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General Abstract

This thesis was supervised by Dr. Lex Mauger
(University of Kent, UK)

Exercig-induced pain (EIP) is a naturabnsequence ofxercising intensely, angesults
due toan accumulation of endogenous algesic substaanggrease in muscular pressure
and muscular distortion or tissue damageweverthe presence of EIP may have negative
consequences for exercise and endurancenpeaihce, brought about by the physiological
and/or psychological effect of paiiIP hasnot beenwidely addressedn sport and
exercise science reseayaimd much of the contemporditgrature haggnored its potential
role in endurance exercise perfornt® despite the wide acknowledgement it gains in
interviews with athletes;oaches, exercise scientisisd health and fithess practitioners
Therefore, more empirical research needs to be completed that explores the role of EIP in
endurance performancand the physiological and/or psychological contribution it may
make to fatigue and work rate regulatidherefore, the main purpose of this thesis teas
examine the effect of EIP on endurance exercise performandélentify strategies to
mitigate itsimpact in variougndurancexercise tasksConsequently his thesis consists

of 5 experimental studies, as outlingelow.

The F' experimental studyChapter 3)assessed the relationship between traditional
experimental measures of pain (the cold goesest (CPT) and algometr\BIP tolerance
and participantlladnileflé.t Knpaycing tinceetrialolhe pamary
finding was that no correlation was found between experimental pain measures and TT
performancémean pain in CPTR = 0.222time lasted in the CBR =-0.292;PPT; R =
-0.016) However, there was a significant correlation between EIP tolerance and TT
performance (R =0.83,P < 0.01).Correlation analysis revealed significant (P < 0.01)
relationships between TT completion tirwed VQmax(R =-0.816, P < 0.001), PPO (R =
-0.864, P <0.001), GET (R-8.454, P =0.009), and RPE tolerance (R.#36, P <0.01).
Hierarchical multiple regression for physiological parameters:pMOGET and PPO)
revealed that a significant modeherged (ka1,30)= 88.586, P < 0.01) when only PPO was
used to predict TT completion time. PPO explained 74.7% variance (R Square = 0.747,

Adjusted R Square = Q3738586 PER.OISEeia-H.864). = 0.
XixX



Stepwise regression foam and RPE predictor variables (mean pain in CPT, time lasted
in the CPT PPT, EIP tolerance, and RPE tolerance) revealed that all variables with the
exception of time lasted in CPT and RPE tolerance contributed to a predictive model. EIP

tolerance predied TT completion time and explained 69.4% variance (R Square = 0.694,

Adust ed R Square = 0. 08%68.00BR <Dy Betad.833), 0. 6 9
PPT explained additional 4% variance (R S
Squar e = (00~=@390, P = @5, Beta--0.886), and mean pain @©PT also

explained additional 4. 4% variance (Squa

Squar e =q, k=55434P = 0I5, Beta-9.881). Therefore, EIP tolerance, PPT
and mean pain in CPT explained 77.8% variance in TT completion Regession
analysis for pain and physiological predictor variables (mean pain in CPT, PPT, EIP
tolerance, V@nax PPO, GET) revealed that a significant moéet 0.01) emerged when
only PPO (Adjusted R Square = 0. 78%edand
to predict TT performanc&herefore, PPO and EIP tolerance explained an overall 82.2%
variance in the modellhis studydemonstrated for the first time thlerance of EIP
provides a good predictor of endurance performance, whereas traditessinmes of pain

do not It is suggestedhat farticipants who are able to tolerate a greater pain for longer
time period,are able tamaintain a higher work rate and therefdiresh the endurance
performancetask faster The results suggest th&IP playsa crucial role in endurance
performance, and that a high tolerance for EIP provadesmportant role as a predictor of
endurance athletiperformance.Finally, this studydemonstrateghat psychological
variables (in this case pain tolerance), shoulddresidered alongside physiological (e.g.
VO2max lactate threshold, exercise economy) variables, in identifying the determinants of

endurance performance.

The 29 experimental studyChapter 4examined the effect of mirror visual feedback on

EIP during isometric performanceSpecifically, mirror visual feedback was used to
deceive participants about the difficulty of the exercise task they were engaging in. It was
hypothesised that increasing perceived task difficulty would increase expectation of EIP
and reduce time to exhaustion, whereas decreasing perceived would elicit the opposite
effect Theresultssupported the study hypothesis, and showedthigatieception of task
difficulty in the Experimental group led participants to produce significantigdo times

to exhaustion when they thought the task was easier than it was, and significantly shorter
times to exhaustion when they thought it was harder than ittwasy= 4.293, P = 0.045).

The ANOVA revealed a significant main effect of conditiaor EIP during the TTE test

XX



(F @, 40)= 8.736, P = 0.005), and a significant interaction effect of EIP between groups for
each time condition were observed{ko)= 7.163, P = 0.011)The ANOVA revealed a
significant main effect of condition for RPE duy the TTE test (ku, 40)= 33.403, P <
0.001), and a significant interaction effect of RPE between groups for each time condition
(F (1,400= 13.367, P < 0.001)his was accompanied by significantly higher EIP and RPE
when they thought the task was dhar than it was, and significantly lower EIP and RPE
when they thought the task was easier than it Wais.is the first experimeat studyusing

the mirror box techniquas a strategy to moderatePEduring isometric contractionshe
results suggest thperceptions about exercise have a consequence for the EIP arising from
them, supporting the psychological and subjective dimensions of pain perception.

Previousexperimentsnvestigatingtranscutaneous electrical nerve stimulation (TENS)
and interferenal current (IFC) have been shown to elicit analgesic effects in a variety of
conditions. Considerinthe emergng experiments and application of these techniques on
exercise and the potential benefits of thesategiedo mitigate of EIP impact, the 3
experimental studyChapter 5)nvestigated the effect of TENS and IFC on EIP during
single limb, submaximal isometric contraction in healthy volunt&érs.primary finding

was that theANOVA revealed a significant difference in the time to exhaustemwéen
conditions (F, 34y = 6.763, P = 0.003). Pairwise comparisons revealed a significantly
different TTE time between TENS (10 min 49 s + 6 min 16 s) and SHAM conditions (7
min 52 s + 2 min 51 s) (P = 0. 031) and between IFC (11 min 17 s + 6 mia28 SHAM
conditions (P = 0.02). No significant difference between TENS and IFC conditions was
observed (P > 0.05T.he ANOVA also revealed a significant main effect of condition for
exerciseinduced pain during the TTE test (P = 0.035). No significanigbs in rating of
perceived exertion (RPE) were found between the three conditions (P > 0.05). A 3 x 8
(condition x isetime) ANOVA revealed a significant interaction effect for exercise
induced pain over time between conditions during the TTE test witérlpain intensity

in the TENS and IFC conditions (¥4, ss.4)= 3.671, P = 0.013). No interactiamd main
effects for RPE were found between the three conditions (P > 0.05). For the MVC; paired
samplet-tests demonstrated that MVC was significantlyuest! following the TTE in the
Sham (f17)= 9.069, P < 0.001), TENS ({t)= 7.037, P < 0.001) and IFC conditiong.}
=8.558, P < 0.001). No significant differences between conditions were found for-the pre
MVC (F (1.4, 23.49= 1.758, P = 0.188) dhe postMVC (F ¢, 34= 1.499, P = 0.238) his is

the firstexperiment investigating the analgesic effect of TENS during exercise that uses a
randomised, crossov@nd placebo controlled desighhis experimentiemonstrate for
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the first time thaeliciting a reductionn EIPthrough TENS resulted i&an improement in

single limbexhaustive exercisén additional novel finding from this study was that the
reduced EIP and improved endurance performance occurred desgitecton RPEThe

results sugge thatTENS and IFCcan elicit an analgesic effect on EIP, and that this
reduction in muscle pain can improve time to exhaustion performance in the absence of
changes to perceived exertiofhe results suggest that EI® a limiter of endurance
performane insingle limb exhaustive exercisand questions the notion that changes to

RPE must always occur when endurance performaraféeisted

The 4" experimen{Chapter 6)sought to apply the results obtained in H#feexperiment

to the performance of B0-mile cycling TT in trained cyclistsThe novel finding was that

the ANOVA revealed a significant difference in completion time between conditioas (F

42) = 6.597, P = 0.003). Pairwise comparisons revealed that participants performed a
significantly faster TT (P = 0.001) in the TENS condition (29 min 6 s £ 3 min 20 s)
compared to the SHAM (29 min 39 s £ 3 min 34 s) condition. There were no significant
differences (P = 0.872) between the IFC condition (29 min 28 s £ 3 min 34 s) and the
SHAM, or the TENSand IFC conditions (P = 0.116Jhe ANOVA also revealed a
significant main effect of condition for power output{ks)= 3.48, P = 0.041), me&tR

(F (1.38, 20.06 4.016, P = 0.042) andean B[La|(F (1.49, 31.37= 7.54,P = 0.004).There was

a significant difference in the mean EIP between conditions during the gla4f= 4.210,

P =0.022). Pairetitests revealed that participants perceived significantly less pain during
the TENS condition (3.5 + 1.8) than in the sham condition (4.0 £ 20) 3.037, P =
0.006). No differences were observed between the TENS and the IFC condition (3.8 + 1.9)
or the IFC and Sham condition (P > 0.05). No significant differences in mean RPE were
found between conditions during the TT (P > 0.0&erestingy, this studyalsoshowed

that TENS elicits an analgesic effect on EIP and improves the TT performanaeas

IFC techniquedoes not elicit any reduction of EIP and consequently has no effect on
whole-body enduranceperformance This experimentdemonstreed the first timethat

TENS intervention significantly improved completion time of the cycling TT, and that this
was attained byhe cyclistssustaining a greater power output (PO), heart rate (HR) and
blood lactate (B[La])Regardless afhe increased pisiologicalstressand metabolicate
induced by the higher PO, participapisrceivedEIP in the TENSstrategyalongsidein

the absence ad difference in RPE between conditioi$ie improvement in dynamic
endurance was probably the result of reductiokli for a given loadThis is the first
experiment showing that a TENS intervention can be used to elicit this analgesia to EIP

XXil



and suggests that there may be scope for TENS to be used during exercise in those where
EIP negatively effects their engagerenphysical activity.

Thefinal experimenin this thesigChapter 7examinedhe effect of mood and emotional
state on EIP and endurance performande Uise ofpainful images prior t@ndurance
cycling performancevas used to negativelgffect mood which was hypothesised to
increase EIPThe primary finding was that ti®NOVA revealed a significant difference

in completion time between conditions§Fi0)= 8.480,P = 0.001). Pairwise comparisons
revealed that participants performed a signifigafaster TT (P = 0.003) in the pleasant
condition (29 min 38 s £ 4 min 35 s) and the neutral condition (29 min 39 s + 3 min 34 s)
compared to the painful condition (30 min 19 s + 5 min 7 s). There were no significant
differences between the neutral commitand the pleasant (P = 1.000he ANOVA also
revealed a significant difference in PO ¢{Fi0)= 6.318, P = 0.004), mean HR (@-40)=

4.502, P = 0.017) antiean B[La] (R2, 40)= 5.724, P = 0.00%)etween conditions during

the TT cycling perforrance, but no significant effect of condition for mean RPE or EIP (P

> 0.05).In the FP, aignificant main effect of condition f&IP (F, 40)= 4.363, P = 0.019)

but no difference for RPE, HR or B[Lalhis experimentdemonstrated the first time that
painful imagesegativelyaffectmood ancklicit a compassionateyperalgesiaesponse to
exerciseThe results demonstrateat an increased pain sensation during exercise (induced
via compassional hyperalgesia) can decrease TT performamddiighlighs there is an
emotional element to the processing of EIP that can be influenced by compassional
hyperalgesiaThisis pr obabl y t h epdcoownsbe qpuremreastsgda fn go t
pain sensation elicited by given 6 b o tutpobm s t These resuls. ghlight the
importance of maintaining a positive mood and emotional state prior to and during
exercise.

The experimentabtudies performed as part of this thepr®videsunique erpirical
evidence to advancgientific knowledge and understanding of tiremomenon of EIP.

This thesis provides further new insights into how diffeiatérventions bottalleviate

and exacerbat&IP, which subsequengl influences endurance exercise performance.
Furthermore, considering the lack of knowledge regarthegestng and role of EIP in
exercise, this thesis contributes to and enhances scientific understanding for how to test for

and control theseariables
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CHAPTER 1

INTRODUCTION
AND LITERATURE REVIEW



Pain perception has long been linked to ssscin sport and it is wetlonsidered that
intense and repetitive muscle contraction causes a noxious environment in the muscle that
el i citsi nbideuxceerdc i saei ndé ( EI P) ( Mauger et al
However, this concept is not wek@ored or identified in the most prominent models of
endurance performancEndurance exercise performance can be defined as the capacity
of an organism (e.g. muscular, cardiovascular) to utilise itself during exercise such as
cycling, running, swimming roaerobic exercise that is performed for an extended period

of time (Rogers & Robert4997). Exercise performance involves an integrated process of
numerous physiological and psychological determinatsording to Joyner and Coyle
(2008) the keyphysiobgical determinants of endurance exercise are maximal oxygen
consumption VGmax lactate thresholdnd economy of movemefoyner & Coyle, 2008).
Thekeypsychological determinants of endurance exercise includeffiekicy (Martin &

Gill, 1991), perfedabnism, achievement goals, and personal goal setting (Stoeber, Uphill
& Hotham, 2009), use of psychological strategies (Houston, Dolan & Martin, 2011),
positive affect (Renfreet al, 2012), and selfalk (Blanchfield et al, 2014), mental fatigue

and selfcontrol (Inzlicht & Marcora, 2016) (McCormick, Meijen & Marcora, 2015). This
review will only consider the physiological and the specific psychological determinants
that interact with the physiological and how these can influence exercise performance in
relation to pain.

Therefore, the aim of this literature review is to classify and further describe the key
components involved in the explanations and limitations of fatigue, including the
following psycho/physiological models, centrglovernor model, anticipatofiRPE
regulation model, afferent feedback model, psychological models and the limiting effect
of pain on endurance performance. To provide a context to these models in relation to pain,
a broader background and introductionite anatomy and physiology of pain, nociception

and pain perception process in the spinal cord and brain levels, theories and thoughts of
pain perception, causes of pampdulation and assessment of pain will be reviewed.
Ultimately, this review will workowards reviewing current understanding of the role and
importance of exercisemduced pain as a contributor to fatigue and how this may be

influence decisions to alter worlate during exercise.

