite relevant attempts ircingunental fatigue in a more ecological valid
way [27], assessing the effects of prior cognitive exertion on appped-skill sports performance [21] and
assessing the role of self-efficacy in the negative effects of mentaidatigphysical performance [22], the results
of these studies will not be further included in the provided state@rttof the mental fatigue-research in sports
science. This results it¥ new studies on the topic. When $bd 4 new studies are compared with the studies
included in the systematic review [34]is clear that there is a tendency towards the use of a 30-min Stroop task
to induce mental fatigu&ix out of 14 used such a 30-min Stroop task [16, 17, 19, 24, 28, 32pritrast, Pires

et al. [23] chose for a 30-min rapid visual information procedssy in the two studies of Head et al. [29, 80]
50-min Go/No-Go task was employed, while Vrijkotte et al. [25] went for a@DStroop task, Silva-Cavalcante

et al. [18], Azevedo et al. [31] and Le Mansec et al. [20] for a 90ARKHCPT and Otani et al. [33] for a 90-min
test battery consisting of the Stroop task, Sternberg paradigm and Rajidnformation processing test. Within
this PhD the choice was made to employ the Stroop task to induce mental fatigesehonlike the majority of

the other recently published studieglzamin (see Chapter 3) and a 90-min Stroop task was used (see Chapter 4
& 5). As previously indicated the length of the task used to induce matitald is important as it is assumed that
the longer the task lasts the more mental fatigue is induced [35]. Igoakour own studies that induced mental
fatigue and assessed its effect on physical performance it s@isretatement is substantiated. In Chapter 3 (part
1) subjective mental fatigue was scordie/200 after a 45-min Stroop task, while in Chapter 4 this was scored
~68/100 after a 90-min Stroop task. The tendency towards using 3@arsions of cognitive tasks to induce
mental fatigue is probably triggered by such designs being lesslamanading, but caution is warranted due to
the uncertainty of being able to induce sufficient mental fatigue with shorter task#\nother point of attention

is the control task, the majority of the studies published before and aité2816, including our own studies,
used a documentary, reading magazines or seated rest as a control cdpelite. the obvious assumption that
these tasks are less/not mentally fatiguing, this might not be the Bafe.in Chapter 3 and 4, watching
documentaries was observed to induce a significant amount of subjewivtal fatigue. This subjective mental
fatigue induced by the documentaries was still lower than the fatigueeiddwy the Stroop task, but calls fo
attention in the design of future studies on the topic. Mental fatiguagafiem watching documentaries might
result from the false assumption that the chosen documentaries are engaggeguently the self-control needed

to stick with watching aversive documentaries enlarges the probabiliyesé documentaries inducing mental

136



Chapter 6: General discussion & conclusion

fatigue. Attention is thus required in future studies to select approprig®iciasks that maximize the ability to

observe the effects of mental fatigue on physical performance.

In our systematic review (see Chapter 2) we indicated that to configther mental fatigue was induced requires
subjective, behavioural, and physiological measures, and the interdmdioreen all three manifestation areas of
mental fatigue should be interpreted. In the systematic review, most dhaliegere included assessed at least
two of these manifestation areas in order to control whether mentalefatigsiinduced [389]. In the recently
published research on mental fatigue and physical performance (i.e. afte204f), this suggestion is mostly
not taken into account. Eight out of thénew studies solely included a subjective measure as manipulation check
[16-20, 3133], despite all of them had the opportunity to assess and report peréarifia function of timesn-
task) on the mentally fatiguing task. Even better than reporting theotirtesk evolution of performance on the
mentally fatiguing task would have been to include an independerstureeaf cognitive performance (i.e. the
indirect method [34]), however only one study did this [Blimani et al. [24] used the d2-test as independent
measure of cognitive performance and observed performance orsthissempaired after the mentally fatiguing
task compared to after the control task. Besides subjective and behavioural mérkeestal fatigue,
neurophysiological manipulation checks were also suggested in our ré&dipwipwever, only the two studies of
Head et al. [29, 30] and the study of Pires et al. [23] attempted to substémeiate)physiologically whether
mental fatigue was successfully induced. In their first study Heal 9] found that V@ did not differ while
completing the mentally fatiguing task and the control task. In their sgé®hdhey reported that heart rate
variability was lower during the mentally fatiguing task than the obtask. Pires et al. [23] monitored prefrontal
brain activity and observed that, similarly like our own results iap@r 3 0-power at the FP1-position was higher
during the mentally fatiguing task compared to the control task and mpatantly that)-power increased as
the rapid visual information processing-task progressed. This @naliyshe employed manipulation checks
exposes the need for future studies to adopt a more thorough sthategryown studies (see Chapter 3 and 4) we
attempted to apply such a strategy and monitored different subjectivayidugial and (neuro)physiological

markers of mental fatigue, which resulted in a more nuanced view ometttal fatigue that was induced.

6.2.2 Behavioural effects of mental fatigue

On a behavioural level, it was concluded in our systematic review that pafjicendurance performance
appeared to be impaired by mental fatigue [36, 3812]J0in Chapter 3 (part)lhowever, we @l not succeed in
replicating this negative effect of mental fatigue on endurance performarcdifferent environment (i.e. the
heat). Multiple reasons are put forward that could possibly accoutii observation, yet further research is
necessary in order to pinpoint the actual reason. In the meantimestottiies also attempted to substantiate the
statement that mental fatigue impairs endurance performance [16-1B, 28;3133]. Seven of the 10 studies
were able to confirm this, some examples are: (1) Salam et al. [17] foahtimeto-exhaustion (TTE) was
reduced by an average of ~15% across exercise intensities equivalent to A40, A60, A80, and 100% VO2peak (2)
Penna et al. [16] observed~d..2% increase in time to complete a 1500-m swim time (ffig), (3) Pires et al.
[23] reported that the time to complete a 20-km time trial w25 % slower when mentally fatigued, and (4)
Slimani et al. [24] observed a decreased performance (i.e. a lower attertlal running speed-8.2%) on the
20-m multistage fitness test (i.e. an incremental shuttle run test) due to raéigta fIn contrast, Silva-Cavalcante

et al. [18] found no effect of mental fatigue on time to complete a 4ykiing TT, Vrijkotte et al. [25] did not
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observe any difference in the maximal wattage reached in two comsgogtemental cycling tests due to mental
fatigue and Head et al. [29] showed that the amount of muscle resistargiseesapetitions was also not altered
by mental fatigue. Taking all behavioural findings into account, the teffeenental fatigue on endurance
performance is thus mostly replicated, yet not consisteRtgsible moderating factors of the effects of mental
fatigue on endurance performance could be cognitive load of the physit@inzerce (e.g. little/no pacing
required [18, 25]) and preceding physical activity prior physicalopednce (e.g. preloaded TT in the study of
Van Cutsem et al. [43]). Another moderating factor could be heat, tmaumental fatigue-study in the heat [43]
it appeared to overrule the mental fatigue-induced performance-impaitdmmtver, others demonstrated that
the negative effect of heat might also work synergistically with mentigluéa to further decrease endurance
performance [33]. This is not the first fatigue-related line of reseatetre heat has been found to act as a

moderating variable [44] and calls for further research to explore thefiodabin the effects of mental fatigue.

Besides an endurance componartpgnitive component also seemed to play a role in observing a negative effec
of mental fatigue on physical performance (See Chaptém &ports, a cognitive component can be recognized in
team sport players making an immeasurable amount of highniskigh-pressure decisions within a gaarén

the particular stimulus-response situation (i.e. anticipating the opponeat}eion-one games (e.g. fencing,
badminton). In the published systematic review two studies were citealrérady gave a first impression on the
effect of mental fatigue on sport-specific psychomotor performd#a2e 45]. Smith et al. [42] used the
Loughborough Soccer Passing and Shooting Test with experienced socees afayfound that their shot speed
and accuracy decreased when mentally fatigued. Badin et al. [45] ethsbat mental fatigue impaired most
technical variables (e.g. pass accuracy and tackle success) in soccer playgis 8mall-Sided-Game (SSG). In
a follow-up study Smith et al. [46] also assessed soccer-specific decisiamyrakiks and reported that accuracy
and response time were impaired by mental fatigue and that this was not mégiatkered visual search
behaviour The results in the present PhD substantiate that mental fatigue, in addition @neecerformance,
negatively affects sport-specific psychomotor performance.hap@r 4 it was observed that mental fatigue
deteriorates badminton-specific psychomotor performance in trained atnetestrained controls. From the 14
articles that were gathered by replicating our search from the systematic rewéestuéies [19, 20, 28, 30, 32]
also provide some further insight in the effect of mental fatagu@sychomotor skills. Coutinho et al. [19] and
Moreira et al. [28] both assessed the effect of mental fatigue on tactical/technicalobehava SSG in
respectively a soccer and a basketball setting, while Le Mansec et al. [20], lded8Gtand Veness et al. [32]
evaluated respectively the possible impairments in table tennis, mark§mandhcricket performance when
mentally fatigued. All five studies reported reductions in performance duwental fatigue. For example, in the
study of Coutinho et al. [19] mental fatigue resulted in a likeB# decrease in the time that players spent
synchronized in the longitudinal displacements, whiléhe study of Moreira et al. [28] mental fatigue was
associated with an increased total number of turnovers (i.e. when a sesmdssession of the ball to the opposing
team before a player takes a shot at their team's basket) and Le Mansec Etainf?that ball speed decreased
and number of faults increased in mentally fatigued participants, resiitiaglower overall table tennis
performance. Together with our results from Chapter 4 this deratesimental fatigue negatively impacts sport-

specific psychomotor performance and substantiates the necessity toifurgiséigate this phenomenon.
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6.2.3 Physiological effects of mental fatigue