Fatigue
Fatigue is a very complex process, which is likelyltifactorial and never absolute (Fitts,
1994; Gandevia, 2001). Whilst the precise mechanisms underpinning its aetiology are still

today not fully understood, it is wediccepted that maximising power output or speed while
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limiting fatigue is the key detminantof success in endurance exercise (Joyner & Coyle,
2008). Our basiknowledge and understanding of fatigue has generally arisen from
laboratory methodologies thagquire the participant to produce a maximal voluntary
contraction or the use the time tghaustion tests at a fixed intensity, whefatigued

occurs at task failure following a fatiguing task or intervention (Ament & Verkerke, 2009).

In these instances, muséiigue ismore closely aligned to a particular point in time where

an inability to produce a given force occu¢slauger, 2014). Accordingly, while these
methodologies have the ability to establish causes of fatigue such as an increased
concentration of deleterious metabolites and substrate depletion (Coyle et al., 1983; Kent
Braun, 1999), and reduced neural driwe¢he muscles and task failure (Gandevia, 2001),
they are per haps not truly dleimfoen&t eatdiuv
performance. Indeed, where completiione isthe measure of success in actual endurance
performanceathletes are nataquired to produce maximal contractions and rarely cease
exercisingduring orfollowing theevent (Mauger, 20)4Rather, it is the athlete ability

to regulate their own work rate during an endurance event and their physiological capacity
to maintain ahigh work rate, that will determine optimal performance (Mauger et al.,
2009). A consequence of this is that different methodological and theoretical approaches
are applied to both fixed intensity and gediced exercise, despite the psychophysiological
requirements for these being potentially different. This thesis will attempt to discuss

fatigue and endurance performance in the context of both methodologies.

1. Explanations of Fatigue in Endurance Performance

Most previous studies addressing determinahtatigue during exercise have shown that
endurance exercise performancdinsited by several physiologicaleterminants, with
maximal oxygen consumption (\f&sy, lactate threshold and efficiency being the most
recognised (Lucia et al., 1999; Baim®avison & Bird, 2000;Jeukendrup, Craig &
Hawley, 2000 Lucia, Joyos & Chicharro, 2000; Laursen, Shingéakins2003; Joyner

& Coyle, 2008). In addition to this, biomechanical (positioning) (de Koning, Bobbert &
Foster, 1999; Jeukendrupraig & Hawley, 2000 Garside & Doran2000) environment
(wind, temperature, altitudendhumidity) (Lucia et al., 1999; BalmeDavison & Bird,
2000; Jeukendrup, Craig & Hawley, 20QQucia, Joyos & Chicharrad2000; Kay et al.,
2001;Laursen, Shing Jenkins, 2003), mechanicahd psychological variables have also
been suggested as important contributors. Ultimately, the capability of the athlete to
tolerate or sustain high power output during endurance performance is limited by the

capability of the athlete to resigatigue (Abbiss, 2005), and so factors which affect this
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are all important. Howevewhatever exactly causes this fatigue is debated. Indeed, for at
least the last 9Q00 years, explaining fatigue during endurance performarc®den a

major investigation for sport and exercise scientists (Hill, Long & Lupton, 1924).
However, despite various models of fatigue being proposed, no single model has been
agreed upon (Noakes, 2000). This is likely because cbgnitive, biomechanical
biochemical, and physiological models used to understand exercise fatigue and the
adaptations that correlate or boost athletic performaneealiverse (Brooks et al., 2000;
Noakes, 2000; Hampson et al., 2001; Hunter et al., 2003), as are the vannsiofo

exercise to which these are relevant (Kay et al., 2001; Tordi 20aB).

1.1 Models in Endurance Performance
1.1.1 Central Governor Model (CGM)

In 1997, the presence of a Central Governor was suggested by Tim Noakes, in his Central
Governor Model (CGM)as shown irFigurel.1l. The CG is suggested to exist as a series

of networks based in the central nervous system (CNS), that take into account the
information about energy supply, current various physiological demands and motivational
states to ensure thexercise terminates prior to a catastrophic biological failure (Noakes,
2005, 2012). Consequently, the primary purpose of the CG is to serve as a protective
function. Noakes et al. (2001) proposed that muscle recruitment is determined centrally,
and usedas a method by which to prevent biological failure arising from anaerobisis
(Hampson et al., 2001; Lucia et al., 2003). This notion was originally based on a brain
heart feedback loop to prevent cardiac failure, but was then expanded to the whole body in
later updates to the CGM (Noakes 2000, 2011). The conception of the CGM likely arose
from the original work by Ulmer (1996) on Teleoanticipation. This theory suggests that
athletes have to regulate their energy consumption per unit of time with respect to
finishing point, so as to avoid both early fatigue and achieve optimal race time (Ulmer,
1996). Ulmer suggested that changes in exercise intensity are proposed to be controlled by
a continuous feedback system where afferent signals that contain intorroatiforce,
displacement, time and muscular metabolism are fed back to the brain via somatosensory
pathways. Based on motor learning and the anticipated exercise bout, the brain is then able
to use afferent signals from the muscles, as well as feedlmlother organs, in order to

alter intensity and optimise performance (Ulmer, 1996). While these principles form the
basis for the CGM, the CGM emphasises internal judgement of expectations of exercise
(prior experience, knowledge of distance/durationjrenment etc.) against the reality of

exercise (i.e. the given physiological state of the body). If these two sets of information are
4



incompatible with the successful completion of the exercise, then this results in an altered
60sensat i on 0 iswHatisfulimaiely suggested tb leagl to changes in work rate.
Indeed, it is the description of fatigue as a sensation, or emotion, which really sets the
CGM apart from other models of endurance performance. Peripheral metabolites are not
merely energy strates or inert metabolic 4pyoducts, neither are they simply the sole

or absolute regulators of the entire complex system. Instead they serve together to assist in
the determination and constant resetting of the pacing strategy. Because of thiseefere

to the importance of pacing in the CGM, much of the supporting literature for its existence
has come from studies where pacing strategies have been examined. Indeed, a study by
Amann and colleagues (2006) inarious level®f hypoxia on pacing showehdat within

less than 60 s of exposure, participants altered their pacing stratatiesit their
knowledge of changes to the environmental change. Activity of the electromyographic
signal (EMG) was reduced along with power output, suggesting that vher patput
reduction on exposure to hypoxilated toa central motor drive reduction, a key tent of

the CGM (Noakes, 2011).
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Figure 1.1 The most recent form of the Central Governor Model of Exercise Regulation
proposed that the brain regulates exerpmgormance by continuously modifying the number of
motor units that are recruited in theeecising limbs From Noakes, 2011p. 26



A key observation used by supporters of the CGM is the preseacadoé 8 ¢ uirthe 6
last 510% of the race where comftors speed up despite experiencing the greatest levels
of fatigue (Bartlett, Gratton & Rolf, 2006[ucker, Lambert &Noakes, 2006). This
phenomenon is used as evidence for the presence of both pacing strategies and for the
maintenance of a metabolic reserve capacity until the end of endurance events (Bartlett,
Gratton & Rolf, 2006). Subjects performitigeend spurt show a pallel increased activity
of EMG in the skeletal muscle recruitment (Tucker et al. 2004, 2007; Ansley2&ah),
indicating that the end spurt results in an increased central motor drive (as anticipated by
the CGM). In this contexthe endspurt is pssible because the athlete knows the end
point is near and an increased work rate can be achieved because the risk to a dangerous
imbalance in homeostasis is reduced. Therefore, despite the greater accumulation of
deleterious metabolites that are propdasechuse peripheral fatigue, the athlete is still able
to increase work rat®Vhilst this notion provides an interesting alternative to the traditional
model s of fatigue, it completely ignores
expended in raltion to critical power during endurance events (Chidnok et al., 2013).
I ndeed, if W6 is not completel y&Gendsgpenhded
l' i kely jJjust reflects t hwhiclais possible iea sufficient g t
amount of the previous exercise is completed below critical power (Fu&WMhipp,
1999).
A further key base of evidence supporting the CGM are studies which demonstrate an
ergogenic effect despite eliciting no change in the peripheral parameters tagsaitia
performance. There is convincing evidence that certain drugs, such as amphetamines,
which act solely on the brain, are capable of modifying the extent of skeletal muscle reserve
and serve to increase power output and consequently, endurancenpedgSwart et al.
2009). Additionally, even mild analgesics such as paracetamol are capable of increasing
power output in selpaced exercise (Mauger et,&010) or extending the time a fixed
power output can be maintained (Mauger e28l13). Thesstudies demonstrate that there
are clearly other variables, alongside those influencing oxygen supply/utilisation, that limit
endurance performance, and that many of these involve a role for the brain. Indeed, there
are a long list of parameters which sha change in exercise performance independent to
cardiovascular factors, including; the use of placeBeedie, Stuart, Colemaa Foad,
Beedie, Coleman & Foa@007;Foad, Beedie & ColemaB008; Trojian & Beedig2008);
music (Barwood et al., 2009;im, Atkinson, Karageorghis & Eubank009); prior
experienceNlauger, Jones & William=2009); selbelief (Micklewright, Papadopoulou,
Swart & Noakes2010); time deception (Morton, 2009); psychological skills training
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(Barwood, Thelwell & Tipton, 2008); knowledge of the endpointWittekind,
Micklewright & Beneke,2009); mental fatigueMarcora, Staiano & Manning2009);

cooling of the palms (Kwon et al., 2010); glucose ingesti@mambers, Bridge & Jones,
2009; Rollo, Cole, Miller & Williams, 2010; Gant, Stinear & Byblow2010); cerebral
oxygenation (Nybo & Rasmuss&t007; Rupp et al., 200&eifert, Rasmussen, Secher &
Nielsen,2009; Billaut et al., 2010; Rasmussen et al., 20201M); pseudoephedrine
(PritchardPeschek, Jenkins, Osbor®eSlater,2010),naloxone (Sgherza et al., 2002),

and bupropion (Roelands et al., 2008, 2009; Roelands & Me2&ED) and seltontrol
(Inzlicht & Marcora, 2016).

However, the CGM has been widely criticised, largely because it is considered to be
untestable (Inzlich& Marcora, 2016), and therefore questionable as to whether it can be
considered a true theory at diroposing theories in science that are unfalsifiable is a
problem because the waltcepted hypothetiedeductive model of scientific asoning is

based on being able to objectively test key hypotheses thaesiiown to be false. This

is how knowledge and understanding progresses, by developing new theories that get
progessivlycloser to the truth (Popper, 2009he CGM is so vasand complex, and
potentially includes a role favery physiological and psychological variable, that almost
any observation can be explained by it (Marcora, 2008). This also raises questions as to
whether it actually progresses our understanding of endurped®rmance in a
meaningful wayWhilst some of the criticism the CGM receives is perhaps justified, it
cannot be ignored that since its conception in 1998, there has been a considerable shift in
the way endurance performance studies are conducted (toavaetBpaced, wholéody

model) and a paradigm shift towards a recognition about the importance of the brain.

1.1.2 Anticipatory -RPE Regulation Model

Much of the development of the CGM occurred between 2008, where the main
authors included Tim Noakes, 8oTucker and Alan St. Clair Gibson (St Clair Gibson et

al., 2006). However, from 2009 #ppearsas though Tim Noakes continued to revise the
CGM, whereas Ross Tucker developed his own model. He termed this the Anticipatory
RPE Model (Tucker2009), in wich the primary foundation is that the conscious
perception of effort regulates exercise and protects the athlete as well as ensuring optimal
performance under all condition8his model attributes its name due to the notion that
athletes utilise previouknowledge and experience of exercise duration/distance, in an
anticipatory process, and use psychophysiological feedback for regulation of pacing

strategy and performance during the exercise (Tucker, 2009). They key construct here is
7



that the athlete knowthe endpoint of the exercise, as without it an appropriate pacing
strategy cannot be formed. However, when the exaepemd is not known, provided the
athlete has sufficient experience of the exercise so that it can be estimated, a competitive
pacingstrategy can be formed (Mauger et al., 2009). Therefore, it appears as though prior
experience is important, because it partly allows the athlete to better balance the projected
exercise endpoint against remaining energy reseiMais. model appears to plaan
important role in regulation of exercise performance under various environmental
conditions (Tucker et al., 2006; Swart et al., 2009), as the initial setting of exercise intensity
Is gained from sensory afferent input from different external/envirataheues (Nielsen

et al, 2001; Nybo & Nielsen, 208 b; Rasmussen et al., 2004) and physiological systems
are utilised by the brain to predict the duration of exercise that could be safely sustained
without harm (Tucker et al., 2006). The physiologicé@Ent inputs largely rely on the
exercise intensity (Noakes & St Clair Gibson, 2004; Noakes, Gibson & Lambert, 2005)
and environmental conditions such as temperature and inspired partial pressure of oxygen
(Tucker et al., 2006). Initially, therateof Mm@ ase i n RPE i s set to
work rate, and this is termed the Atempl a
afferent information from various physiological systems (which is interpreted by the brain)

is responsible for genating the conscious RPE, which is compared to the subconscious
template and results in adjustments to power output if rate of RPE increase is not
compatible with the likely duration of exercise (Tucker, 2009).

The split between the CGM and Anticipatd®? EModel has caused some confusion, and

it is not altogether clear where the two models differ significantly. Indeed, aside from the
initial proposition of the AnticipatoRPE Model (Tucker, 2009), there is little reference

to it in subsequent studies. Siamicriticisms to the CGM can be levelled at the model, and

given its similarity, they will be considered as synonymougHe purposes of this thesis.

1.1.3 Sensory Afferent Feedback Model

Afferentfeedbackalongspinaland supraspinal circuitries is intetgd with central motor
commands (CMC) and is contributed to by #ugivity of underling voluntary contractions

of the muscle (Nielsen, 2016). With the onset of exercise, thermal, chemical and
mechanical stimuli alter various intramuscular receptor agtisiich as metaboceptive or
nociceptive, which is specifically reflected in the firing rate of largad smakl
diametemprimaryafferents, including group I/1l and group 1lI/1V, respectivelyatland,
1991; Garland & Kaufman1995 Amann & Dempsey, 2016Nees et al., 2006 In the

addition to the muscle fatigue which develops during prolonged exercise through
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theaccumulatiorof musclemetabolic byproducts, the neural afferent feedback that
occurs in addition to this is thought to mediate a reflex inbibibf alpha motor neurons
involved in contracting single muscles at spinal and supraspinal levels (Gandevia et al.,
1990; Gandevia, 2001). The central fatigue that ensues for this is the basis for the sensory
afferent feedback modétee Figure 2) (Amam & Dempsey,2008 Amann & Secher,
2010, as the somatosensory feedback associated with peripheral muscle fatigue inhibits
central motor drive (CMD) and thereby limits enduraexercise performance (Amann et
al., 2013).
Amann and Dempsey (2016) claim tithe rate of peripheral fatigue development is
associated with increasing neural afferent feedback from locomotor muscles to the central
nervous system (CNS). This feedback exerts an inhibitory influence central motor drive
regulation, which is manifested the observed muscle power output. This serves to limit
the peripheral fatigue development level (i.e. a primarily central limitation of exercise), in
order to avoid unbearable efforp &i n6 and maintain a &6criti
2006,200 ) . The key series of studies support
group, where complete afferent block is attained through the use of lumbar injection of
fentanyl (Amann et al., 2006, 2007). In these studies, when afferent feesbémiked,
agreater level of peripheral fatigue ensues, suggesting that afferent feedback is required to
prevent terminal levels of peripheral fatigue from occurring. In these studies, it is observed
that participants have ambulatory problems on conclusion of theigx@ikely due to the
severe peripheral fatigue), which suggests a potential protective function of the afferent
feedback. Additionally, when afferent feedback is blocked by using fentanyl, participants
show a disregard for physiologically sensible pgcstrategies. Indeed, in these studies
participants select an extreme positive pacing strategy, which results in a power output that
cannot be maintained. This also suggests that the afferent feedback during exercise
provides useful information regardirnmacing strategy. Despite these fentanyl studies
showing compelling evidence for the importance of afferent feedback, there are criticisms
with this design. Most notably, the exercise pressor reflex is heavily dependent on afferent
feedback, and participanin these studies likely suffered from impaired cardiovascular
control which would have exacerbated peripheral fatigue through decreased oxygen
saturation. Furthermore, the injected fentanyl coudée also have migrated tthe
respiratorycentrein the brain, which could explain why Sa@as severely impeded in the
fentanyl condition, and then could have exacerbated the level of peripheral fatigue the
participants experiencedAlthough these criticisms have substance, the sersftarent
feedback modegbrovides a testable construct, and provides important evidence to suggest
9



that sensonrafferent feedback is almost certainly required to set a pacing strategy, even if
it is potentially not a primary cause of fatigue.
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Figure 1.2 Schematic illustratiorof the suprapinal reflex inhibition model of endurance
exercise performance proposed by Amann and colleagues (2008, 0869 Amanng Dempsey,
2009,2010, p 454.

1.1.4 Psychobiological Model of Endurance Performance
An alternative to the cardiovascular, affaréeedback and Central Governor models has
been recently provided, which places primary emphasis on perception of effort. This model
is termed the APsychobi ol og 200&,1200ma0& | o (
Marcorg Bosio& de Morree 2008; Marcora Staiano, 2008, 201M). This model gives
greater attention to perception of effort and motivational factors than its predecessors, and
explains how both of them influence the conscious decisiaking process during
endurance exercise performance (Smubhet al., 2013). The Psychobiological Model
states that fatigue is solely a balance between perception of effort and motivation, and that
an athletebs decision to terminate exerci
failure. However, the prems e of t hi s model is not well
model (i.e. the cardiovascular/anaerobic model) (Noakes 1988, 1997, 1998, Bassett &
Howley, 1997) and proponents of physiology based determinants of endurance
performance.
The basis of the Bshobiological model is dependent on the intensity of motivation, as
proposed by Brehm and Self (1989), which
10



motivationodo and Amotivation intensityo.
effort availalbe to satisfy a motive, whilst motivation intensity is the actual amount willing
to be expended (Wright, 2008). Brehm's themfrynotivational intensity postulates that
athletes will exert effort in a task for as long as they remain motivated. When ¢heflev
effort required to maintaitask,intensity goes above the level of motivation required, the
individual will terminate the task (Wright, 2008). Therefore, according to the
Psychobiological model, exhaustion during intense exercise is a proceduaskof t
disengagement, in which athletes will exercise until perception of effort increases to a
critical level in excess of the potential motivation. This model provides a valid explanation
of performance change observed when purely psychological parametensiaipulated
(e.g. mental fatigue) (Marcora, Staiano & Manning, 2009; Pageaux, Marcora & Lepers,
2013). It also explains what would usually be called physiological fatigue, through the
increased effort required to drive a fatigued limb (Marcora, Bosote&orree 2008.
Recently, Pageaux et al. (2014) also explored its validity in explaining regulation of work
rate in selpaced exercise, where endurance performance was altered by manipulated
through a psychological intervention (i. e. mental fatigue).
To provide a theoretical framework for how the Psychobiological model can explain the
conscious regulation of endurance performance, Marcora (2010) states that there are five
key cognitive/motivational factors that are important: perception of effort, faten
motivation (described above), knowledge of the distance/time to cover, knowledge of the
distance/time remaining, previous experience/memory of perception of effort during
exercise of varying intensity and duration (Brehm & Self, 1989; Marcora, 2010).
According to the Psychobiological model, factors 3 to 5 areregiilated tasks and can
expl ainsphet deplenome norwhy@tMetes begim varjous 2a0e8 8 )
at variety of paces (Josegthal, 2008). Since perception of effort (factorid)such a key
element in the Psychobiological model, a deeper categorisati@ssentigl and in
particular the exact mechanism of the perception of effort. The modern interpretation is
that the perception of effort is thought to be dependent on effanehafferent signals
(Hampson et al., 2001; MeeusetD09). However, evidence put forward by Marcora
(2009), suggested that the sense of effort is centrally generated and independent of afferent
sensory feedback from skeletaluscle and other interorecep® such as pain and
temperature. Rather, it is suggested that perception of effort is the result of the conscious
awareness of the corollary discharge associated with the central motor command
transmitted to the active muscles (Ross & Bischof, 1981; Mar@®09deMorree, Klein
& Marcora, 2012). However, manipulation of the perception of effort can also be generated
11



from altered central processes during sustained intense exercise (Sacco et al., 1999). Thus,
sensory afferent feedback from the active mesaohay influence perception of effort, but
only indirectly. Consequently, Marcora (2
conscious sensation of how hard, heavy a
essential determinant of the Psybladogical model (Pageaux, 2014). Indeed, according
to this model, the seliegulation of pacing is principally determined by the effort perceived
(Pageaux, 2014). Thus, when perception of effort is increased by muscular (de Morree &
Marcora, 2013) or meal fatigue (Pageaux et al., 2014), or decreased pharmacologically
(Watson, Jenkinson, Kazmierski & Kenak#905), the athlete will constantly alter their
pace to compensate.
There is a large body of experimental studies supporting the Psychobiologa=! (fioo
example Marcora, Bosio & de Morree, 2008; Haggard, 2008; Marcora, Staiano &
Manning, 2009; de Morree, Klein & Marcora, 2012; de Morree & Marcora, 2013; Pageaux
& Marcora, 2013; Blanchfield et.aR014; Pageaux et al., 201dzlicht & Marcora, »16).
However, there are criticisms of these studies, and the model as a whole too. Firstly, the
mo d el i's suggested to be O6simplerdé (and t
relies on the basis of perception of effort being solely the restiieaforollary discharge.
It is perhaps misleading to suggest the Psychobiological model is inherently simple
because of mechanistic basis of perception of effort, because even if afferent feedback is
indirectly important, it willaffect perception of effd and thus adds multiple layers of
complexity. Furthermore, if muscle fatigue requires a greater central motor command to
drive the limb, then classical explanations of human performance (e.g. oxygen
supply/demand) remain just as important because thegetithe boundaries of muscle
fatigue. The redefining of perception of effort (i.e. excluding the role of pain, discomfort
and dyspnoea) instructions to participants also poses problems, as it limits the degree to
which prior studies can be interpretédaugh the Psychobiological modé&ideed, most
previous research uses a definition of RPE that includes discomfort or pain (Noble and
Robertson, 1996), and so comparisons of RPE data in these studies are hard to make.
However, it has been demsbrated tha paricipants candentify and rate pain and RPE
separately (Cook et al., 1997, Pageaux 2016), and so studies that focus on these constructs
shouldattemptto do this by using separate scales. In this thesis, such an approach is taken.
However, when thiss done caution should be taken in comparing RPE data to previous
studiesthat do not take this approachkinally, motivation is a construct which is
notoriously hard to accurately measure in the laboratory, which makes it very difficult to
truly test oneof the key tenets of this model.
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1.1.5 Pain Limitation of Endurance Performance

Muscle pain isa commonexperience duringxercise with painthresholdin working
musclesoccurringat nearly 50% of amdividual peak power outpuiCook et al., 1997).
However, studiebavegivenpeculiarly little focus to exercis@aduced muscle pain (EIP),
which is often raised by coaches, commentatamsl, athletes as a key factor in endurance
performance. Indeed, it is often proposed that athletes who are better able to overcome or
tolerate musclgpain during exercise will be more successind it iscomnonly stated as

a keyinhibitory factor during intense exercise (Mauger, 2013). El#lss an important
feedback source in the maintenantexercise intensity and is consequently importaint
athletic performance (O'Connor & Co@qQ01; Bantick eal., 2002; Eccleston &rombez,
1999;Crombez et al., 1998avis et al, 1997). Thisndicatesaneed to better understand

pain perception duringxercise.

1.2 Pain
1.2.1 The Definition of Pain

The International Association for the Study of Pain (IASPj),denes pai n as fa
sensory and emotional experience associated with actual or potential tissue damage or
described in terms &FfBogduk,cl®4).dThisndefinidon s th¢ Me r
conclusion over several centuries of ideas and achiausrttet have further explored the
concept of pain. From a neurobiological perspective, a distinction must be made between
the perception of pain and the reception of signals provoked by specialised sensory
receptors in peripheral tissues of the body (esgeletal muscle) and central nervous
system tissues (spinal and supraspinal neurons). This process mbol ed finoci ¢

arising from the individual stimulus e s ponse of MAnoxi ous sti mu

1.2.2 Sensory Neurons of muscle pain: Anatomy anghysiology

Sensory neurons innervating skeletal muscle fibres are categorised into four primary
groups in terms of size, conductigelocity, and myelination (Lloyd & Chang, 1948).
Group | and Il fibres are myelinated sensory nerve fibres with a-thegeeter, and have

the highest conduction velocity of all the nerves in the body, and play an important role in
proprioception (Taylor & Finn, 2014). Group lll and IV fibres are myelinated and
unmyelinated sensory nerve fibres with a srdaimeter, and hava lower conduction

vel ocity, respectively, corresponding to
Coggeshall, 2012). There is additional evidence dghaips Il and IV but notgroups |
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or I, respond to application of noxious thermal, cheahend mechanical stimuli to the
muscle representing that they convey nociceptive input from the muscle (Mense, 1977,
Pickar, Hill & Kaufman,1994). Nociceptive bare nerve endings of group Il and IV fibres
are distributed throughout the muscle, and teatd in the connective tissue, fat, extrafusal
and intrafusal muscligores, as well as the adventitia of both arterioles and venules (Walro
& Kucera, 1999). The majority of these nerves terminate as free nerve endings in the
adventitia of blood vessels skeletal muscle of mammals, a perfect location for blood
sampling of metabolite®leased as a kyroduct of muscle contraction (Stacey, 1969). In
addition, the fascia around muscle may cause symptoms of muscle pain. Nociceptive fibres
innervate the fasa (Tesarz et al., 2011), which are activated both by noxious chemical
and mechanical stimulirf@guchi, Matsuda, Tamura, Sato & Mizumu2@p5; Taguchi et

al., 2013). These nociceptive muscle afferents can also be activated by muscle contractions
(Itoh & Kawakita, 2002; Taguchi et al., 2005).

Emerging from a muscle, nociception, mechanoreception and proprioception project to
various layers of the spinal corBdvis et al., 19890zaki & Snider,1997). Nociceptive

nerve fibres subsequently signal to thaibrthrough the spinothalamic tra¢tofeman,
Schmidt & Willis, 1979), where these fibres terminate in the thalamic nucleus submedius,
ventral posterolateral nucleus (VPL) (Kniffki & Mizumura, 1983), and anterior
paraventricular nucleus of the thalamus (Kawakita et al., 19938; Zhang, Zwiers &
Hegerl,2011). Musalar pain excites or stimulates multiple brain regions, such as the
anterior cingulate cortex, dorsolateral prefrontal cortex, the insula, and primary and
secondary somatosensory cortéeyron, Laurent & Garciharreg 2000). However,
muscular pain alssensitises the brain regions that are related with emotional processing,
such as orbitofrontal cortex, parahippocampus, bilateral amygdalachippas, superior
temporal pole andaudate (Takahashi et al., 2011; Ché&nigee, 2011).

1.2.3 Pain Signal Transducton

Muscle afferent feedback neurons are vkelbwn for perceiving the condition of
connective tissue (Mense, 1977; Mense & Meyer, 1985; Pickar et al., 1994; Mense &
Craig, 1988, while cutaneous afferent neurons carry information about the external
noxious environment around/in the muscle (Mense & CE383. Muscle afferents have

a poor spatial resolution in comparison to cutaneous afferents, with mechanical fibres
supporting multiple receptors as far asi@ apart (Kumazawa & Mizumura, 1977). In a
clinical context, this matches the description of muscle pain as being diffusive and hard to

localise (Mense, 1991). However, muscles are equipped with sensory fibres that are
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activated by mechanical stimuli and capable of detecting noxious pressum XS
pressure, and grading force of muscle contractions (Mense & Meyer, 1985). In addition to
mechanical forces, muscle afferent neurons are attuned to-firedhycts released during
sustained muscle contraction or under ischemic condit{®agchetti, Lenpugnani,
Battistini & Mandelli 1980).Thermal stimuli can also be sensed in the muscle (Hertel,
Howaldt & Mense, 1976; Kumazawa & Mizumura, 1977), but rises in temperature due to
muscle activity are relatively small and do not approach the range thid wtimulate

heat nociceptors (Saltin et al., 1968; Brooks et al., 1971).