Except for the study of Pires et al. [23], the seven studies thatssfialty replicated the impairment in endurance
performance due to mental fatigue all monitored rather basic physiologicalneedsiring physical performance
(e.g. HR, heart rate variability (HRMBIa], VO, electromyography (EMG), sweat rate). It appears tefotus
was to provide further insight on the behavioural/performarfeetsfof mental fatigue rather than to specifically
design a study to increase our knowledge on the possible mechanisnt thelse behavioural/performance
effects. As such, besides confirming the statement that mental fatiguead@seduce endurance performance by
altering physiological, cardiorespiratory, and neuromuscular responses tobsezjgent exercise [34], extra
information on the possible mechanisms mediating the mental fatigueed impairment in endurance
performance is scarce. Slimani et al. [24] did not follow up amysiplogical measure during endurance
performance, Salam et al. [17] found no effect of mental fatigue obwiRid find an effect on [Bla], Penna et
al. [16] did not observe any change in HRV due to mental fatiguéaenkedo et al[31] confirmed the results of
Pageaux et al. [47] that mental fatigue does not affect EMG during physitermance. Pires et al. [23] is the
only study that went one step further and measured a less straigintfigrhysiological measure during endurance
performance. They assessed prefrontal brain activity during tHem20T and observed th&-activity was
increased when mentally fatigued. Brain activity in this study [23]vweelier only measured at the FP1 position,
this inevitably limits artefactejection possibilities and does not provide a window on the entire brains’ activity.
Despite this disadvantage it is only the second study - after the atighpwnsberger et al. [40] - to provide
further insight in the prefrontal cortex activation during an eggice performance in a mentally fatigued state.
Pires et al. [23] correctly point out that the increa@exttivity in mentally fatigued cyclists could reflect their

lower ability to preserve adequate inhibitory control and attentional location duengjse.

Our own study (see Chapter 4), as well as all other five studies thateastessffect of mental fatigue on sport-
specific psychomotor performance, unanimously point out that meatigué negatively affects this type of
performance. Consequently, these studies provide excellent insights lo@havioural level. In contrast, still a lot
must be elucidated mechanistically. Only the studies of Badin et al. [d5Mareira et al. [28] attempted to
provide some further insight in possible physiological mediators ofméhtal fatgueinduced impairment in
sport-specific psychomotor performance. Badin et al. [45] measiRelut did not find any conclusive evidence
on a possible effect of mental fatigue. Moreira et al. [28] measured HRakahg parameters in response to the
physical performance, but subsequently employed a magnitudeibesedtial statistical approach resulting in
a difficult interpretation of the gathered data. One possible explanation fortaet@carcity of studies assessing
physiological mediators of the mental fatigue-induced decrease in ggaitic psychomotor performance is the
complexity in objectively measuring sport-specific psychomotofopmance. The challenge of measuring
performance is relatively straightforward in situations where there israatldaneasurable performance outcome
(e.g. cycling, swimming). However, effectively capturing perfance in sport-specific psychomotor tasks is far
more complex since it is based on several inter-related component sgillpdeeeptual, cognitive and motor).
These skills may be harder to isolate under controlled and reproducible settidgserformance decrements in
these skills may even be harder to associate with (neuro)physiological altefdtinatheless, in order to advance

this field of research, future studies should consider monitoring pog§séleo)physiological mediators.
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6.2.4 Psychological effects of mental fatigue

Based on the psychobiological model [48] motivation and perceived exertitre two most often monitored
psychological constructs in this line of research. Five of¢heew studies (i.e. after April 2016) on mental fatigue
and endurance performance assessed motivation to perform on tlelpiagk. Only in the study of Pires et al.
[23] an effect of mental fatigue on motivation was reported, motivatias lower at 2km in the 20-km TT.
However, despite it was not significant, motivation appeared to be higtherlater stages of the TT in the mental
fatigue condition compared to the control condition. In terms of perceivetioexenultiple studies [16, 17, 31,
33] were not able to explain their observed reduction in performanmeginan increased perceived exertion. In
contrast, and substantiating the previously observed increase in perceivechexbeiiomentally fatigued [36,
41, 42], Pires et al. [23Blimani et al. [24] and Veness et al. [32] did observe higher RPE whesicalty
performing in a mentally fatigued state. In the study of Pires é23l.absolute RPE throughout the TT was not
higher when mentally fatigued, but relative to power output they wetded\ up to the results of the studies
included in our systematic review it can be concluded that motivation doekayat mle in the mental fatigue-

induced decrease in endurance performance, whilst RPE does ces¢aimyto be a mediator of this effect.

In terms of sport-specific psychomotor performattige first three studies on mental fatigue [42, 45, 46], that were
already cited in our published systematic review (see Chapter 2), all indicatedetital fatigue-induced
performance impairment was not mediated by an altered motivation. In additiotivation, Badin et al. [45]
also assessed RPE and suggested mental fatigue might increase RPE relatedetospeacific SSG. From the
studies published after April 2016, only our own study (sesgp€n 4) and Veness et al. [32] assessed motivation
towards the upcoming physical task. In both it was found that motivatas unaffected by mental fatigue. In
addition only in the studies of Le Mansec et al. [20] and Moreira 28&Iperceived exertion was assessed. Le
Mansec et al. [20] repaati that RPE tended to be increased when mentally fatigued. Future studieg liotdin
the possible role of other possible psychological determinants of pagttioperformance (e.g. self-efficacy,
self-esteem, attentional focus [49]) could provide additional valuable tasayhthe possible psychological

mechanisms behind the mental fatigue-induced psychomotor parfoendecrease.

6.3 Potential mechanisms

Based on the obtained results in the present PhD and sectdit i8.2lear mental fatigue impairs multiple aspects
of physical performance. This apparent link between mental fatigue amsicghperformance opens up the
discussion on the possible underlying mechanismsection 6.2.3 and 6.2.4 the physiological and psychological
alterations associated with the mental fatigue-induced impairments in pertarimave been listed and discussed,
guestion is however still how a preceding cognitive task can induceatecdtions during a subsequent physical

task.

Broadening our point of view and looking at the effects of mentalatign human performance (i.e. physical and
cognitive performance in a wide variety of tasteaches us that multiple models have already been proposed to
account for the mental fatigue-induced impairments in human pafare [35]. Within these models, two major
hypotheses, around which all models are structured, can be recogniaatepletable physiological resource and

2) an effort-based decision. These two hypotheses represent the evengetlichotomy between a purely
physiological model to explain a certain phenomenan the present case the link between mental fatigue and

physical performance and a purely psychological model. Despite their differences, both modelsheasimilar
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assumption that the effects of mental fatigue on human performaogedue to similarity across two tasks that
follow up on each other (e.g. similar executive function systbatsare engaged). This similarity will eventually
lead to decrements in performance on the second task. The differencétis fifatsiological model assumes that
these carry-over effects from task 1 to task 2 are explained by a deplestdiqgiyal resource, while the
psychological model postulates that cost-benefit computations underlie theseweareffects. Both models are
able to provide compelling evidence in their fayduswever it will most probably be a combination of both

models that succeeds in accounting for all observed findings concenamtgl fatigue and human performance.

6.3.1 Endurance performance

Marcora et al. [36] made a first attempt to explain the link between mentakfatigbendurance performance by
integrating both the physiological and the psychological point of vidis attempt was based on the results
obtained i their first study on the topic [36], in whick 90-min cognitive task was followed by a physical
endurance task. Performance on task 2 (i.e. the physical endurancevdasiound to be impaired. This was
associated with an increased perceived exertion. Both the employed 90-mitiveogsk and the exertion
perceived during physical tasks have already been associated with antepidaite cortex-activity and as such a
similar brain region is employed in the cognitive task and the subseduyeantal taskPsychologically, Marcora
et al. [36] indicated that these carry-over effects were translated in an incrpasmsived exertion.
Neurophysiologically these carry-over effects might be understood aseshantpnic neurotransmitter and/or
neuromodulator levels in the executive function system that is employeathirthe cognitive and the physical
task (i.e. anterior cingulate cortexjhis possible psychobiological explanation of the carry-over effegts fr
mental fatigue to endurance performance can be substantiated by researcmdimstrdées that alterations in

brain neurotransmitters affects perceived exertion and endurance perfarmance

The importance of brain neurotransmitters in endurance performancedaydieen underlined by Roelands et
al. [50]. They showed that reboxetine (a noradrenaline re-uptake inhib@orgased whole-body endurance
performance in normal and high ambient temperature. Interestiregipjtd a decreased power output during the
TT in this study there was no change in absolute RPE values, cenfiggacreasing the perceived exertion to
power output ratio (meaning less power output is generated for a sdneRE). The intake of methylphenidate
[51] [a dopamine (DA) reuptake inhibitor] in contrast allowed subjectaamtain a higher power output and
improve time trial performance in the heat, again without influencing ab$®REevalues. This demonstrates that
altered brain neurotransmission is able to affect whole-body endupsmf@mance and that this effect is
associated with an altered perceived exertion to power output ratio (in the Easesoflecreased ratio). Klass et
al. [52] showed that muscle endurance performance is affectedmila svay. A noradrenaline reuptake inhibitor
reduced endurance time by 15.6%. This was associated with a greater napeaspisal impairment andn
increase in perceived exertion. Participants experienced the same intensitynaiftamiecontractions as harder
to perform after administration of a noradrenaline reuptake inhibitor,oumtitaffecting the fatigue-related

intramuscular impairments [52].