Muscles themselves come under significant strain during exercise, which creates a unique
metabolic environment that can be sensed by the afferent neurons (Li et al., 2003, Dessem
et al., 2010). During exercise the muscle may also become damaged, which results in
significantly more pain than neslamaging muscleFaulkner, Brooks & Opiteck, 1993
Proske & Morgan, 2001; Gibson et al., 2009; Martin et al., 2009). The damaged muscle
results in the recruitment of macrophages and neutrophils (Malm et al., 2000; Tidball,
2005) and the release of a wide range of biochemicals (including: serotonin, bradykinin,
prostaglandin Eprostacyclin 1 (PGk), thromboxane A(TXA?), andnerve growh factor

(NGF) Shah, Phillips, Danoff & Gerber, 200&rnberg et al., 1999; Murase et al., 2010;
Urai, Murase & Mizumua, 2013).

1.2.4 Nociception and Pain processing: Peripheral to Central

Mechanisms
The pain signal during exercise tusually instigated by stimulation of the peripheral
nociceptors, the fredoére) nerve endings which exist in and around the small arterioles,
arteries and veins, connective tissue and muscle fibres (Stacey, 1969). These Type IlI
afferent nerve fibres (also known asdalta fibres) synapse primarily on cell bodies in the
dorsalbot ganglia (Cerveto et al ., 1976) . N
threshold noxious pressure and their activation in muscle level results in an aching, dull,
or cramp (Marchettini et al., 1996). Type IV afferent nerve fibres (also knownasous
C-fibres) are unmyelinated, end solely in free nerve endings (Stacy, 1969), and respond to
various noxious chemical stimuli (Mense, 1993).
Nociceptive muscle afferents can be stimulated by mechanical pressure or chemical or
thermal stimuli(Tadak, Kumazawa, Mizumura & Tadaki, 1981). Implementation of a
noxious stimulus to a nociceptor results in generating an electrical §igpitdenburg &
Handwerker, 1994). When the stimulus is sufficiently great, then the electrical signal may

exceed a thresid value, resulting in the generation of an action potential and the release
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of neurotransmitter that is conveyed alongside the axon to the dorsal horn in the spinal
cord (Black, 2012). In addition, a nociceptor may also be excited or sensitised by a give
stimulus. During the sensitisation, the building of a noxious substance may tlwaver
activation threshold of the nociceptor (
receptor has been sensitised, lepsitis required to cause activatigiense,2003).

Receptors that respond to mechanical stimulcagel | ed fAhi gh t hreshol
( HT Mandrequire high intensities of tisstieeating mechanical pressure to respond to
stimuli for muscle nociceptors, such as squeezing or pigaghie muscle (Kumazawa &
Mizumura, 1977). As a result, weak mechanical pressure stimuli (such as during most
forms of exercise) are not perceived as muscle pain because the stimulus is not sufficiently
large to activate HTNusclereceptors (Mense, 2003 addition to mechanical pressure,

a host of chemical substances directly sensitise and activate muscle nociceptors
(Kumazawa & Mizumura, 1977). These biochemical substances irmlotbans (hydrogen

ions), bradykinin, serotonin, histamine, potassium,strxre P, prostaglandin E,
cytokines, and adenosine triphosphate (ATMEnse, 2009)During a single bout of
exercise, not surprisingly, many of these algssitstances ameleased and produced in
response to tissue damage and inflammatory processesdiiaoccur as a consequently

of exercise nduced muscle pain. These substanc
lowering the magnitude of the mechanical pressure required for them to fire.

1.2.5 The Cause of Pain by Noxious Biochemicals

1.25.1 Protons (hydrogen ions)

During intense exercise, muscle ischemia, tissue damage and inflammation often occur
alongside an increase in the concentration of protons, or hydrogear({tHa decrease in
tissue pH (Hood et al., 1988, Issberner et al., 1996). The activation of {gegisitive
nociceptive fibres is a likely contributor for exercisduced painBlack, 2012. Tonic,
low-force contractions can lead to increased ischemia of skeletal muscles and result in a
lowering of muscle pH via accumulation of lactic acid (La) theaskociates into lactate

and H ions (Black, 2012). Dynamic exercise at a moderate to high intensity such as
cycling or running can also lead to enhanced production of lactic acid, resulting in cramp
like or aching pain experienced during intense exer(ack, 2012). Intramuscular
injection of an acidic solution of pH 5&0 elicited a moderatatensity pain that
activated more that 50% of mechanosensitive afferent nociceptors and led to increased
sensitivity to mechanical pressure (Hoheisel et @042 H ions signal along acidensing

ion channels (ASICsSluka et al., 2003 anessa, 20Q0Btockand et al., 2008), which are
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stimulated when the extracellular pH dec
Timmermann, & Ahring, 2004). ASIC3 hameric channels are thought to play a crucial

role in central sensitisation to noxious stimuli and are found in the dorsal root ganglion of
the spinal cord (Price et al., 2001).

1.2.5.2 Adenosine triphosphate (ATP)

In muscles, ATP serves as the primary enemyce for exercise metabolism (Green,
1997). ATP is rapidly metabolized into adenosine, and damage to muscle cells may lead
to membrane dissemination and result in the release of adenosine, ATP, or both (Black,
2012). Adenosine receptor antagonists, spediy A1, and Areceptors, are thought to be

a crucial element in the nociception in human pain modulations (Sawynok, 1998; Millan,
1999; Sawynok & Liu, 2003Sawynok, 2006

Previous studies have shown that injection of a dose of ATP into the musaciéirasilus

for nonnociceptive and nociceptive muscle group IV receptors in animals (Reindhl et al.,
2003 Hanna & Kaufman, 20Q4produces painful stimuli in humans (Mgrk et al., 2003).
Injection of ATP into human subjects in the trapezius muscle inchmi@sat rest and
mechanical hyperalgesia (Mgrk et al., 2003), but low dose ATP into the thumb does not
cause pain (Pollak et al., 2013). A study by Mgark et al. (2003) showed that no muscle
hyperalgesia occurs despite the use of a much higher concentodtiéiP. The
interpretation for this difference is unclear, and perhaps represents differences in

metabolism, the muscle injected, or volume of injection.

1.25.3 Bradykinin (BKN)

One of the most important products of a series of pathophysiological proces peseart
activator of skeletal muscle nociceptors is Bradykinin (BKB8&ck & Handwerker, 1974).

BKN has been long recognised as one of the most potenabffammatory substances
(Nishimura et al., 2002) and endogenous algesics (Steranka et al., 1988}ioihs have

been most intensively considered in the peripl{&gzma, Ahmed, Best & Lim1995),
although there is arising evidence that BKN may also play a crucial role within the central
nervous system (CNS) following tissue damage, inflammation,irgiedtion (Walker,
Perkins & Dray, 1995). BKN is a polypeptide substance related to a precursor in the plasma
globulin fraction and a separate system in tissues (e.g. muscular) (Silva, Beraldo &
Rosenfeld, 1949). Itis formed in response plasma extravasethemia and when certain
factors involved in the clotting system are activatbster & Pierce, 1963). Therefore,

it is formed in response to tissue damage directly and other states common to exercise,
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such as hypoxia, ischemia and acidificationa(l, 2012). Additionally, at the tissue
damage site, BKN promotes all the features of the acute inflammatory response including
noxious stimuli and increased blood flow (Walker, Perkins & Dray, 1995). Group Il and
IV nociceptors in skeletal muscle areiaated by BKN and injections of BKN into the
muscle have been shown to be mildly painful (Kaufman et al., 1982; Babenko et al., 1999).
BKN exerts its action by acting on the bradykinin B2 receptor and activating a G protein
that regulates intracellular nadtolic changes (Bandell et al., 2004). This change leads to
excitability of free nerve ending in dorsal root ganglia (sensitisation) (Mense & Gerwin,
2010). BKN also plays a crucial role in sensitising nociceptors in skeletal nfDsale&
Perkins 1993, Babenko et al.1999). Excitation of the B1 and B2 receptors alters the
resulting action potential of nociceptive afferents and can enhance their sensitivity to other
noxious stimuli, such as serotonini) (Hu et al. 2004). In addition, BKN enhancesegh
production of prostaglandins, which are crucial inflammatory mediators that also function
to excite or sensitise nociceptors and prolong and enhance the effect of BKN (Mense,
1981).

1.254 Serotonin (5HT)

Serotonin (8HT) is a monoamine neurotransmitter withde range of functions in the
nervous system and throughout the body (Tecott et al., 199%5).i5 much like BKN, in

that it activates both Il and IV afferent fibres in skeletal muscle (Mense, 1977). Injections
of 5-HT into the muscle in sufficientlyatge doses have been shown to result in noxious
stimuli, whilst in lower doses, serotonin functions to activate nociceptors to BKN, leading
to a greater noxious stimuli response to a given dose (Babenko et al., 1999). Animal
experiments have been also fduthat 5HT is a direct mediateto muscle pain and a
hyperalgesic agent (Taiwo YO & Levine, 1992).

1.255 Substance P (SP)

SP is an endogenous neuropeptide, that acts as a neurotransmitter and neuromodulator
(Harrison & Geppetti, 200IDatar, Srivastava, Coutno & Govil, 2004), and is found in
skeletal muscular nociceptive fibres and in neuron of the dorsal root ganglens€,
Hoheisel &Reinert,1996). Release of SP is induced by noxious stimulation and induced

by exercise and inflammatiohitid, Brudin,Lindholm & Edvinsson,1996). Several lines

of evidence indicate that SP and calcitonin geztated peptide (CGRP), docalized with
prostaglandins (PGs), serotonin, bradykinin and nitric oxide (NO), contribute to the

generation of noxious stimulaticemd hyperalgesiaMcMahon, Lewin & Wall,1993;
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Meller & Gebhart, 1994). SP interacts with the neurokihir2, and-3 receptors, and is

known to increase the release of other algesic agents, such us histamine a(lceiPGE,

Fields & Basbauml1993, GConnor & Cook, 1999). In experimental and clinical studies,
Anand and Bley (2011) indicate that depletadrSP in nociceptive afferent fibres is
correlated with the substance capsaicin, and has been shown to attenuate the perception of
pain in response tchemical and mechanical stimuli (Hoheisel et al., 2004).

1.2.5.6 Prostaglandin E

Prostaglandin £(PGE) is a cyclooxygenase (COX) produetnd is associated with
inflammatory pain(Kuehl & Egan, 1980; Harvey et al., 2004)lonsteroidal anti
inflammatory agents/analgesics (NSAID&)hibit COX-1 and/or COX2, and repress
inflammatory pain by attenuating prostanoid generation, mainly PGE patients
suffering from migraine, osteoarthritis, rheumatoid arthritis, and dGavébata, 2011).

PGE exhibits very little action on nociceptors but plays very important role in activating
or sensitising nociceptors to Bradykinin and other substance stimuli (Mense, 1981).
NSAIDs, such as ibuprofen and aspirin blunt of the action®fd®X1 enzyme (Vane,
1978) and thus function to limit inflammation and resulting tissue damage (Black, 2012)
and consequently pharmacological intervention downstream and upstream signals of PGE
may serve asovel strategies for the reduction of pain during exercise (Trappe et al., 2001;
Motl , O6Connor, & Dishman, 2003; Petersor
2008; Mauger et al., 201Trappe et al., 2011).

1.2.6 Nociception and Pain Processingnithe Levels of Spinal Cord and

Brain: Pathways of Pain Perception
Following stimulation of peripheral nociceptive fibres in skeletal muscle an electrical
signal is conveyed through afferent fibres to the spinal cord (8@hazawa, Mizumura
& Tadaki, 198). The SC subsequently conveys the electric signal to the brain, where it is
perceived as pain. Early theories regarding pain pathways, which date back to Descartes
(1644), present a widely accepted view of ghat nociceptive fibres convey input signals
from the periphery to the brain as along simple cables. The early anatomists (e.g. Bell,
1824) and neurophysiologists (e.g. Muller, 1833; Von Frey, 1896; Sherrington, 1906)
outlined the classic picture of paiDescartes, 1644), and provided a framework for how
pain was relayed to the spinal cord and brain from the periphery. Advances in

immunohistochemistry, genetics and neuroimaging have allowed scientists to look more
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closely at the spinal cord and brairggin an insight into how the stimulation of peripheral
nociceptive fibres are processed at the level of spinal cord and brain, where it is ultimately
perceived as painful. These techniques have confirmed that pain perception involves a
series of complex emections from a peripheral receptor to the spinal cord and brain.
Ultimately it is an integrative and complex sensation that is processed and modified in
multiple regions (Melzack & Wall, 1965).
Input from afferent nociceptive fibres synapse at thesalawoot gangligdDRG) and the
dorsal horn, primarily at laminae | and I, but also in laminae V (Mense, 1993). When the
intensity of the stimulation is sufficiently large enough, it will produce a postsynaptic
Oexcitabilityd output that is conveyed to
nerve tracts. Within the DRG in the SC, afferent nociceptive fibres and projection neurons
communicate utilising a host of amino acid and peptide neurotransmgteh as
glutamate and substance P (Miller, 1999; Deleo, 2006). They will also possess
neurotransmitter receptors for endogenous opioids, which play a crucial role in pain
processing and especially hypoalgesia (Black, 2012).
Relying on the type of noa@ptor sensitised or activated, a stimulus is conveyed along the
spinal cord to various regions within the brain via contralateral spinothalamic,
spinohypothalamic, spinomesencephalic, spinorecicular, spinoparabraamgldorsal
column tracts (Millan, 1999). The spinothalamic tract consists of two separate tracts, a
neospinothalamic (lateral) tract, which projects along the medulla oblongata to the ventral
posterolateral thalamic nucleus (VPL), and a paleospinoti@lémedial) tract, which
projects to the reticular formation in the brainstem, the periaqueductal gray (PAG),
hypothalamus, amygdala, and parts of the thalamus (Millan, 1999). Sending signals from
AU fibres may be transmittetirough neospinothalamic anesult primarily in fast, sharp
pain, whilst sending signals from C fibres through the paleospinothalamic tract are thought
to be responsible for dull, aching pain. Through the spinoreticular tract, nociceptive inputs
transmit signals to the reticular foation and synapse in the nucleus paragigantocellularis
(nPGi) and medial thalamus, which inputs to the locus coeruleus (Millan, 1999). The
spinomesencephalic tract travels to the PAG, much more like spinothalamus, and the PAG
provides inputs limbic systerpathways such as anterior cingulate cortex (ACC) and
amygdala (Black, 2012).
Understanding of pairelated inputs is not in any way comprehensive, as numerous
different brain regions have been shown to be stimulated or activated during processing of
pain.However, this reveals the complex nature of the processing of noxious inputs at the
spinal cord and supraspinal levels. Activation of the primary and secondary somatosensory
20



cortex via thalamocortical projections can provide information regarding théloeatd
intensity of a painful stimulus. Other regions, such as the PAG, ACC, and amygdala, may

provide information regarding the affective and emotional aspect of pain (Black, 2012).

1.2.7 Theories andThoughts of Pain Perception

Numerous theories have beastulated to explain the process of pain perception, yet none
of these can account for all features of the perception of pain, which demonstrates its
complexity (Moayedi & Davis, 2013). The four most popular theories of perception of pain
are the Specifity, Intensity, Pattern, and Gate Control Theories of Pain (Fiydyeand

will be outlined here.

1.2.7.1 The Specificity Theoryof Pain

The specificity theory of pain states each somatosensory modality (touch and pain) is
separately encoded in pathways (Dub&esslek Storey 1978; Craig, 2003; Perl, 2007;

Ma, 2010).Therefore, this theory proposes that pain is processed by a specific neuronal
pathway (as a unique sensory experience) (see FigairgéA). For example, the model
suggests low threshold mecharaaptors are encoded in rapxious mechanical stimuli,
which are related to primary sensory neur
sensors in the spinal cord or brain. A higher threshold mechanoreceptive sensor is projected
to secondary neuns in the brain regions (Moayedi & Davis, 2013), which would be
stimulated by a nociceptor through noxi ot
centres in the brain. Whilst specificity theory was perhaps the most dominant explanation
of painpercet i on in the mid 190006s, its popul a
Gate Control Theory in 1965 (MelzaékWall, 1965).

1.2.7.2 Intensity Theory of Pain

Intensity Theory of Pain conceptualises that pain is not truly a unique sensory experience,
but defires pain as an emotional experience when a stimulus sufficiently stronger than
usual occurs (Plato, 1998). In 1859, Naunyn showed thialb-threshold stimuli for sense

of touch induced pain in individual patients with syphilis who had disintegrating dorsal
columnsjcited in Dallenbach (1939)[They described this as unbearable pain when this
stimulus was reproducé&®-600 times. Arthur Goldscheider further advanced the Intensity
Theory, when he proposed a neurophysiological model to describe this frameeerk
Figure1.3. 1B) (Moayedi & Davis, 2013) which suggested that the increase in sensory
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afferent processing would produce a summation effect. Intensity theory originally
competed with specificity theory, but lost support when specialist fibres (lateedcoi

nociceptors) for sensing pain were identified.

1.2.7.3 Pattern Theory of Pain

This theory ignores findings of specialdi
and instead suggests that a specific combination of stimuli and a particular patteralof neu
firing elicits a given pain perceptiofNafe, 1929) (see Figure3. 1C). Goldschneider

(1920) suggested that there were no specific receptors foropaaparate system for
perceiving pain, and instead sensory receptor nerves respond to damaging stimuli and other
nondamaging stimuli such as touch lead to painful or-painful experiences as a factor

of outcome of variances in the pattemfsthe signals transmitted through the central

nervous systerjtited in Moayedi & Davis, 2013]

1.2.7.4 Gate Control Theory of Pain

In 1965,the Gate Control Theory of Paivas proposed by Meack and Wall and provided

a model that could support the apparently divergent concepts of the Specificity and Pattern
Theories (see Figurg.3. 1D). The model suggests that signals projected by primary
afferent fibres from stimulus of the cutaneous &sate conveyed to three regions within
spinal cord: the dorsal column, the substantia gelatinosa and a group of cells termed
transmission cells (T) cells. Melzack and WMalt oposed that the O0ga
gelatinosa, which modulates sensory infation transmission from the primary afferent
fibres to the central (T) cells. This gating mechanism in the dorsal horn modulates the T
cell and influences the activity in largiameter (Adelta nerve fibre) and smaliameter
(C-fibres) fibres. Largdibre activity tends to inhibit transmission (or closes the gate)
whilst smaltibre activity tends to facilitate transmission (or opens the gate). Activity from
descending tract fibres that initiate in suppanal regions and project to the dorsal horn
coud al so modul ate this gate. Once nocicep
that surpasses the inhibition provoked, [

to the pain experience and its associated patterns aVioei (Melzack & Wall, 1965).
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A Specificity theory Figure 1.3 Schematic diagrams of pain theories.
A: Based on the Specificity Theory of Pain; each
modality (touch and pain) is encoded in separate

g pathways. Touch and pain stimuli are encoded by

specialized sense organs. Impulses for each modality

are transmitted along distinct pathways, which project

e oo to touch and pain centres in the brain, respectively.
Wnlensly DRG, dorsal root ganglion.
Sun mo?c:m Dorsal hom
nooaptve
NOXOUS et nOVons

B tatensity theoey B: based on the Intensity Theory of Pain; there are no

distinct pathways for low- and high-threshold stimuli.
Rather, the number of impulses in neurons determines
§ the intensity of a stimulus. The primary afferent
neurons synapse onto wide-dynamic range (WDR)
2nd-order neurons in the dorsal horn of the spinal

™ o cord, where low levels of activity encode innocuous
ey stimuli, and higher levels of activity encode noxious
Siin R it diaa stimuli.
horn pro,ecton
e "’> | iy
[APOCUOUS O_‘
stmulus
C Pattern theory
1o C: The Pattern Theory of Pain posits that somatic
sense organs respond to a dvnamic range of stimulus
E Cou2 intensities. Different sense organs have different levels
of responsivity to stimuli. A population code or the
Cot 3 pattern of activity of different neurons encodes the
s - ) modality and location of the stimulus.
Intensitv
ORG
Skin neurons
2 C"‘Q Dorsal hom
stimulus wz\qo "
Innocuous
stmulus 3
D Gate control theory D: The Gate Control Theory of Pain proposes that
Central both large (A-fibres) and small (C-fibres) synapse onto

cells in the substantia gelatinosa (SG) and the lst
central transmission (T) cells. The inhibitory effect
exerted by SG cells onto the primary afferent fibre

Q@ [ oseconvtosom
Afoes [ § N terminals at the T cells is increased by activity in A-
@—< fibres and decreased by activity in C-fibres. The

! 2

? central control trigger is represented by a line running
o from the A-fibre system to the central control
mechanisms; these mechanisms, in tum. project back
to the Gate Control system. The T cells project to the
entry cells of the action system. +, excitation; -,
inhibition. Figure is reproduced with permission from

Perl (2007). p. 74.

23




1.2.8 Pain Modulation and Mechanisms

The localisation of allodynia and hyperalgesia at the muscle during exercise illustrated how
the spinal cord (SC) and brain can exert a modulatory effect on how inputs from peripheral
nociceptors are perceivéilehler, 1962). In addition to receiving nociceptive input from
ascending peripheral sites, nociceptive projection neurons in the dorsal horn (DH) in the
SC receive nociceptive inputs from a host descending brain regions that play a crucial
element in thenodulationof pain(Suzuki, Rygh & Dickenson, 2004). This complex neural
network of connections allows for the combination of signals from multiple tissues and
can exert both inhibitory and excitatory effects on the signal of nociceptors and modulate
percgtions of a noxious stimulus (Black, 2012).

The original proposals in Melzack and Wafi'gg ectoent r o | t hsaggestg thai f  p «
nortnociceptive input from afferent fibres activate interneurons at the SC level which
inhibit the nociceptive projectiomeurons activity, thus blunting the nociceptive input from

the peripheral tissues. This theoretical framework helped elucidate a variety of complex
phenomena, such as why a balm that irritates the skin around a painful bruise or cut may
provide temporaryain relief, and why thoughts and emotions influence pain perception
(see Figurel.8). The periaqueductal gray (PAG) is wklown to control nociceptive
inputs and perception of pain througghinteractions with both ascending and descending
projectiors from numerous site©gsipov, Morimura & Porrec2014).Stimulation of the

PAG has also been shown to result in analgesia without affecting attention, alertness, or
motor control in response to nociceptive stimuli (Mayer & Price, 1976). The PAG
integrates ascending nociceptive stimuli with descending nociceptive inputs from
hypothalamus, amygdala, insula, and ACC (Brooks & Tracey, 2005). Between the PAG
and the rostralentromediamedulla(RVM), bidirectional connections also exist (Brooks

& Trace y 2005), and foiPMMwBgstemdt eEmedt 6 P ¢
RVM or the PAG amygdala produces analgesia (Hosobuchi, Adams & Linchitz, 1977;
O6Conner & Cook, 1999), and some anal gesi
the SC via thdRVM. The RVM is a principasource of serotonirelease, and serotonin

has been shown to cause inhibition of nociceptive neurons in the DH (Jordan et al., 1978).
In addition, the RVM has neurons that synapse on nociceptive projections of nerves in the
spinothalamic tract and may attenuate nociceptive inputs by inhibiting excitatory
interneurons or activating inhibitory interneurons. The PRABGV system and amygdala

also contain high concentrations of receptors for endogenous opioids and exogenous
opiates Yaksh, Yeung & Rudy,1976;Fields,Bry, Hentall & Zorman1983; Rossi et al.,

1994; Waters & Lumb, 199'Heinricher, Tavares, Leith & Lumid999). Consequently,
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systemic administration of exogenous opiates in the PAG has been shown to induce
analgesia (ields, 2004) and endogenous opioids such as enkephalins, endomorphins, and
betaendorphins are likely to play a crucial element in pain modulation in the SC as well
as the brain and afferent nociceptive fibres in the periphery (Stratton, 1982; Straneva,
2002). During exercise, levels of endogenous opioids have been shown to increase,
particularly in response to high intensity exercise (Goldfarb & Jamurtas, 1997), leading to
the suggestion that endogenous opioids may play a role in exeiszd analgesia
(Janal, Colt, Clark & Glusmarl984; Pertovaara, Huopaniemi, Virtanen & Johansson,
1984).
To summarise, the perception of pain starts with the sensitisation of peripheral nociceptors,
central nociceptors, or both. Muscular nociceptors genesait inand around the small
arterioles, arteries and veins, and connective tifsued in skeletal muscular tissues.
These nociceptive signals are conveyed to the DH of the SC through type Il or IV afferent
nerve fibres and respond to a host of noxious biooteds)i mechanical pressure, and
thermal stimuli. Nociceptive signals are subsequently conveyed to the brain along several
tracts where multiple regions are involved in its processing, including the thalamus,
hypothalamus, reticular formation, PAG, ACC, amdygdala.Pain sensations may be
modulated in these regions by endogenous and exogenous substances (e.g., opioids anc
other analgesic drugs) as well as by neural input from other tissue (e.g., afferent input from
tissue deformation associated with muscualamtractions).Thus,the perception of pain
represents the end product of a complex and integrative sensation of both inhibitory and
excitatory signals in which processing can occur in botteraing and descending
pathways.
In addition to physiological gin modulation, a number of studies have found that
psychological manipulations are also capable of modulating pain perception by acting on
processes within the nervous system, brain and spinal nociception (E898sRhudy et
al., 2013). It has now baeeshown that a number of variables (including: emotional context,
attentional state, empathy, attitudes and expectations, hypnotic suggestions, and the
placebo response) can alter both pain processing in the brain and pain per@eptien (
Loeser, Dey& Sanders1994; Rainville et al., 1999; Price, 2000; Villemure & Bushnell,
2002; Linde et al., 2007). Several clinical and experimental studies demonstrate that
individuals report significantly lower pain intensity when they are distracted from the
noxious stimulation (Villemure & Bushnell, 2002pkarian, Bushnell, Treede & Zubigta
2005;Loggia, Mogil & Bushnell 2008). At the cerebral cortex level, neuroimaging studies
indicate that distraction from pain decreases noxious stimulus responses in boti sens
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(including primary and secondary somatosensory cortices) and limbic cortical regions
(including anterior cingulate cortex and insular cortex) (Apkarian et al., 2005). In
experimental studies, mood and emotional state also alter pain perceptionpositivae

effect of mood or emotions following presentation of pleasant images, music, relaxing
odours and humorous films, normally decreasing the perception of pain, whist negative
mood or emotions, induced by unpleasant images increases the perceptaon(éfice,

2000; Villemure & Bushnell, 2002). It has also been shown that placebo analgesia is
associated with reduced activity of certeagionsof thebrain, including anterior cingulate
cortex, the thalamus and insula. Increased activity of braiorre@ssociated with pain

also occurs when there is an anticipation of pain, leading to an increased pain perception
(Wager et al., 2004). In summary, variables such as mood, emotion, distraction and
deception can alter pain perception irrespective ddittesof the nociceptive stimulus. This

helps demonstrate that pain is subjective and that there @emotional element to pain.

1.2.9 Assessment of Pain

Pain perception is a complex, multifaceted experience that is subjective and relative to the
individual. Therefore, the evaluation of pain perception is a challenge when it comes to
how to assess it. Whilst it has been sug
pain during and foll owing exercise (06Con
used methods for assessment of pain that have been shown to provide accurate, reliable,
and valid information regarding certain dimensions of pain. These methods include
subjective measuresf pain or magnitude and objective measures of pain tolerance and

pain threshold.