Within the line of research on mental fatigue and endurance performaneauRagal. [39, 41, 47] hypothesized
that neural activity increases the extracellular concentration of adenosine ifd@oripmeurotransmitter; [53]
and that brain adenosine accumulation reduces endurance performan&ufsglquently they speculated that

adenosine accumulation in the pre-supplementary motor area and acitegidate cortex (due to a mentally
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fatiguing task) could also explain in part the higher than normal percekertion during an endurance exeecis
in a mentally fatigued state. This hypothesis was recently supportext@mndied in a theoretical review of Martin
and colleagues [55]. Unfortunately, there is no study that demonstratesethialy fatigued individuals have
increased adenosine in specific areas and that this is associated witertta¢ fatigue-induced endurance
impairment Nonetheless, the above points out that mental fatigue-induced nesmnottan-alterations might
partly mediate the negative effect of mental fatigue on endurance performadceathar than only focussing on
adenosine, mental fatigue will probably affect neurotransmitter systemauliiplen brain regions and the
summation of these alterations might explain the increased perceived effiogtatuendurance performance in a

mentally fatigued state.

6.3.2 Sport-specific psychomotor performance

In Chapter 4 it becomes clear mental fatigue not only immamisrance performance, but also sport-specific
psychomotor performance. More specifically mental fatigue impaired thensstime to complex stimuli in both
the badminton players and the controls. This is in accordance with yseticdies on the effect of mental fatigue
on cognitive performanci-11], showing that executive control is compromised by mental fatigitembre
automatic cognitive processing is relatively insensitive to this state. Moreas@sb in accordance with other

research on the effect of mental fatigue and sport-specific psychopestormance (see section 6.2.2).

In an attempt to explain the link between mental fatigue and gpectfis psychomotor performance, according
to the proposed models on mental fatigue and human performance, is@gilacross the cognitive and the
physical task must be distinguished. In both the 90-min Stroop tasthandmin visuomotor response task
response inhibition was an important executive function determining taskmarfce. In the Stroop task response
inhibition was necessary for 100% of stimuli, while in the visuomatsk this function was employed for 25% of
the stimuli. Both tasks also worked with a general response rule and atianaleresponse rule, meaning that
participants had to switch rules depending on specific colour featurbe efimuli. This task switching ability
was necessary in 25% of the stimuli, as 25% of the stimuli presentieel $troop task and in the visuomotor task
contained the specific feature (i.e. in the Stroop when the letterswbttevere coloured in red; in the visuomotor
task when the pad lighted op in the colour blue) that indicated that pantiipad to switch to the exceptional
rule in order to respond correctly. These two executive functions,nespohibition and task switching ability,
represent two important similarities across the cognitive and the physic#haasnight explain why carry-over
effects from the cognitive task to the physical task were observed in CHapgtesimilar mechanism might
underlie the carry-over effects observed in the psychomotor perfoestudies included in section 6.2.2 . The
SSG employed in the basketball-study of Moreira et al. [28] andeirsdlecer-study of Coutinho et al. [19]
continuously drew upon response inhibition (e.g. giving a passtpiand task-switching ability (e.g. defending
vs attacking), while in the study of Le Mansec et al. [20] responsétinhiland anticipation can be recognized

as similarities between the 90-min AX-CPT and the table tennis performahce te

Neurophysiologically these carry-over effects might again be undera®atianges in tonic neurotransmitter
and/or neuromodulator levels in the executive function system that is yadplo both the cognitive and the

physical task. Performance on such short, fixed duration visuomasts is less determined by perceived exertion
and as such the subjective signature of the mental fatigue-effects arappgsformance (i.e. increased perceived

exertion) is less visible. This however does not mean the neuroplgysadlalterations associated with mental
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fatigue are not present. The present visuomotor task can be termed a pésvefithing task (i.e. attention must

be actively switched between perceptual features (e.g. colour) in ordetett the appropriate, task-relevant
response), the same holds true for the Stroop task [56]. SpecificahiSfoype of switching the dorsal premotor

cortex is preferentially recruited [56]. A brain region that, in additiomator planning and motor execution, is

involved in learning and applying rule-based associations between perdeptuats of stimuli and responses
[57]. As such this region, and neurophysiological alterations witiigrregion, is a key candidate to play a role in
the mental fatigue-induced impairment in task-switching ability duripgyahomotor task.

6.4 Countermeasures

All the above points out that mental fatigue has to be avoided, certasityations where optimum performance
is required, e.g. work setting, military operation, Olympic games, ... . Therefore, an interest arose in possible
countermeasures of mental fatigue. Multiple types of interventions hamepbe®rward: pre-game/competition
guidelines to avoid mental fatigue, strategies to counteract mental fatigue glurieg/competitions and training
resistance to mental fatigue.

The most important pre-game/competition guideline that currentlyders suggested to avoid the occurrence of
mental fatigue is that mentally demanding tasks should be avoided gafoes/competitions. Tasks that regularly
preceed a game/competition and could possibly trigger mental fatigue ar@afople interviews, emotion control
and tactical meetings. Despite the general plausibility of counteracting mental fatigueitiyg/limiting pre-
game cognitive load (e.g. interviews, tactical meetings), this guideline hasbgestibstantiated by experimental
research. Surveys/interviews to chart the mental demands of kiglrspeort participation will allow researchers
to understand which tasks, if any, players find mentally fatiguiByj find if avoidance/restriction of these tasks
would result in a reduction of mental fatigue. In terms of strategies teract the negative effects of mental
fatigue during games/competitions, both psychological and nutritional éméons have been proposed.
Psychologicallya cognitive load-reducing strategy appears to be promising. Brick et dld¢b®onstrated that
external control over pacing (e.g. drafting in a race) may facilitate peafare, possibly mediated through
reducing the cognitive load and promoting appropriate attentional strategieptthraze performance. In light of
the psychobiological model [48], increasing motivation also seems tedl@ avay to counteract mental fatigue
and its negative effects. Although motivational changes were concludedpiayta role in the mental fatigue-
induced impairments in physical performance in multiple chapters includeid iRhD, this does not rule out that
increasing motivation could successfully counteract mental fatigue arebasive effectsin terms of cognitive
performance, Hopstaken et al. [60] demonstrated that increasing nastjuat providing a monetary incentive
near the end of a prolonged cognitively demanding task, revergaiiiee performance declines despite previous
signs of mental fatigue. A study by Brown et al. [15] furthdrssantiated this ability of motivation to counteract
mental fatigue in a physical performance-setting. Increased motivati@n rognetary incentive reversed the
mental fatigue-induced decrease in performance in an enduranceipdasly Caution is however warranted as
Gergelyfi et al. [61] also altered the motivational state through monetary incesftiheg a 120-min Sudoku task
and failed to compensate the effects of mental fatigue. Moreover, in idiestincluded in this PhD [43, 62]
monetary incentives were provided to promote task engagement, dadhistudies mental fatigue was still
induced after a prolonged cognitive task. Motivation thus seems tegsabe ability to counteract mental fatigue,

yet only to a limited extendNutritionally, caffeine has been put forward as a promising intervetgioounteract
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mental fatigue and its effects on physical performance [41]. The meniglig-counteracting properties of
caffeine are attributed to its ability to easily cross the blood-brain bariebind to cell membrane receptors for
adenosine, thus blocking the inhibitory effects of adenosine om+eewitability, neurotransmitter release and
arousal [55]. Azevedo et al. [31] showed this experimentally, c&ffeigestion successfully reversed the mental
fatigue-induced impairment in cycling time to exhaustion at 80fteofnaximal power output. This positive effect
of caffeine ingestion was accompanied by a tendeney tmprovement in mood state (i.e. vighun addition,
McLellan et al. [63] concluded that caffeine is an effective strategy to maptigsical performance during an
overnight period of sleep loss at levels comparable to the rested state opti@astto counteract mental fatigue
and the subsequent impaired physical performancg isaming resistance to mental fatigue. A first insight on
this matter was given by a study of Martin et al. [12], who designstudy to specifically assess whether level of
training in endurance sport had any influence on the resistamoerttl fatigue. Interestingly, they found that
professional cyclists exhibited superior performance during a 30-mio3aek compared to recreational cyclists,
which is indicative of stronger inhibitory control. Moreover, professionelistg displayed a greater resistance to
the negative effects of mental fatigue on a 20-min cycling time tga thcreational cyclists [12[n our own
attempt to replicate these findings with badminton-athletes we could howeveonfotn these results (see
Chapter 4). Multiple reasons could account for failing to confirm elselts of Martin et al. [12], the two most
prominent are: (1) more severe mental fatigue was induced in oyrastdd(2) badminton-athletes were not of
the same elite-level as the cyclists in the study of Martin et al. [12]. flaiexhe superior resistance to mental
fatigue of elite athletes, Martin et al. [12] pointed to genetic and environmentalsfdceoraerobic training
required by professional road cycling may induce morphological anctidnal adaptations in the anterior
cingulate cortex that increase resistance to mental fatigue). Further resdayelever necessary to determine
what might explain the possible superior resistance to mental fatigue presktet dthletes.

In Chapter 5 of the present PhD a new possible countermeasure offatgguia was evaluated (i.e. serial mouth
rinsing of a solution containing caffeine and maltodextrin) and faarzk effectiveSerially rinsing a caffeine
and maltodextrin solution offers a suitable ‘nutritional” countermeasure for those that want to restrict caloric intake

or participate in the Ramadan. Perhaps more importantly, this spedifjcadso resulted in further insights in the
mediating mechanisms of mental fatigue. Multiple possible mechanisthe feifectiveness of serial CAF-MALT
mouth rinsing are proposed in our mouth rinse-study. Téehamism that seems the most important is the brain
activating properties of mouth rinsinlylouth rinsing is known to activate multiple brain areas [64], the.
activation of specific brain regions (i.e. the anterior cingulate cortex anijtitecaudate that forms part of the
striatum) known to produd@A [64, 65] and has also been shown to do so in the study performed in Chapter
Mental fatigue on the other hand has already been associated with altératinanterior cingulate cortex [36,
66-68]. This way, a mouth rinse containing caffeine and maltodextrin mbghtable to (partly) restore
dopaminergic transmission in the striatum and anterior cingulate cortex stpdm® mental fatigue by activating
sensory neurons in the mouth and initiating a signal transductioad=atowards the brain. The sensory neurons
that triggered this transduction cascade could be the neurons that teugaditipants to score the CAF-MALT
mouth rinse less pleasant (i.e. more bitter) than the placebo mouthsees€Rapter 5). At the end of each trial
participants had to rate the pleasantness of the sweet/bitterness taste of thensmusimd participants scored
the CAF-MALT mouth rinse as significantly less pleasant/more bitter 68,8 5-point scale) than the placebo

mouth rinse. This clearly indicates a taste-difference was present betotbemduth rinses and could explain
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why a specific transduction cascade was triggered in the CAF-MALT mouthtrialsand not in the placebo
mouth rinse trial. Kishi et al. [69] reported that tasting bitter is associateaetitfation of the anterior cingulate
cortex and as such substantiate that the CAF-MALT mouth rinse migatthiggered a specific transduction

cascade.

6.5 Strengths and weaknesses

The main research findings in this thesis provide valuable insights onkheetineen mental fatigue and physical
performance and opens doors towards further research on the msethamderlying this linkMeaningful
advances in the field of mental fatigue and physical performance veate im the present PhD due to the focus
on 1) diverse aspects of physical performance (i.e. endurancesyattbmotor skills), 2) diverse environmental
conditions (i.e. normal and heat), 3) possible applicable countermeatunestal fatigue and 4) diverse levels
of training-status (i.e. novice, recreational and competitive). However, lieg/thing, also this thesis has its
strengths and weaknesses. A first point of criticism could be thatrtiesaizes used in the studies embedded in
this thesis are fairly smalh small sample size has two important implications, 1) a reduced chadeteofing

a true effect, and 2) a reduced likelihood that a statistically significant reflatits a true effect [70RIthough
sample sizes were fairly small, these were based on a priori sample size cakidatibich a power of at least
80% was always set. Moreover, all conducted studies included in the presemeRhDesigned as crossover
studies, meaning that each participant in every study was includaebin condition and thus functioned as its
own control, thereby reducing variabilitfhese precautionary measures make us confident that the observed
effects in the present PhD are true effects. In addition, the multiple repabiighed studies confirming our
observed effects seem to justify this confidence, as false effecteragealtly difficult to reproduce. Despite the
confidence in the observed effects being true effects, we acknowtedgatition is warranted in the interpretation

of three- and foutwvay ANOV A’s that were used in multiple chapters.

Electroencephalography (EE@®)a brain measuring technique that was used in multiple studies in the present
PhD. This technique can be considered a real strength as it prawiagedctive window on the brain’s functioning

and enabled us to objectify the psychobiological changes associated with fatgue. A disadvantage of this
technique is however its poor spatial resolution, which makes it less usefuhtignetic resonance imaging to
pinpoint the exact source of the recorded brain activity. More&Eg;electrodes are applied to the scalp and are
thus particularly equipped to measure brain activity originating frorodttex, while measuring subcortical brain
activity with EEGis more challenging. That said, there are up to date advanced techniquesitiedgl@nalyse
electroencephalographical signals and counteract these known downsidhespilaesent PhD brain activity was
recorded with thirty-two active Ag/AgCl electrodes, enabling us taaedrtefacts in the recorded brain activity
by applying an independent component analysis, which eedunlthe removal of recurrent artefacts throughout
each electrode-recording. Future research might make use of other spaaifftical techniques such as
standardized low-resolution brain electromagnetic tomography [71] to analgisguantify mental fatigue in
further detail. To further increase our knowledge on the link betweetahfatigue and physical performance,
electroencephalography might prove to be extremely valuable in future stithesigh it has its downsides, it
offers excellent temporal resolution and with advances in wireless hardwaeg@pchent portability, allows a

freedom of movement almost impossible to achieve with other neuroigiagihnologies [72]
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A last important point to discuss in this section is the transferabflittyeoobserved results in the present PhD.
Specifically in order to translate the results of research on mental fatigueyaichpperformance to the fatigue
often associated with aging and/or disease. It is important to makistihetibn between an acute form of mental
fatigue induced by mental exertion and the more chronic mental fatigumgnitive impairment associated with
aging or disease (e.g. cancer, chronic fatigue syndrome and deprd3sipite some similarities between both
phenomena (e.g. impaired cognitive performance, increased feeliatigok), chronic fatigue is not necessarily
related to mental exertion (e.g. aging, disease) and therefore is not conthletshme as acute mental fatigue
induced by prolonged cognitive activity. Nevertheless, hypotheses havsumggrsted that repeated acute mental
fatigue may lead to chronic fatigue [78hd as such it seems important to promote communication between

research on mental fatigue and physical performance and research on mentbfaligther aspects of daily life.

6.6 Future research avenues

Undoubtedly the line of research on mental fatigue and physical performdingiee rise to the development of
a number of relevant research avenues. Based on the results obtainegriesémt PhD important research

guestions that should be addressed in the future are:

Which are the (neuro)physiological mechanisms of #h mental fatigue-induced physical performance

impairment?

Despite the expanding knowledge on the behavioural effects of mental fatigsports science, the
neurophysiological mechanisms of the impairment in physical perfaerzave yet to be elucidated. To provide
applicable countermeasures for the mental fatigue-induced decrease in phgdicahgnce, it is of great
importance to keep on progressing in the search for the (nbysifogical mechanisms of this phenomenon.
Not only from a scientific point of view this is of importanaBp from an athlete’s/coach’s point of view it is. At

the very top level perceptual-cognitive skills might provide the edgedmgetitive field where physical qualities
are somewhat levelled between different athletes [74]. Progress setirich for neurophysiological mechanisms
can be attained in different ways, use of advanced measuring equismeer way. Substantial progress has been
made in developing statd-the-art neuroscience methods (i.e. functional magnetic resonancegn{éigRl),
functional near-infrared spectroscopy (fNIRS) and EEG) that can bedused local exercise and even outside
a laboratory environment [75EEG is one of the two main non-invasive functional neuroimaging oaisth
(besides NIRS) suitable for use during exercise. The equipment becomesepitrtes a relatively low cost, is
eay to handle and data acquisition is fast. EEG has already been shpreride valuable information on mental
fatigue in the field of cognitive neuroscience [60, 62, 66], appuligthg physical performance it might do the

same in sports science.

Another way to increase our understanding of the mental fatigueeddmpairment in physical performance is
the use of specific designs to assess whether the resistance to mentaisfatiguable. A few steps have already
been taken in this directiofil@] and Chapter 4), with conflicting evidence as a result. Martin et al. [12] reported
that professional cyclists have superior resistance to mental fatigue corpageceational cyclists, while we
ourselves observed that psychomotor skills were similarly impairathiates and controls. The importance of
this research question (i.e. are top-level athletes more resistant to mental fatigoghé¢nshand the presented

conflicting evidence calls for further attention in future studies.
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Ecological validity of mentally fatiguing tasks?