1.29.1 Pain Threshold

Pain threshold is defined as the minimum stimulus input required to be perceived as
6painful 6. Pressur e, t her mal , and el ectr
thresholds Melchers & Anderssanl973;JensenKaroly & Braver, 1986; Hargreaves et

al., 1988;Droste et al., 1991). In an experimental trial, the intensity of noxious stimuli is
decreased or increased in a stepwise, I N
stimulus is initially set above ¢hpain threshold and then gratly lowered until the
stimulusi s no | onger perceived as a painful,
intensities below pain threshold are initially applied and then intensity is gradually
increased until the stimulus perceived as a painful (Black, 2012). This procedure has its

roots in signal detection theory and scaling methods, and readers are referred to Gracely
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and his colleague$sfacely, Lota, Walter & Dubnefi988; Gracely & Kwilosz, 1988) as

well as Wall andMelzack (1999) for further complete explanations of the methodology
underlining these techniques.

In exerciserelated research, the most common method used for determining the pain
threshold is the use of manually applied pressure or force to numerotsgothe muscle

or another anatomical structure (e.qg., finger) (Black, 2012). Delayset muscle soreness

has repetitively shown to lower the pain pressure threshold (Baker et al. DE®®i&cker,
Hausenblas, Kaminski & Robinsp2005;Ma r i d a k nnsr, Dudle§y & dvicCully

2007; Hedayatpour, Falla, Arendlielsen & Farina2008). Whilst intrandividual and
inter-individual differences can exist in threshold measures, the measurements can provide
meaningful information regarding the peripheral andtre¢énsensation during and
following exercise, and they can also be useful in determining the influences of various

analgesic interventions (Black, 2012).

1.2.9.2 PainTol er ance

Pain tolerance represents the maximal level (greatest) of noxious stimuli an individual is
abl e to tol &€k ¥99|. Pash@psis diffcult and unethical to acquire

a true assessment of pain tolerance in human subjects, mat@plof the largest noxious

stimuli could result in substantial tissue damégjack, 2012) Assessment of
toleranced could be measured by applicati
application of mechanical pressui@ 6 @mor & Cook, 1999Black, 2012) However,

given the potential for tissue damage, applications more often involve examining the length
of time an individual can or will tolerate a noxious stimulus, such as submersion of the
hand in ice water (e.g., cold gs®r test) and application of a mechanical stimulus (e.g.,
algometer). Measuring pain tolerance with this technique often imposes maximum
exposure to the noxious stimulus, thus setting a maximum amount the possible length of
tolerance timg(O8Connor& Codk, 1999). Pain tolerance is perhaps more relevant to
endurance performance than pain threshold, as most endurance exercise occurs above the
intensity at which pain threshold occurs. Therefore, the duration of pain, or level of pain,

that someone is willingp engage in is the key aspect.

1.2.9.3 Pain Intensity Ratings
Subjective measures opain intensity can be assessed for any noxious stimulus that
exceeds an individual 6s pain threshol d.

developed to assist in the quantification of pain intensity. Tools such as the Visual Analog
27



(VA) scales, Ctegory Ratio (CR) scaleand magnitude estimation, at the level of groups
and at the level of individuals are commonly used. VA scales comprise a line (typically
500100 mm in | ength) with verbal presenter
Anmai no at the |l eft end. Il ndi vi dual s ar e
that the distance from the left edge anchors the pain being experienced in a given part of
the body at that moment, as shown in Figu8a The distance in millimees (mm) from
the left edge of the line to the mark is used as the pain score. The VA scale is most popular
in both research and clinical settings because of its ability to obtain a rapid rating and ease
of use. VA scales possess inherent ratio propepresjde valid and reliableassessment
of intensity of pain Revill, Robinson, Rosen & Hogd976 Jensen et 311986 Cook et
al., 1997), and have been shown to be sensitive to interventions that provide analgesia.
Numerical or category ratio (CR) deaare also commonly used, especially to assess
i ntensity of pain during the &ICpaka®b)cin e x eI
study by Cook et al. (1997), a CR scale was established by combining the verbal presenters
from the perception of pairr@file (Tursky, Jamner & Friedmari982) with structures of
the easily administered-010 CR Borg scale (Borg, 1990). The Q0 CR pain intensity
scal e 1 s {il0.dnebverbaleadchods and numerical vales for the scale are as
follows; O no pain aall, %2 very faint pain, 1 weak pain, 2 mild pain, 3 moderate pain, 4
somewhat strong pain, 5 strong pain, 7 very strong pain, 10 extremely intense pain (almost
unbearable)o (Cook et al ., 1997) 19TThee c a't
administration of the category ratio (CR) scale in assessing pain, like the VA scales, have
beenshown to be both reliable and valid tools in assessing intensity of pain and values of
peak pain duringntense exercise (Cook et al., 1999¢spite the efficiecy for assessing
the intensity of pain, the nature of the numerical scales may introduce some bias. Because
of their fixedendpoint these scales elicit difficulties for measuring the effect of treatment
on pain conditions. An individual who rates theeimgity of pain during exercise as higher
than the plausible category scales will not be capable of providing the higher rating of pain
during a subsequent condition, even when individual experiences greater intensity of pain.
To resolve this issue, whenstnecessary, the D0 CR scale allows individuals to choose
a number above 10 and thus overcomes the “xektpoint problem associated with
typical category ratio scales. This scale has been shown to perform in a similar manner to
VA ratio scales (Cookt al., 1997).
Generally, a limitation of the use of single VA, numerical, or category scales in the
measurement of pain intensity is that these scales observe pain as a unidimensional
experience missing qualities besides intensity. The experience otlpanty involves
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other dimensions, such as emotional and unpleasantness. Assessment tools beyond VA and

category scales may be needed to better capture théytofahe experience of pain.

(a) Visual analog pain intensity scale

No pain at all Most intense pain imaginable

(b) Pain Intensity Scale
0 No pain at all

Ye very faint pain (just noticeable)

1 Weak pain

2 Mild pain

3 Moderate pain

4 Somewhat strong pain
5 Strong pain

6 Wery strong pain

7

8

9

10 Extremely intense pain
{(almost unbearable)
. Tnbearable pain

Figure 1.4 Scales for assessing pain intensity a- Visual Analog scale B: Category-ratio
scale (Cook etal ., 1997

1.294 Multidimensional Assessment of Pain

In addition to intesity, assessing pain has an affective compo(&inger et al., 2004).
Intensity is measured via a sensory dimengiiimcan, Bushnell & Lavignel989), whilst

the affective dimension can provide information regarding the quality and location (e.g.,
achirg, dull, sharp) of the pairegarding how unpleasant or bothersome the experienced
pain may be (Price, 2000). Individual rating of both the affective and sensory dimensions
can be acquired to provide a much more complete measurement of the pain anahdividu
is experiencing (Price, 2002). Scales of the affective dimension have not been extensively
used when evaluating pain perception during and following exercise, but the scales of this

type could provide more detailed information about the efficiency vbws treatments
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for pain conditions. For instance, a pharmacological treatment with, for example ibuprofen,
could attenuate the intensity of delay@uset soreness but might not attenuate it sufficient

to reduce how unpleasant or bothersome of pain wasgda particular moment. Another
instrument that has been established to measure pain in a multidimensional manner is the
McGill Pain Questionnaire (MPQ) (Melzack, 1975). The MPQ is a multidimensional
measure that has the ability to describe the divaasegmensions. It classifies pain into
three unique dimensions: affective, evaluative, and sensory. It provides valuable
information on the sensory and affective quality of pain experience as well as pain intensity
and location, and is able to discrimiaeddetween various pain problems (Reading, 1984).
The MPQ has been shown to be both valid and reliable (Reading, 1982; Wilkie et al.,
1990). The MPQ is commonly used in clinical and research tools and can provide useful
information regarding the nature diet experience of pain during exercise (Black, 2012).
However, obtaining repeated reporting on the MPQ during exercise can be difficult,
because it requires participants complete multiple components and therefore requires

significant attention over a prolgad period, which may not be practical during exercise.

1.3 Pain: Psychological Perspectives

The basis for categorising pain as a psychological phenomenon is provided by the
distinction between pain and nociception (Baum, 1997). Nociception indicates the
processing of neurophysiological events that activate nociceptors, which are then
experienced as pain (Turk & Melzack, 2000). Initiation of the brain processing and
nociceptive pathways contribute to the experience and awareness of the biological
substratesand in turn this suggests that pain should be described as psychological
phenomenon (Hadjistavropoul&sCraig, 2004). Motivational and emotional aspects are
central to understanding the nature of pain (Price, 2000), and these are particularly

important onstructs in exercise too.

1.3.1 The Influence of Emotion, Attention and Mood on Pain

Mood, emotion and attentional state are probably the most significant psychological
factors believed to influence pain modulation (Villemure & Bushnell, 2002). The
hypothesisof motivational priming (Lang, 1995) suggests that a negatively or positively
valencestimulus activates the defensive or the appetitive part of motivational system (MS)
so that a new stimulugsponse is increased if its valence is compatible with siibeull

part of MS and diminished if it is incompatible (Kennthabiala et al., 2007). The

International Affective Picture System (IAPS) provides a standardised set of images
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stimuli, which systematically vary on the dimensions of valence and arousalrabd ea
useful methodologicdbol for affect induction (Lang, Bradley & Cuthbert, 1995). Indeed,
much of the research supporting the psychological components of pain has used the IAPS
to induce changes in mood. KennthMabiala and Pauli (2005) used theR& to assess
pain response to electrical stimulation following the presentation of positive, neutral, and
negative images. They found that positive images were shown to associate with lower pain
and lower N150 amplitudes recorded compared to negativeesnagmuli. This
demonstrates that a psychological intervention, unrelated to the nociceptive stimuli, was
capable of eliciting both a neurophysiological and perceptual change. Further evidence in
support of motivational priming is provided by studies gdime cold pressor test (CPT),
where observing positive images compered to negative images caused an increase in pain
threshold (Meagher, Arnau, & Rhudy, 2001) and in tolerance of pain (Meagher, Arnau, &
Rhudy, 2001). Therefore, the observation that emationage valence can modulate pain
may be useful tool to-iendplcede ptahedngttEu Pe .
In addition to the effect of emotion on pain, attention is perhaps the most considered
variable that influences pain and nociception (Villem&rBushnell, 2002). Focusing an
i ndividual s6 attention on the pain stimu
perception of painLevine, Gordon, Smith & Field4982), whereas distributing attention
from pain stimulation decreases the perceptiggam Miltner, Johnson, Braun & Larbig,
1989;Lautenbacher et al., 1998iron, Duncan & Bushnelll989). However, there is also
evidence that the influence of attention on pain is based on whether the individual focuses
on the affective or the sensorgpects of pain. Ahles et al. (1983) instructed individuals to
attempt to express emotions or to focus on the sensory aspects of pain during the CPT task.
The investigators observed that focusing attention on the sensory aspects, in comparison
to affectiveaspects, was related to less distress. Moreover, focusing attention on emotional
pain sensations resuli®@ more pain reports than when focussed on the sensory aspects
during cold pressor test (Bishop, 1999).
Mood state may also alter pain perception,itas associated with motivation and
performance. In experimental studies, enhancing mood by observing pleasant stimuli such
as humorous films or music commonly decreases perception ofGmgar, Cogan, Waltz
& McCue, 1987;Zelman, Howland, Nichols & Cé#and,1991; Good, 19968)eisenberg,
Raz & Hener,1998; de Wied & Verbaten, 2001; Meagher et al., 2001; Marchand &
Arsenault, 2002). Contrariwise, decreased mood increases perception of pain (Zelman et
al., 1991; Weisenberg et al., 1998; de Wied & Verhai91; Meagher et al., 2001).
However, the interpretation of these studies is difficult, as they may not be able to control
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the effect of focusing attention, a factor known to alter nociceptive transmission in spinal
cord and affect the experience of péifllemure & Bushnell, 2002). Indeed, the pain
modulation arising from mood changes be a result from the variation in attention, as an
emotional response can be directly caused by level of atte@undn, Flykt & Esteves,
2001).

1.4 Exerciselnduced Pain (EIP)

Pain is a relatively common experience for people who exercise, and is often associated
with the &édburningd sensation in muscles
(Friden, Sjostrom & Ekblom1983; Schwane, Watrous, Johnson & Armstrod§s3;

Jones, Newham, Round & Tolfrei986; Newham, 198Tlarkson & Sayersl992; Miles

& Clarkson, 1994; Cook et al., 1997). Pain emanating from the muscle contractions during
exercise is very common, and athletes can easily distinguigenisatiorof dull ache of
muscle soreness from that of exertion (Armstrong, 1984; Clarkson & Tremblay, 1988;
Clarkson & Hubal, 2002) . Rian chu cod d tphaisn & i (
has been shown to increasdiire with exercise intensity, expressed dbesia percentage

of peak oxygen consumption or peak power output during cycling exercise (Cook et al.,
1997). Following exercise cessation, muscular pain does not immediately cease, rather, it
appears to decrease in an exponential manner over severasniBlack, 2012). This
decrease very closely imitates the decrease in oxygen consumption and rating perceived
exertion (RPE) (Cook et al.,, 1997). Pain perception during -inigimsity cycling
performance has been described as intense, sharp, exhaustimigg bpulling, tiring,
rasping, and cramping (Miles & Clarkson, 1994), and it appears likely that other types of
aerobic exercise performance would elicit similar pain perception (Cook et al., 1997). This
naturally occurring pain that is the consequesfaatense and prolonged exercise has been
shown to elicit a reproducible pain threshold of nearly 50% of peak oxygen consumption
or peak power output, suggesting that Higice muscle contractions or higttensity
exercise are not necessary to provokescular pain (Weiser et al., 1973; Cook et al.,
1997). Muscular pain can be provoked during very short bouts of exercise, as brief as 8
seconds (Cook et al., 1997), but tends to be likely more distinct during longer bouts of
exercise (Black, 2012).