The demands of real life physical events/competitions are physically but afstvedg high, as is shown by the
metacognitive framework of Brick et al. [76]. Therefore, such reaplifgsical events/competitions are probably
not only physically fatiguing, but also mentally fatiguirdp to date, the role of mental fatigue in physical
performance has been evaluated by isolating the executive functiosgesdtkat are employed during physically
performing (e.g. response inhibition, task switching, ...) and thought to be mentally fatiguing. The most
straightforward way to do so is by selecting a task that stressescgplydifiese executive function processes (i.e.
a cognitive task: e.g. Stroop task) and evaluate its effect on physicaimpante. However, like many others in
the field [27, 46], we have already pointed out the necessityfiaref research to be conducted in a more applied
way. One way could be by making the cognitive task more specifgp The outcome measure used in the study
of Smith et al. [46] to evaluate soccer-specific decision-making skill douledxample also be used as a sport-
specific mentally fatiguing task. Another way to increase applicability ofabalts in this line of research was
demonstrated by Coutinho et al. [2They [27] attempted to induce mental fatigue in an ecologically valid way,
by employing a 20-min whole-body coordination task, requiring nemordination, sustained attention, cognitive
processing and perceptual skills. To increase thes’tagtentional and cognitive demands, players were also
required to perform the coordination movements while juggling aigdrall. On top of that, as soon as the
participant’s performance increased, a new exercise was introduced. For the control condition, players were
required to perform light general aerobic exercises such as skippigmgegunning backwards, and side stepping
(i.e. exercises with low cognitive demand amdimilar physical pattern as the mental fatigue task).[ZRis
method resulted in a greater increase in subjective mental fatigue (meaghbrad/AS) after the mental fatigue
task (PRE: ~18 POST: ~55) compared to the control task (POST:>IOST: ~15) and was thus demonstrated
to be successfulNonetheless, methodological considerations such as the differences in pflysaralrate)
response between conditions, sport specificity and response bias musitiereol{58]. Specifically for football,
Thompson et al. [58] suggested a few valid recommendationsttoefresearch: develop tasks with a high level
of contextual interference, replicate match-play scenarios in terms of audio @sdal distractions and develop
tasks with an intermittent character. Besides progressing to a more applied exauating the role of acute
mental fatigue in physical performance, evaluating the chronic effiéctental exertion is also an important
progression in this field of research. The chronic psychological load that elite athietegsposedo and its
possible role in risk of illness and injury have been considered apbasimed by two International Olympic
Committee consensus statements [77, TBis psychological load encompasses negative life-event stress, daily
hassle and sports-related stress (e.g. feeling of insufficient baedkest, stiff and tense muscles, and feeling
vulnerable to injuries), but also personality variables such as trait arstegy anxiety, stress susceptibility, type
A behaviours trait irritability and mistrust, as well as maladaptive coping strategies [77]. In tisemsus
statement on load and risk of injury, fatigue is one of the proposathanisms by which psychological stress
responses is thought to increase injury rigK].[ The importance of chronically monitoring psychological load is
demonstrated by Ivarsson et al. [79] who evidenced that trait anxiegstine-life-event stress and daily hassle
are significant predictors of injury. This highlights the need foletdh, coaches and medical practitioners to
attempt to monitor and reduce mental fatigue. Future studies should amopbthis more ecological way of

studying mental fatigue, as it will greatly improve the transferabilitthefobserved results in mental fatigue-
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research. In addition it will also provide important insights in the merfilyuing properties of physical activity

on its own.
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6.7 Conclusion

The main research findings from this PhD were:

e Mental fatigue impairs endurance performance and the underlying nigwhaf this impairment appears to
be a higher than normal perceived exertion.

e Mild mental fatigue does not affect endurance performance in the heat.

e Subjective thermal strain impairs endurance performance in a temperateemvito

e Mental fatigue decreases open skill-visuomotor performance in contnokdlass badminton players.

e Serial caffeine-maltodextrin mouth rinsing counteracts subjective, belnali@nd electrophysiological

measures of mental fatigue.

Overall these results point out mental fatigue has important implicatiqris/gical performance, and that these
are mediated by a strong neurophysiological and psychobiological compbimeptesent PhD forms an excellent
basis for future studies exploring the impact of mental fatigue grigdl performance. Continuation of this
research is of extreme importance as mental fatigue - and other neurogigai@nd psychobiological mediators
of physical performance - have only recently gained attention itsspeience. Besides being an important topic
in sports science, mental fatigue is an issue that is encountereduititad®a of settings that are encountered in
daily life (work, driving a car, disease, ...) and as such this research also forms an excellent basis for translational

research.

149



Chapter 6: General discussion & conclusion

6.8 References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Blanchfield, A., J. Hardy, and S. MarcoiNpn-conscious visual cues related to affect anibadlter
perception of effort and endurance performar@ent Hum Neurosci, 2018: p. 967.

Farrell, M.J., et al.Brain activation associated with ratings of the dvd component of thermal
sensation during whole-body warming and coolidgurnal of Thermal Biology, 2011(36): p. 53-
Coombes, S.A., et alMaintaining force control despite changes in emudio context engages
dorsomedial prefrontal and premotor cort€ereb Cortex, 2012.2(3): p. 61627.

Williamson, J.W., et alklypnotic manipulation of effort sense during dynamkercise: cardiovascular
responses and brain activatiahAppl Physiol (1985), 200D0(4): p. 13929.

Zenon, A., M. Sidibe, and E. OlivieRisrupting the supplementary motor area makes physffort
appear less effortfull Neurosci, 20185(23): p. 873744.

de Morree, H.M., C. Klein, and S.M. Marcomgerception of effort reflects central motor command
during movement executio®sychophysiology, 20129(9): p. 124253.

de Morree, H.M., C. Klein, and S.M. Marcof@grtical substrates of the effects of caffeine ame-on-
task on perception of efford. Appl Physiol (1985), 20141712): p. 1514-23.

Marcora, S.,Perception of effort during exercise is independehtfferent feedback from skeletal
muscles, heart, and lungsAppl Physiol (1985), 200906(6): p. 20602.

Fisk, A.D. and M.W. Scerbcjutomatic and control processing approach to intetipg vigilance
performance: a review and reevaluatiblum Factors, 198296): p. 65360.

van der Linden, D., M. Frese, and T.F. Meijmiiental fatigue and the control of cognitive proess
effects on perseveration and plannidgta Psychol (Amst), 2003.13(1): p. 4565.

van der Linden, D., M. Frese, and S. Sonnertag,mpact of mental fatigue on exploration in anpéex
computer task: rigidity and loss of systematic &gges.Hum Factors, 200315(3): p. 48394.

Martin, K., et al..Superior Inhibitory Control and Resistance to Mériatigue in Professional Road
Cyclists.PL0S One, 2016L1(7): p. e0159907.

McLellan, T.M., J.A. Caldwell, and H.R. Liebermakreview of caffeine's effects on cognitive, physic
and occupational performanddeurosci Biobehav Rev, 20161 p. 294-312.

Malik, V.S., et al..Sugarsweetened beverages, obesity, type 2 diabetestuseland cardiovascular
disease riskCirculation, 2010121(11): p. 1356-64.

Brown, D.M.Y. and S.R. Braykffects of Mental Fatigue on Physical Enduranceféterance and
Muscle Activation Are Attenuated by Monetary Inceas. J Sport Exerc Psychol, 20139(6): p. 385-
396.

Penna, E.M., et alMental Fatigue Impairs Physical Performance in Yp@wimmers.Pediatr Exerc
Sci, 201830(2): p. 208215.

Salam, H., S.M. Marcora, and J.G. HopKeére effect of mental fatigue on critical power dwgicycling
exercise Eur J Appl Physiol, 2018.181): p. 8592.

Silva-Cavalcante, M.D., et alMental fatigue does not alter performance or newsgular fatigue
development during self-paced exercise in recreafiy trained cyclistsEur J Appl Physiol, 2018.
11811): p. 2477-2487.

Coutinho, D., et alExploring the effects of mental and muscular faéigusoccer players' performance.
Hum Mov Sci, 201858: p. 287296.

Le Mansec, Y., et alMental fatigue alters the speed and the accurathedball in table tennisl Sports
Sci, 2017: p. B.

Vogt, T., et al.,Football practice with youth players in the “Footbonaut” - Speed of action and ball
control in face of physical and mental stra@erman Journal of Exercise and Sport Research, 2018.
Graham, J.D., K.A. Martin Ginis, and S.R. Br&kertion of Self-Control Increases Fatigue, Reduces
Task Self-Efficacy, and Impairs Performance of Resice ExerciseSport, Exercise, and Performance
Psychology, 2016.

Pires, F.O., et alMental Fatigue Alters Cortical Activation and Psgtdgical Responses, Impairing
Performance in a Distance-Based Cycling Triabnt Physiol, 20180: p. 227.