1.4.1 The Aetiology of Exercise Induced Pain

The experience of muscle pain tends to elicit large -subject variability with similar

modes, relative exercise durations, and exercise intensities. This raises the question of what
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nociceptive mechanisms are underlying or responsible for EIP. The exact mechanisms of
muscle pain resulting from intense and prolonged exercise are still not yet known.
However, the aetiology of EIP sugge#iiat it may arise from eithesr(a combination®
accumulation of noxious biochemical, increased intramuscular pressure, or deformation of
tissue due to muscular contractions (Mauger, 2014). Exercise, especialintbigsity
exercise, leads to a builgh of metabolic byproducts such as those disasn Section
2.4, which stimulate and sensitise type Ill and IV afferent nociceptive fibres (Mense,
2009). However, muscular pain is generally related with work rate conditions where low
force, repetitive, tonic muscular contractions are performed (M2068). The lowforce
muscul ar contractions may generate enoug!|
and result in occlusion of the blood vessels that carry oxgighrblood to the working
muscular and remove venous blood containing metabolfrdgucts such as lactic acid
and other noxious biochemicals (Black, 2012). During exercise, some of those other
noxious biochemicals may play a crucial element in the experience of pain (Cook et al.,
1997). Intense exercise has been shown to increase dasaadf histamine, potassium,
and prostaglandin HPGE) (Rotto, Hill, Schultz, & Kaufman1990), and has also been
shown to increase interstitial fluid or tissue fluid level of BKN and adenosine in skeletal
muscular (Langberg et al., 2002). Increasedtsein levels in the brain have also been
associated with exercise (Caperuto et al., 2009), and exercise has been shown to increase
the level of substance P concentrations in the ventral horn of the spinal cord (Wilson et al.,
1993; Lind et al., 1996). WIsit none of these findings provides direct evidence for whether
accumulation of these noxious biochemicals underpins the naturally occurring muscle pain
experienced during exercise performance, at least they demonstrate a conceivable
association. Additiory, the findings that EIP increases with longer durations of exercise
and does not decrease immediately following exercise propose that muscular pain may
build-up as accumulatioof noxious biochemicals and drop as the biochemical levels are
gradually renoved during recovery (Cook et al., 199In) short duration exercise that is
of high intensity (e.g. HITT), there is likely a significant accumulation of these metabolites
over a short period of time, and such exercise has been shown to cause signifozarts
of pain (Fosteet al., 2014). It may be thhecause this exercise is of shorter duration, a
greater amount of pain is able to be tolerated by the atl@et@versely in moderate
duration exercisethese noxious biochemicals still accumulatedid slower rate and so
cause a smaller level of pabut for alonger duration (Mauger et al.,, 2010). Because
exercise of this sort goes on for longer, itksly thatonly a lower magnitude of pain can
be toleratd. However, in both this short and maode duration exercise, interventions
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which serve to reduce pain appear to improve performance (Foster26tld; Mauger et

al., 2010).In very long duration exercise (i.e. that takes place below the gas exchange
threshold), it is likely that a minim&tvel of noxious metabolites will accumulate, and so
the mechanism of EIP is less clear hétewever, some evidence exists suggesting that
noxious biochemicals are not solely responsible for naturally occurring EIP. For instance,
administration of aspirimvas not found to reduce EIP, which would reduce Pl&#els

during cycling exercise (Cook et al., 1997). Furthermore, exercise induced muscle leg pain
has been shown to occur after odgedonds of cycling, which would potentially limit the
biochemicals accumulated (Cook et al.,, 1997). These results propose that such
accumulation is not a requirement for eliciting EIP. Another possible mechanism for EIP
is increased intramuscular pressure associated with muscular contractions and force
production. If fore levels are sufficiently high, the rise in intramuscular pressure and the
mechanical deformation of muscle could be enough to stimulate the HTM nociceptive
afferent fibres (Black, 2012). Mechanically, stimulation of HTM muscle receptors by high
force musalar contractions could be responsible for the experienced of pain durirg high
intensity, short term exercise (Mense & Gerwin, 20I®ese mechanisms, alongside a
likely higher level of muscle damage, may provide the basis of EIP during longer duration

exercise.

1.4.2 Use of Exercise Induced Pain for Regulating Exercise

Performance

Exercise induced paimay play a key role in the maintenance of exercise intensity and
consequently important for athletic performance (O'Co&n@ook, 2001; Bantick et al.,

2002; Ecclestor& Crombez, 1999; Davis et al997). A review of pain perception during
exercise by Mauger (2013) suggested that muscular pain is a crucial factor in the work
rate regulation (Mauger, 2013). This indicates that the different perceptiomsnahpt
present among certain types of exercise should be studied further. Because understanding
of the nociceptive mechanisms underpinning EIP may be a relatively limited, as a better
understanding of the mechanisms and assessments of muscular pamdéingin EIP may

lead to the development of more effective methods to improve endurance performance.
While many bouts of exercise, especially modehagdr-intensity exercise, result in a
noxious environment in the exercising muscles, certain compongodsno such as pain
threshold, are altered during exercise. Numerous studies have shown a reduced pain
response to noxious electrical stimuli of the arm (Feine et al., 1990), finger (Droste et al.,

1991), and dental pulpPértovaara, Huopaniemi, Virtane& Johansson,1984;
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Kemppainen et al., 1985, 1986; Paddames & Abernethy, 2001) during exercise and
that this attenuated sensitivity may occur in a etegendent manner with exercise
intensity (i.e., greater stimulation is required to induce pain aehigxercise intensities).
Furthermore, KoseindEkholm (1995) demonstrate the threshold of mechanical pressure
required to induce muscular pain is reduced during isometric and static contractions.
Several studies have demonstrated increases in pairhdite® heat, compression
ischemia, mechanical pressure, and electrical stimulation of the dental pulp subsequent to
exercise Koltyn, 2000). The analgesic effects of exercise occur more often after high
intensity exercise, are most commonly pronouncedeadiately succeeding exercise, after
gradually dispersing with timé&pltyn, 2000, 2002). While the physiological mechanisms

of the analgesic effects observed during exercise are not fully understood, numerous
illuminations have been suggested. Exercispedally vigorous and strenuous exercise

(> 60% of VQpeay lasting longer than 3fin, is known to result in the release of endogens
opioids such as betndorphins, that could function to moderate pain intensity at a
peripheral level and in central nengsystem. Administration of opioidach as naloxone
have yielded mixed results, some studgisiting blunting or preventing of analgesia
during exercise (Haier et al., 1981; Janallet1984; Droste et all, 9 BaBd other finding

no such effect (Janal et al., 1983Jaussonet al., 1986 Droste et al., 1991)These
outcomes indicate that both nopioid and opioid mechanisms may play a role exercise
inducedanalgesia. A second possit#&planation could be provided by Melkaand

Wal |l 6s (X963 ) od g & theenoxioysdstimulifsmall fibres inpuiging
blocked by other nenociceptive input during exercisé/hen there is much more activity

of large afferent fibres (nenociceptors) in comparison to the activity of small afferent
fibres (nociceptors), theate blocks some level of the pain sigrthitpass through to the
brainsothat individuals tend to perceive less panother possible mechanism could be
that thedistraction of exercise focusastentionaway from noxious stimuli and can lead

to exercisanduced analgesia (McCaul & Malott, 19&4llingim, Roth & Haley, 198%
Theincrease in heart rate and respiration has also been suggestaddanceases in pain
threshold bydrawing perceptual attention away from noxious stimuli (FulldRdbison,
1993). The key point to take from this, is that assessment of pain during exercise is
complex, and methods of experimentally induced pain égonetry) do not necessarily

represent thehallenges athletes face in terms of tolerating pain during exercise.
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1.4.3 Use of Exercise Induced Pain Tolerance for limiting Exercise

Performance

The concept that natural muscle pain limits exercise or athlefmrp®nce is fascinating

but experimentally unclear and puzzling. It appears, perhaps, that exercising with intense
pain could lessen motivation to exercise, leading an individual to reduce exercise intensity
to reduce pain or prevent further increasqsaim intensity. It has been suggested that pain
sets ultimate limits on the performance of athletes during training and competition and
consequently athletes with the greatest (largest) pain tolerances could perform at a higher
percentage of their maximatapabilities and outperform athletes with lower pain
tolerances (O6Connor & Cook, 1999) . Desp
attempted to explain the role of pain in exercise and performance.

The majority of studies investigating exerciserfprmance neglect to report pain
perception during exercise, and this is despite the fact that EIP is -alogalhented
phenomenon. Cook et al. (1997) demonstrated an intensity of pain threshold for quadriceps
muscle group during cycling performance ofirlg 50% of VQpeak and pain increased

with exercise intensity until participants reached exhaus#itihough this study does not
necessarily show that it was the lack of tolerance to the EIP that caused the cyclists to stop
(for this was not the intemtn of the study), it does show a clear association between
exercise intensity and pain perceptitins logical thereforgthat athletes must be able to
tolerate a lot of pain in order to maintain high work rates which are needed for a good
exercise perfaomance. Howevermany participants indicated that even though they
experienced very strong muscle pain during the cycling task, muscular pain did not play a
role in their exercise cessation. There is experimental evidence that proposes that
competitive atletes may be considerably tolerant to some forms of pain than non
competitive athletes, and that the stage of the season may dictate the level of painful
training engaged in and consequently affect the perception of pain (Scott & Gijsbers,
1981). A study i Anshel and Russell (1994) speculated that the capacity of an athlete to
tolerate EIP is an important aspect in endurance exercise performance, and there is
agreement between coaches, athletes and some researchers that EIP tolerance can limit
differenttypes of exercise per fCoak mtaah, Ad¥7Kes83&C o0 n n «
Statler, 2007).
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1.4.4 Manipulation of Exercise Induced Pain within Exercise

Performance
In experimental studies, the manipulation of EIP could also yield insight into its role in
exercse performance. Ingestion of caffeine has been consistently shown to enhance
exercise performance in the form of both increased work completed in a fixed period of
time and increased exercise time to exhaustiongxample;Keisler & Armsey, 2006;
Ganio ¢ al., 2009). In addition, multiple studies have demonstrated reduced EIP following
caffeine consumption (Molt et al ., 2003;
& Molt, 2008; Gliottoni et al., 2009; Gonglach et al., BR1A study by Jenkiset al.
(2008) investigated the time trial performan€ET) in trained cyclists who were
administrated a placebo or multiple low doses of caffeine and also measured EIP during
the TT. The study found that EIP did not differ between the placebo and eaffein
conditions, but that TT performance increased with caffeine. While these findings agree
with those of Cook et al. (1997) that muscular pain may not be a primary limiting factor in
exercise performance, a second elucidation may actually support a rgbaifoin
determining exercise performance. Similar findings in a study by Mauger et al. (2010)
showed that acetaminophen improves performance of-mil&0cycle TT through an
increased power outpubut at the same level of the rating perceived exertiohnauscle
pain intensity. The study supports the notion that exercise is regulated by the perception of
pain, and increased tolerance of pain can improve work rate during prolonged exercise. In
another study by O6Connor atheir warkraiekduribg2 0 0 1)
cycling exercise so that muscle pain intensities remained constant over a periegDof 20
minutes. It is plausible that the cyclists in the studies by Mauger et al. (2010) and Jenkins
et al. (2008) seltelected (selpaced) a workate during the TT that produced a muscle
pain intensity that was near the maximum intensity they could tolerate or endure while
continuing to exercise. Thus, the protocol of experiments could have masked the analgesic
effects of acetaminophen or caffeitet allowing work rate to vary
Numerous studies have also examined the impact of pain on exercise by attempting to
increase the perception of pain during exercise through administration of opioid
antagonists such as naloxone. Administration of nalexaould increase perception of
pain during exercise (Sgherza et al., 2002), which would be expected to reduce time to
exhaustion. In an experimental study of administration of naloxone prior to exhaustive
treadmill running, administration of naloxone lexincreased pain as assessed via the
McGill Pain Questionnaire (MPQ) (an increase of 30% in overall pain intensity) and

reduced exercise time to exhaustion (Surbey et al., 1984). Another experimental study by
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Paulev et al. (1989), found increased paienstty during al20-min running task, but
exercise performance was not compromised. Additional experimental evidence
considering the role of exerciggduced muscle pain can be assembled from studies
examining performance in the presence of delayeskt sreness or pain (DOMS).
Decreased performance in shddration exercise (280 s) (Sargean& Dolan, 1987,

Byrne & Eston, 2002),-Bnin cyclingexercise (Twist & Eston, 2009), and-80n running

TT (Marcora & Bosio, 2007) has been shown following the itidncof DOMS. Whilst

these studies reported a potential association between the presence of muscular pain and
exercise performance, it is difficult to demonstrate conclusively whether pain is the
primary cause of the decreased exercise performance inste#es asdamaged muscle

can also lead to decreased joint range of motion and decreased capacity of muscles to
generate forceTherefore, the use DOMS studies to explore the fatigue/pain relationship
should be treated with cautio@ther methods to inae pain during exercise include
carrageenan (Diehl et al., 1988; Radhakrishnan, Moore & Sluka, 2003), hypertonic saline
(Ro et al., 2007), acidic saline (Sluka et al., 20@dyimustard oil (Han et al., 20D8Vhile

these examples go some way to mimickargl exacerbating the sensation of EIP the
methods of inducing EIP in these studies are limited and there still remains a need to seek
a unique technique to apply the whaledy exercise. Thus, whist it appears perhaps that
exerciseinduced muscle pain mgfay some role in limiting exercise capacity, very few
experimental studies have been able to determine the individual effects of pain sensation
compared with other crucial factors on exercise performance. Given that exercise
performance can be influencewt only by a host of physiological factors but also
psychological factors, further studies attempting to determine the contribution of pain

sensation to exercisperformance is necessary.

1.4.5 Role ofExercise Induced Painn Self-PaceExercisePerformance

The role of exerciseinduced painin pacing strategies during endurance exercise
performance is even less well established ttsarole on general performandeis known

that the sensation of pain accompanies intense exercise, and so it has been suggested tha
this sensation is utilised to moderate and judge the work rate (Mauger, 2014). In sport
coaches and athl etesd descrainipg it appearsathab u t
exercise pain tolerance is important for the regulation of pace, in which it contributes to
the ultimate decision up or down regulate pace. The role of pain in these pacing decisions
are not suggested to supersede the multitudthef éactors known to contribute to pacing

in endurance performance, but rather contributes to these. According to this proposition,
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athletes change their work rate to moderate the level of pain percédbagside a host

of other sensations, such as BRHEth increases and/or decreases in work rate to manage

the perception of pain to a level that the athlete is willing to tolerate (Mauge), Zo&4e

ideas are supported by investigations that have utilised analgesia durpacsslfexercise

to enhace performance (Mauger et al., 2010; Foster et al., 28fhd)inthese novel studies

cyclists seem tbe able to maintain a higher power output under conditions of analgesia.