Slimani, M., et al.The Effect of Mental Fatigue on Cognitive and AeioBerformance in Adolescent
Active Endurance Athletes: Insights from a Rand@di€ounterbalanced, Cross-Over TrihClin Med,
2018.7(12).

Vrijkotte, S., et al.Mental Fatigue and Physical and Cognitive PerforoeaDuring a 2-Bout Exercise
Test.Int J Sports Physiol Perform, 20118(4): p. 510516.

Zering, J.C., et alCognitive control exertion leads to reductions @ag power output and [Formula:
see text] as well as increased perceived exertioa graded exercise test to exhaustibisports Sci,
2017.35(18): p. 19.

150



Chapter 6: General discussion & conclusion

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Coutinho, D., et alMental Fatigue and Spatial References Impair SoB¢ayers' Physical and Tactical
Performancestront Psychol, 2018: p. 1645.

Moreira, A., et al.,Mental fatigue impairs technical performance anteral neuroendocrine and
autonomic responses in elite young basketball payehysiol Behav, 2018.96. p. 112-118.

Head, J.R., et alCognitive Fatigue Influences Tim@n-Task during Bodyweight Resistance Training
Exercise.Front Physiol, 20167: p. 373.

Head, J., et alRrior Mental Fatigue Impairs Marksmanship DecidierformanceFront Physiol, 2017.
8: p. 680.

Azevedo, R., et al.Effects of caffeine ingestion on endurance perfaroga in mentally fatigued
individuals.Eur J Appl Physiol, 2016.16(11-12): p. 22932303.

Veness, D., et alThe effects of mental fatigue on cricket-relevaatfprmance among elite playerk.
Sports Sci, 201735(24): p. 24612467.

Otani, H., et al.Separate and combined effects of exposure to lesstssand mental fatigue on endurance
exercise capacity in the he&ur J Appl Physiol, 2017.171): p. 119-129.

Van Cutsem, J., et alThe Effects of Mental Fatigue on Physical Perforo®nA Systematic Review.
Sports Med, 2017.

Kurzban, R., et alAn opportunity cost model of subjective effort aadk performanceBehav Brain Sci,
2013.36(6): p. 66179.

Marcora, S.M., W. Staiano, and V. Mannifgntal fatigue impairs physical performance in hasa
Appl Physiol (1985), 2009L06(3): p. 85764.

Smith, M.R., S.M. Marcora, and A.J. Coutifental Fatigue Impairs Intermittent Running Perfamue.
Med Sci Sports Exerc, 20157(8): p. 168290.

MacMahon, C., et alCognitive fatigue effects on physical performanceidg running.J Sport Exerc
Psychol, 201436(4): p. 375-81.

Pageaux, B., S.M. Marcora, and R. Lep&splonged mental exertion does not alter neuromascu
function of the knee extensorded Sci Sports Exerc, 20185(12): p. 225464.

Brownsberger, J., et almpact of mental fatigue on self-paced exerciagéJ Sports Med, 20134(12):
p. 102936.

Pageaux, B., et alResponse inhibition impairs subsequent self-pacetleance performancéurJ
Appl Physiol, 2014114(5): p. 1095-105.

Smith, M.R., et al.Mental Fatigue Impairs Soccer-Specific Physical @adhnical Performancéled
Sci Sports Exerc, 20188(2): p. 26776.

Van Cutsem, J., et akffects of Mental Fatigue on Endurance Performandee HeatMed Sci Sports
Exerc, 2017.

Roelands, B., K. De Pauw, and R. Meeuséyrophysiological effects of exercise in the h&xand J
Med Sci Sports, 20125 Suppl 1 p. 6578.

Badin, O.0O., et alMental Fatigue Impairs Technical Performance in Bi8&@ed Soccer Game#nt J
Sports Physiol Perform, 2016.

Smith, M.R., et al.Mental fatigue impairs soccer-specific decision-makskill. J Sports Sci, 2016.
34(14): p. 1297304.

Pageaux, B., et alMental fatigue induced by prolonged self-regulatibmes not exacerbate central
fatigue during subsequent whole-body endurancecesefront Hum Neurosci, 2019: p. 67.

Marcora, S.M.,Do we really need a central governor to explainimraegulation of exercise
performanceEur J Appl Physiol, 2008.04(5): p. 929-31; author reply 93R-

Martin, J. and D. Gill,The Relationships Among Competitive Orientationo$gConfidence, Self-
Efficacy, Anxiety, and Performancdournal of Sport & Exercise Psychology, 1993.p. 149-159.
Roelands, B., et alAcute norepinephrine reuptake inhibition decregmaformance in normal and high
ambient temperaturd. Appl Physiol (1985), 2008051): p. 20612.

Roelands, B., et alThe effects of acute dopamine reuptake inhibitionperformanceMed Sci Sports
Exerc, 200840(5): p. 87985.

Klass, M., et alNoradrenaline Reuptake Inhibition Impairs Corti€aitput and Limits Endurance Time.
Med Sci Sports Exerc, 2016.

Lovatt, D., et al.,Neuronal adenosine release, and not astrocytic Pdlease, mediates feedback
inhibition of excitatory activityProc Natl Acad Sci U S A, 201209(16): p. 626570.

Davis, J.M., et al.Central nervous system effects of caffeine and asi@e on fatigueAm J Physiol
Regul Integr Comp Physiol, 200384(2): p. R399-404.

Martin, K., et al. Mental Fatigue Impairs Endurance Performance: Asiiiggical ExplanationSports
Med, 2018.

Kim, C., et al. Domain general and domain preferential brain regiassociated with different types of
task switching: a meta-analysidum Brain Mapp, 201233(1): p. 13042.

151



Chapter 6: General discussion & conclusion

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.
70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

Badre, D. and M. D'Espositls, the rostro-caudal axis of the frontal lobe higthical?Nat Rev Neurosci,
2009.10(9): p. 65969.

Thompson, C.J., et aMental Fatigue in Football: Is it Time to Shift ti@oalposts? An Evaluation of
the Current Methodologysports Med, 2018.

Brick, N.E., et al.Altering Pace Control and Pace Regulation: Attemdid=ocus Effects during Running.
Med Sci Sports Exerc, 20188(5): p. 87986.

Hopstaken, J.F., et alA multifaceted investigation of the link between ntel fatigue and task
disengagemenPsychophysiology, 20152(3): p. 30515.

Gergelyfi, M., et al.Dissociation between mental fatigue and motivatiatate during prolonged mental
activity. Front Behav Neurosci, 2019. p. 176.

Van Cutsem, J., et ahcaffeine-maltodextrin mouth rinse counters mefadfjue.Psychopharmacology
(Berl), 2017.

McLellan, T.M., D.G. Bell, and G.H. KamimoiGaffeine improves physical performance during 2f h
active wakefulnessAviat Space Environ Med, 20045(8): p. 66672.

Chambers, E.S., M.W. Bridge, and D.A. Jorearbohydrate sensing in the human mouth: effects on
exercise performance and brain activity?hysiol, 2009587(Pt 8): p. 177%94.

Turner, C.E., et alCarbohydrate in the mouth enhances activation airbcircuitry involved in motor
performance and sensory perceptidppetite, 201480: p. 2129.

Boksem, M.A., T.F. Meijman, and M.M. LorisEffects of mental fatigue on attention: an ERP gtud
Brain Res Cogn Brain Res, 20@&(1): p. 10716.

Boksem, M.A. and M. Top$/ental fatigue: costs and benefiBrain Res Rev, 20089(1): p. 125-39.
Mostofsky, S.H. and D.J. Simmond&sponse inhibition and response selection: twessaf the same
coin. J Cogn Neurosci, 20020(5): p. 75161.

IITINVALID CITATION !

Button, K.S., et alPower failure: why small sample size underminesréiiability of neuroscienceNat
Rev Neurosci, 2013.4(5): p. 36576.

De Pauw, K., et alEffects of caffeine and maltodextrin mouth rinsiog P300, brain imaging, and
cognitive performancel Appl Physiol (1985), 2013186): p. 77682.

Thompson, T., et alEEG applications for sport and performanktethods, 200845(4): p. 27988.
Tanaka, M. and Y. Watanab&,new hypothesis of chronic fatigue syndrome: codidoning theory.
Med Hypotheses, 20105(2): p. 2449.

McCunn, R., et al.Head in the game: mental fatigue and its poteritifilience on the perceptual-
cognitive element in sportThe Sport and Exercise Scientist, 2018(57): p220-

Perrey, S. and P. Bess@tudying brain activity in sports performance: Gdnitions and issues$rog
Brain Res, 201840 p. 247267.

Brick, N., T. Macintyre, and M. Campbellletacognitive processes in the self-regulationesfgrmance
in elite endurance runnerBsychology of Sport & Exercise, 2015.

Soligard, T., et al.How much is too much? (Part 1) International Olym@ommittee consensus
statement on load in sport and risk of injuBy.J Sports Med, 20160(17): p. 103041.

Schwellnus, M., et alHow much is too much? (Part 2) International Olym@iommittee consensus
statement on load in sport and risk of illneBs.J Sports Med, 20160(17): p. 104352.

Ivarsson, A., U. Johnson, and L. Podl@gychological predictors of injury occurrence: agpective
investigation of professional Swedish soccer play&iSport Rehabil, 20122(1): p. 1926.

152



Summary

153



Summary

The ubiquitous presence of fatigue in our everyday life hasechtlne topic of fatigue to sprout in many specific
research fields such as exercise physiology, cognitive psychology, medicieegamelering. Fatigue is associated
with the urge to sleep at the end of a busy day, the need fee dnfthe morning, the burning sensation in our
legs and lungs at the end of an intensive physical workout, thadeslia much-needed break in the afternoon
during a work-day, the problems with staying attentive duripng®@nged drive, ... . Fatigue can cause substantial
limitations in mental, physical and/or social functioning, resulting in corediteisocial and economic impacts

(e.g. loss of contact with friends, increased medical costs, absenteaismdrk).

Fatigue has a vast amount of definitions, with a different focus in &aehof expertise. This omnipresence of
fatigue has its advantages and disadvantages, one of the main disadvaniegesbiy that different research
lines of fatigue co-exist without any interaction. Subsequently the posséakthroughs this interaction could
trigger are missed. Within sports science the urge to explain whigaamgheople fatigue has intrigued scientist
for decades, and also within this area different lines of research on féeigueexercise physiology and
psychology) could benefit from increased interaction with one anothemRabeances have been made however
to converge bothA research topic that has played an important role in this convergence is mental fa¢igtad
fatigue is a research topic that contains aspects of both exercise physiologyeamalqgy and as such might
prove to be a valuable asset in the search for mechanisms of fatigperis science. This line of mental fatigue
attempts to provide some further insights in the mechanisms b#tendnderperformance on physical tasks
following the execution of a prolonged demanding cognitive task. In ditegrip do so, the role of physiological

and psychological factors in physical performance is assessed.

The research topic mental fatigue has only recently gained attention aith &epresent PhD dissertation aimed
to further explore the link between mental fatigue and physical perfeenanorder to do so, it consists of one
systematic review of the literature and four randomized controlled trials.v&llnfianuscripts were written as
stand-alone papers of which four have been accepted ants submitted in relevant international exercise

physiology, psychology and behavioural neuroscience journals.

In order to provide a clear overview on the current body of keahye on the effect of mental fatigue and physical
performance, a first aim in this PhD was to conduct a systematic ref/tee available literature on the topic (see
Chapter 2). This review pointed out that mental fatigue impairs erctunagrformance, and the underlying
mechanism of this impairment appears to be a higher than hparaeived exertion. Physiological variables
traditionally associated with endurance performance (heart rate, blood leataientration, oxygen uptake,
cardiac output) were not directly affected by mental fatigue duringafiad endurance performance. Maximal
strength, power, and anaerobic work were not affected by mentalefaligis led to the conclusion that duration,
intensity and a cognitive component in the physical task appear to bedntponoderating factors in the effect of
mental fatigue on physical performande our search to further explore the link between mental fatigue and
physical performance we aimed: (1) to assess in further detail the possi#eating role of heat in the effeuft
mental fatigue on endurance performance (see Chapter 3), (Bevelthe impact of mental fatigue on sport-
specific psychomotor skills (see Chapter 4) and (3) to evaluate a passibtermeasure of mental fatigue (see

Chapter 5)These aims resulted in the following research questions:

e Research Question 1Does mental fatigue affect physical performance, and if yes, what anedbdying
factors? (Chapter 2)
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e Research Question 2Does mental fatigue affect endurance performance in the heat? (Chapter 3)

e Research Question 3Does a heat pad, locally applied to the upper back, impair endurance padefm
(Chapter 3)

e Research Question 4Does mental fatigue impair sport-specific psychomotor performancepteht)

e Research Question 5:Does level of training affect the impact of mental fatigue on spatic

psychomotor performance? (Chapter 4)
e Research Question 6Does serial caffeine-maltodextrin mouth rinsing counteract mental fatiguept@th
5)

In Chapter 3 a 45-min Stroop task indueetild form’ of mental fatigue in the heat (30°C). This mild mental
fatigue did not influence participants’ psychological or physiological responses during the endurance task or their
endurance performance in the heat. These findings could indicate th& aeaoderating factor of the mental
fatigue-induced endurance impairment. It is plausible that a similar psychgib@lmechanism may explain the
effects of heat stress and mental fatigue on perception of effort anthevkeffects of the two stressors do not
summate. In other words, in conditions of thermal discomfort, madtat fatigue may not lead to a further
increase in negative valence and perception of effort. In the folfpostudy in Chapter 3, subjective thermal strain
was demonstrated to be a mediator of the heat-induced performapeaenient, independently from the
physiological strain that is associated witiT his substantiates that at least a part of the heat-induced performance
impairment is mediated by a psychobiological mechanism and enlarges the probwidiliteat stress and mental
fatigue may share a common psychobiological mechanism, i.e. the eegatnce of emotions associated with
both heat stress and mental fatigue increases perception of effort andisuligeémpairs physical performance
From a more applied point of view these results justify the use afisgechniques aiming to reduce subjective

thermal strain (e.g. menthol spray).

From the results observed in Chapter 4 it could be concluded that mental fatige@seéd open skill-visuomotor
performance in controls as well as badminton players. These redgtartiate that mental fatigue does not only
impair endurance sports, but also impairs sport-specific psychometfmrmance (e.g. open skill-visuomotor
performance). Specifically executive control (i.e. the control to olesamiautomatic response) was compromised
by mental fatigue during the sport-specific psychomotor taske sugtomatic cognitive processing was relatively
insensitive to this state. In addition, these results also demonstratigthigtviel athletes are notimmune to mental

fatigue.

In Chapter 5 the mental fatigue-counteracting properties oflyaiiaing the mouth with a caffeine-maltodextrin
solution were evaluated. It was demonstrated that a serial caffeine-maltodextuth rinse counteracts
subjective, behavioural, and electrophysiological mental fatigue. Practicallyinteivention provides the
opportunity to avoid the, sometimes, unwanted side effects efimaffind/or maltodextrin intake. Caffeine intake,
for example, can cause tremors, nausea, nervousness, increatedfl@nxiety, or gastrointestinal distress. In
addition, it may also adversely affect sleep patterns. Ingesting caratds/thight also be forbidden (e.g. during
Ramadan) or unwanted for health reasons (e.g. diabetes and obeségialgsm the form of energy drinks

Mechanistically these counteracting properties might be explained via the moutctimagng sensory neurons
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in the oral cavity, initiating a signal transduction cascade towards rdia bBnd subsequently restoring
dopaminergic brain transmission.

Overall these results point out that mental fatigue has important implicatigiysical performance, and that

these are mediated by a strong neurophysiological and psychobiological camfdwepresent PhD forms an

excellent basis for future studies exploring the impact of mental éatigyphysical performance. Continuation of
this research is of extreme importance as mental fatigue - and etlm@physiological and psychobiological

mediators of physical performance - have only recently gained attantisports science. Besides being an
important topic in sports science, mental fatigue is an issue that isném@aliin a multitude of settings that are
encountered in daily life (work, driving a car, disease, ...) and as such this research also forms an excellent basis

for translational research.
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De alomtegenwoordige aanwezigheid van vermoeidheid in ons dagelijks leednentoe geleid dat het
onderzocht wordt in veel specifieke onderzoeksgebieden zoals: inspaysimigsgie, cognitieve psychologie,
geneeskunde en technologie. Vermoeidheid wordt geassocieerd met derdriEnglapen aan het einde van een
drukke dag, de behoefte aan koffie in de ochtend, het brandend® igeaoze benen en longen aan het einde van
een intensieve fysieke training, het gevoel van een broodnodige pauze &glenverkdag, de problemen om
aandachtig te blijven tijdens een langerentit de auto, ... . Vermoeidheid kan aanzienlijke beperkingen in het
mentale, fysieke en/of sociale functioneren veroorzaken, welke kuesefteren in aanzienlijke sociale en
economische gevolgen (vb. verliezen van contact met vrienden, ziektevexqui het werk, kosten

medische/psychologische begeleiding, ...).

Vermoeidheid kent velddfinities, met een andere focus in elk expertisegebied. Dit heeft zijn @naradelen
een van de belangrijkste nadelen is waarschijnlijk dat verschillende onddijpeakgan vermoeidheid naast
elkaar bestaan, zonder enige interactie. Het gevolg is dat de mogelijkeatkeordie deze interactie zou kunnen
veroorzaken gemist worde®ok binnen de sportwetenschap bestaat de drang om uit te leggen veaahom
mensen moe worden, en ook binnen dit gebied bestaan verschillendevéimemderzoek naar vermoeidheid
(bijvoorbeeld inspanningsfysiologie en psychologie) die zouden kupiditeren van een toegenomen interactie
met elkaar. Recente vooruitgang is echter geboekt om deze beide ondigmeoekamen te brengen, een
onderzoeksthema dat een rol heeft gespeeld en dat hoogstwaarschigigmbelangrijke rol zal spelen in deze
convergentie is mentale vermoeidheid. Mentale vermoeidheid is een onderzoeksgndatwaspecten van zowel
inspanningsfysiologie als psychologie bevat en als zodanig een waardevuallasadntijkt bij het zoeken naar
mechanismen van vermoeidheid in de sportwetenschap. Deze onderzoelkslijmentale vermoeidheid probeert
inzichten te verschaffen in de mechanismen achter de mindere fysieke prnestigigitvoering van een langdurig
veeleisende cognitieve taak. In een poging om dit te doen, wordt garrdysiologische en psychologische

factoren in fysieke prestaties beoordeeld.

Het onderzoeksthema mentale vermoeidiemhs onlangs op de voorgrond getreden en als zodanig was het doel
om in dit proefschrift het verband tussen mentale vermoeidheid en fysietaties verder te onderzoeken. Om

dit te doen is dit proefschrift opgebouwd uit een systematische rewgiewderliteratuur en vier gerandomiseerde
gecontroleerde studies. Alle vijf manuscripten werden geschreven als op zichzelé giapars waarvan er vier

zijn geaccepteerd en één is ingediend in relevante internationale fysiologipslyehologische,

neurowetenschappelijke wetenschapstijdschriften.

Om eenduidelijk overzicht te geven van de huidige kennis over het effect van mental®eidheid op fysieke
prestaties, was een eerste doel van dit doctoraat om een systematischeaewevbeschikbare literatuur over
dit onderwerp uit te voeren (zie hoofdstuk 2). Deze review maakte dkidilfj mentale vermoeidheid de
uithoudingsprestatie doet dalen, en het onderliggende mechanisme van dezhjldadmg hoger dan normaal
gevoel van inspanning te zijn. Fysiologische variabelen die traditiogeaelssocieerdworden met
uithoudingsvermogen (hartsldgoed lactaat, zuurstofopname, cardiale output) werden niet direct beiddoed
mentale vermoeidheid tijdens en na de uithoudingsprestatie. Maximale krachtekractaterobe arbeid werden
niet beinvioed door mentale vermoeidheid. Dit leidde tot de conclusie dat duusjt&iteezn een cognitieve
component van de fysieke taak belangrijke modererende factoren igkeijn in het effect van mentale

vermoeidheid op de fysieke prestaties. In onze zoektocht om het verbsenl tusntale vermoeidheid en fysieke
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prestaties verder te ontrafelen hebben we geprobeerd: (1) om de mogetigeemande rol van warmte in het
effect van mentale vermoeidheid op de uithoudingsprestaties te achterhalerof@stuka3), (2) de impact van

mentale vermoeidheid op sport-specifieke psychomotorische vaardighesdiamte beoordelen (zie hoofdstuk 4)
en (3) om een mogelijke tegenmaatregel voor de negatieve effecten van memtaleidheid te evalueren (zie

hoofdstuk 5). Deze doelen resulteerden in de volgende onderzoeksvragen

e Onderzoeksvraag 1:Beinvloedt mentale vermoeidheid fysieke prestaties en, zo ja, wat zijn de ondediggen

factoren die dit veroorzaken? (Hoofdstuk 2)

e Onderzoeksvraag 2:Beinvioedt mentale vermoeidheid het uithoudingsvermogen in de hitte2@tidoB)

e Onderzoeksvraag 3: Beinvloedt een warmte-kussen, lokaal aangebracht op de bovenrtig, he

uithoudingsvermogen? (Hoofdstuk 3)
e Onderzoeksvraag 4:Vermindert mentale vermoeidheid de sport-specifieke psychomotorische prestatie?
(Hoofdstuk 4)

e Onderzoeksvraag 5:Heeft het trainingsniveau invlioed op de impact van mentale vermoeidhsigodp

specifieke psychomotorische prestatie? (Hoofdstuk 4)
e Onderzoeksvraag 6:Countert herhaalt de mond spoelen met een cafeine-maltodextrine solotedeme

vermoeidheid? (Hoofdstuk 5)

In Hoofdstuk 3 werd door een Stroop-taak van 45 minuten eere'moluin' van mentale vermoeidheid met succes
opgewekt in de hitte (30°C). Deze had echter geen invioed op depayische of fysiologische variabelgjuens

de uithoudingstaak, noch age uithoudingsprestatie zelDeze bevinding bevestigt dat hitte een mogelijke
moderator zou kunnen zijn van het effect van mentale vermoeidheid opitth@tdingsvermogen. Het is
aannemelijk dat een vergelijkbaar psychobiologisch mechanisme de rffactditte en mentale vermoeidheid
op de perceptie van inspanning kan verklaren. Indien dit klopt, ikaokl verklaren waarom de effecten van de
twee stressoren niet optellen. Met andere woorden, bij condities van tfeongemak kan het zijn dat het effect
van lichte mentale vermoeidheid op de perceptie van inspanning verved@iérvolgstudie in hoofdstuk 3 werd
aangetoond dat subjectieve thermische stress een moderator is van de itteieprde beperking in
uithoudingsprestatie, en dit onafhankelijk van de fysiologische variabeéemeestal geassocieerd worden met
het verminderen van prestatie in de hitte. Dit bevestigt dat ten minste een deel hiie-deassocieerde
prestatiebeperking wordt gemedieerd door een psychobiologisch mechanisregroot de waarschijnlijkheid
dat hitte en mentale vermoeidheid een gemeenschappelijk psychobiologiscdmismehhebberMet andere
woorden, de negatieve valentie van emoties geassocieerd met zowel hittetale wermoeidheid verhoogt de
perceptie van inspanning en verslechtert vervolgens de fysieke prestatie.@éanuieer toegepast gezichtspunt
rechtvaardigen deze resultaten het gebruik van specifieke technieken di¢ gridp het verminderen van

subjectieve thermische stress (bijvoorbeeld mentholspray).

Uit de resultaten die in hoofdstuk 4 zijn waargenomen, kan worden gjedeard dat mentale vermoeidheid
visuomotorische prestaties verminderd bij zowel niet-atleten als badmintonspeleegesultaten bevestigen dat
mentale vermoeidheid niet alleen de duursporten schaadt, maar ook sgditlsp psychomotorische prestaties
In dit hoofdstuk kwam naar voor dat specifidie executieve controle (d.w.z. iemands controle om een

automatische reactie te negeren) werd aangetast door mentale vermoeidheid tijdgmst-dpecifieke
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psychomotorische taak. Meer automatische cognitieve verwerking was echter relgggbalig voor deze

toestand. Bovendien laten deze resultaten ook zien dat topsporters niet immuwoozinentale vermoeidheid.

In Hoofdstuk 5 werd nagegaan of het herhaaldelijk spoelen vanmtmet een cafeine-maltodextrine-oplossing
een tegenmaatregel kan zijn voor de negatieve effecten van mentale veaicbettiwerd aangetoond dat een
seriéle cafeine-maltodextrine mondspoeling subjectieve, gedragsmatige eofydisiftrgische effecten van
mentale vermoeidheid tegengaat. Praktisch gezien biedt deze interventie de madjelijktie, soms ongewenste,
bijwerkingen van cafeine en/of maltodextrine-inname te voorkomefeil@@-inname kan bijvoorbeeld
misselijkheid, nervositeit, verhoogde angstniveaus of gastro-intestinalgdn veroorzaken. Bovendien kan het
ook het slaappatian negatief beinvioeden. Het innemen van koolhydraten kan ook arifbijivoorbeeld tijdens
Ramadan) of ongewenst zijn om gezondheidsredenen (bijvoorkiabktes en obesitas), in het bijzonder in de
vorm van energiedranken. Mechanistisch gezien kunnen deze tegendegigenschappen worden verklaard via
de mondspoeling die sensorische neuronen in de mond activeert, evaggdcignaaltransductiecascade naar de

hersenen wordt geinitieerd en vervolgens dopaminerge hersentransmisisibersteld.

De resultaten van dit proefschrift wijzen erop dat mentale vermoeidheid belangnigticaties heeft voor de
fysieke prestaties en dat deze worden gemedieerd door een sterke neugidgsiel@n psychobiologische
component. Het huidige doctoraat vormt een uitstekende basis voor toekomdggeoeken naar de impact van
mentale vermoeidheid op de fysieke prestaties. Voortzetting van dit onderzoek istre@metselang omdat
mentale vermoeidheid - en andere neurofysiologische en psychobioldgisufdelelaars van fysieke prestaties -
pas onlangs aandacht hebben gekregen in de sportwetenschap. Behalveatabaktngrijk onderwerp is in de
sportwetenschap, is mentale vermoeidheid een probleem dat wordt adegétrelen veelheid aan situaties die
we dagelijks tegenkomen (werk, autorijden, ziekte, ...). Net daaront ddaramderzoek ook een uitstekende basis

om de resultaten te proberen vertalen naar andere onderzoeksgebieden.
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