A key observation of these studies is that perception of pain remained the(isame

comparison to the control condition) throughout the exercise, suggesting that the cyclists

were willing to tolerate a given level of pain, and ttfznges in power output were made

to achieve thisThese findings are corroborated by recent stuthi@shave used caffeine

to induce an analgesic effectndeed,Gonglach et al. (2015), shegthat EIP is likely

used as a regulator of exercise intensityen power output can be selected by the

participant. But, caffeine is known to elicit a range of o#rglogenic effectsKeisler &

Armsey, 2009 which could conceivably explain the observed differences in power output,

so the conclusions of this study need to be treated with some caidiweyer, ingestion

of other analgesics, such as aspirin and codesaot produced enhancements in athletic

performance (Ray & Carter, 2007; Hudson et al., 2008). These studies used a fixed

intensity exercise model, and this may have affected the impact of the analgesic effect

during exercise. Alternatively, the differemechanism of action of aspirin and codeine

may not be effective for EIP.

Whilst several studies have investigated the relationship between pain perception and

athletic potential, many of these have tended to use experimental pain, such as thermal pain

(e.g. the cold pressor test) (for example; Janal et al., 1994; Ruble et al., 2005) and pressure

pain (via algometry) (for example; Cook et al., 1997; Vaeter et al., 2015) to test their

hypothesesThe importance of EIP may be misrepresented in theseestuds the

interrelationship between nociception and pain perception pathways is a highly complex

process, and follow different processing pathways by different types of painful stimuli and

subsequently provoke very different responses (Olesen 04&PD. Muscle pain arising

from repetitive strain and intense exercise, which is associated with endurance

performance, is likely induced through a combination of deformation of tissue, release of

noxious metabolites and increased intramuscular pressure aedoavith muscle

contractions (Ellingson et aR014), which is distinct from these traditional measures of

pain induction. In order to appropriately understand the role of EIP on exercise

performance, the experimental pain should emulate the variectoir$ caused by EIP.

For example, algometry may be a useful tool for assessing particular hyperalgesia of
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muscles such as fibromyalgia (de Carvalho et al. 2012) and delayed onset muscle soreness
(Close et al.2006), but this does not sufficiently repked&IP.

2.  Overview/General Conclusionof Literature Review

Muscle fatigue is a very complex and multifactorial process (Fitts, 1994; Gandevia, 2001),
and it is wellaccepted that maximising power output or speed while limiting fatigue is the
key determinat of success in endurance exercise (Joyner & Coyle, 2008). Substrate
depletion, increased concentration of deleterious metabolites during prolonged strenuous
exercise (Coyle et al., 1983; KeBtaun, 1999), and reduced neural drive to the muscles
(Gandeva, 2001) are all welhccepted models to explain this process of fatigue. However,
they do not adequately explain how exercise intensity of regulated ipasatl exercise,

or why performance is improved independently of any physiological manipulataeed,

where completiortime isthe measure of succesghletes are natequired to produce
maximal contractions and rarely cease exercidungng orfollowing theevent (Mauger,

2014). Rather,it is theathletés ability regulate their own wottate during the endurance
event, that determines their success (Mauger et al., 2009). How this is achieved is a puzzle
that still remains to be explained. Limitations and explanations of fatigue in previous
literature suggests that endurance exercise performance méynitexl by several
physiologicaldeterminants, withmaximal oxygen consumption \4&sy lactate threshold

and efficiency interacting to produce race velocity (Lucia et al., 1999; Balmer, Davison &
Bird, 2000;Jeukendrup, Craig &awley, 2000 Lucia, Joyos & @icharro, 2000; Laursen,

Shing & Jenkins2003; Joyner & Coyle, 2008). Whilst this is undoubtedly true, there are
further unanswered questions that remain. New models of endurance performance, such as
the CGM and Psychobiological Model attempt to andvese, and have gone some way

to change the way we think about limitations of endurance performance. Howtnesr
markers such as pain, which are generated during prolonged exercise and are suggested tc
be important for performance, remain largely yslered. The literature review has
attempted to compile the most important studies on endurance performance in pain, to
demonstrate current understanding and highlight areas that remain to be explored.
Consequently, this thesis will seek to further knowtedy this area, by addressing the

following aims in a collection of 5 experimental studies.
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2.1  Purposes andOutline of the Thesis
The overall purpose of this thesis is to examine and establish the importance of EIP on
endurance performancearough 5 noel studies, the thesis will explore ttodowing aims

and hypotheses.

Chapter 3  Experimental 15t study:

Tittle : Tolerance of exercisénduced pain at a fixed rating of perceived exertion
predicts time trial cycling performance.

Aim: To compare the prédive capacity of experimental pain and exercisatliced pain
(EIP) on exercise performance.

Hypothesis: Experimental induction of pain will be a poor predictor of time trial cycling
performance, whereas EIP tolerance will be a strong predictor of tialecycling

performance.

Chapter 4  Experimental 2" study:

Tittle : Task deception using a Mirror Box can influence perceptual measures and

the time-to-exhaustion of an isometric voluntary contraction

Aim: To establish whether deception of exercise thificulty will change pain

response and affect endurance performance.

Hypothesis: Increasing perception of task difficulty will increase EIP and decrease
endurance performance. Decreasing perception of task difficulty will decrease EIP and

increase endarce performance.

Chapter 5  Experimental 39 study:

Tittle : Transcutaneous electrical nerve and interferential current stimulation reduce
exerciseinduced muscle pain and improve time to exhaustion performance

Aims: To investigate whether reducing moeptive afferent feedback at the spinal level
during a sustained single limb, submaximal isometric contraction will reduce pain
perception and improve time to exhaustion.

Hypothesis: Reduced nociceptive afferent feedback will result in reduced pergeared

and an igrease in time to exhaustion.
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Chapter 6  Experimental 4" study:

Tittle: Transcutaneous electrical nerve stimulation inhibits central pain
transmission and limits the development of peripheral muscle pain during cycling
time trial performa nce.

Aims: To establish whether reducing nociceptive afferent feedback at the spinal level
during cycling exercise will improve endurance performance.

Hypothesis: Reduced nociceptive afferent feedback will result in improved endurance

cycling performance

Chapter 7 Experimental 5" study:

Tittle : The effect of compassional hyperalgesia on exerciseluced pain during
endurance cycling performance.

Aims: To examine whether changes in mood will affect pain perception and exercise
performance.

Hypothesis: Negative mood will increase pain perception and reduce endurance
performance. Positive mood will decrease pain perception and improve endurance

performance.
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CHAPTER 2

GENERAL METHODS
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2.0 Introduction

The intention of this chapt is to define and describe the major and consistent
methodologies used in the experimental studies reported in the following chapters. The
particular protocols of the individual experiments are also detailed in the methods section
of each chapter. All da collection for these experiments and all analyses which comprise
this thesis were collected in the laboratories of the School of Sport and Exercise Sciences

of the University of Kent.

2.1 Recruitment and Ethical Approval

Prior to the commencement of eathdy, ethics were approved bye University Ethics
Committeg(University of Kent).Before participating in each study, an information sheet
(see example in Appendix A) was given to the participants, which explained and outlined
the study detailsandegp e of t he par t i thdspudynParscipaniswhoo | v
were interested in participating in the studies then contacted the resemrdhienther
information was given if so required. Prior to use of agyipment or measurements being
taken, participants were required to complete a health questionnaire (see Appendix A).
Those participants who were then interested in participating in the study filled out a written
consent form (see example in Appendix A). The participants were informiedlltdata
would beunidentifiable and that they h#k right to withdraw from the experiment at any
time. Prior to all experimental visits, participantere asked tabstainfrom the ingestion

of alcohol (48h prior), andasked to refrain from anyigorous exercise (24 h prior),
caffeine(8 h prior) and analgesics (gprior) prior to any test visit.u, Lai & Chan, 2008).

All visits were separated by-2 days. All data was collected at the School of Sport and

Exercise Sciences University of Ke

2.2 Pre-test Measurement and Familiarisation

All participants performed at least one familiarisation session of the experimental
procedures performed in each study. This was to help reduce any learning effect and
improve test reliability. In their fitslaboratory visit, all participants were measured for
their height and weight. Height was measured using a stadiometer (Stadiometer,
Holtain Ltd, Crosswell, Crymych, DyfedJK), with the participant being asked to remove
their shoes and stand upright wileels and toes together and their back to the stand.
Participants were encouraged to stand tall and look straight ahead. Height was then

measured to the nearest millimetre. Body mass was assessed hsingrduty Seca
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770floor digital scale(Seca, Hambrg, Germany). Participants removed their shoes and
stood on the scales. Body mass was measured to the nearest 100 g. All participants were
fully familiarised with the rating of perceived exertion (RPE) using the Beg&pj©Borg,

1998) scaleand painscale (Cook et al., 1997), that pain shouldabehored to exercise
induced pain (i.e. numeric values given relative to #vgderience omuscle pain). Details

of scale familiarisation are given in Secti@n. 1 1

2.3 The Validity and Reliability of Data Collection Tools

In measurement and collection of data, the major piecegupppmentusedthroughout this
thesis (including: Velotron, Lode Excalibur, The Metalyzer 3B, Biosen EFK and Polar
RS400) have been shownlievalid and reliable (i.e. consisteneynd accuracyn these

sorts of tests (Sporer & McKenzie, 2007; Weber & Schneider, 2001; Meyer et al., 2001,
Davison et al., 2000; Engstrom et al., 20I})is section will provide detail of these for

the major pieces adquipmenusedthroughout this thss.

2.3.1 Velotron
The Velotron (Velotron, Racermate, Seattle, WA, USA) has been sl taild and

reliable in thesorts of testsised in the studies in this theé&porer & McKenzie, 2007).
The Velotron manufactureeports the followingspecificationsgenerates varide load
range from 5 to 2000 Waccuracy of +1.5% and repeatability of £0.2 % or better, smooth
electronic shifting controlled from handlebar or remote it lever, set virtual gears to

mimic the chaining combinations on any bicycle.

2.3.2 Lode Excalibur

In experimental research, the reliability of the Lode Excalibur (Lode Excalibur, Lode
Medical Technology, Groningen, Theetherlandshas been assessed by Weber and
Schneider (2001). Ithe experimentalstudies in this thesishe Lode Ecalibur was used

to deliver the maximal incremental test to determinenand peak power output PP).

The manufacturereports the followingspecifications; workload range ofZ500 W,
maximum rpm independent constant load of 180 rpm, minimum rpepérdient constant
load of 25 rpm, workload accuracy below 100 W of 2 W, workload from 100 to\A500
accuracy of2 %, and workload over 1508/, accuracy of 5 %, maximum operational
temperature 40 °C, minimum operational temperature 14 °C (minimum temye ait
which the device Wl work within specification).
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2.3.3 The Metalyzer 3B

Using the Metalyzer 3B (Cortex Biophysil
performance can be precisely assessed using parameters such as the maximum oxygen
uptake (VQOmay at amaximum heart rate (HRpeak) and respiratory thresholds. The
MetaLyzer 3B has been tested for validity and reliability by Meyer et al. (20Wis.

device has been reportéml have the following specifications; volume transducer: range:

0.17 12 |/s, resaltion: 7mL, accuracy: 2%, @analyser: range: 035 % Q, t90: 100 ms,
accuracy: 0.1 Vol.%, CPanalyser: range: D 13 % CQ, t90: 100 ms, accuracy: 0.1
Vol.%, temperature sensor: rangg5 °C - +155°C, accuracy: 1° C, and pressure sensor

Type: range2007 1050 mbar, accuracy: 1.8%.

2.3.4 BiosenEFK

The Biosen (Biosen, EFK Diagnostics, London, England) has widely been used to test
blood, plasma or serum to provide lactate and glucose values quickly and precisely in
clinics. Testretest reliability of the Bsen has been established by Davison et al. (2000),
who showed a high level of reliability for this device? €R0.995). This device has been
reported to have following specifications by the manufacturer; finufiial touch screen
display with step bystp i nstructi ons, 20 ¢l bl ood, p
analysis, results in 285 seconds, enzymateanperometric method using cksgnsor
technology, measuring range, glucosei Bb mmol/L (3900 mg/dL); Lactate 0i%l0

mmol/L (5360 mg/dL),imp eci si on: CV O1.5 % (12 mmol /

exchanger design eliminates cross contamination.

2.3.5 Polar RS400

The validity of HR measured by Polar RS400 has been assessed by Engstrom et al. (2012),
with correlation coefficients ranging from3¥ to 1.00. The Polar RS400 has been reported
to have the following technical specifications by the manufacturer; operating temperature:
-10 °C to +50 °C / 14 °F to 122 °F, accuracy of heart rate monitor: + 1% or 1 bpm,
whichever larger. Definition appbeto stable conditions, heart rate measuring range: 15
240.
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2.4 Assessments of Test Performance
2.4.1 The Graded Exercise Tes{GXT)

During the # 39 and %' studies, all participants visited the laboratory prior to the
experimental visits to complete a maximal incremental test to determine thgisa\0©
VO2maxandpeak power output (R&. On a cycle ergometer (Lodex&alibur, Lode
Medical Technology, Groningen, TiNetherlands), participants initially completed-a 5
10 min warmup at 75 W, followed by amcremental ramp protocol which started at 100
W and i ncr eas ¢ dntlkojitiondl@xhanstiénomwitrecadence dropped 5
RPM bel ow t he -splectecadende.Participaté weseajiveh instructions to
rate their perceived exertion (Borg, 1998)tha 620 scale, and to report perceived pain
intensity (Cook et al. 1997) 15 s prior to the ehdaxh stage. Oxygen consumption during
the test was collected through online gas anal@@istex Metalyser 3B, Cortex GmbH,
Lepzig, Germany), and heart rate was recottesugh a telemetric device (Polar RS400,
N2965, Finland). V@naxwas determinetly avisible plateau in oxygen consumption with
a standard increment exercise intensity, at or around the point of volitional exhaustion.

Al l GXTbés conducted demonstrated such a g

2.4.2 Assessments of V&hax

During the % 39 and %' studies,using the cycle ergometer (Lode Excalibur, Lode
Medical Technology, Groningen, Thidetherlands), oxygen consumption and other
ventilatory and gas exchange responses throughout the GXT (VE; MG@IORER) were
collected through online gas analysis by thert€x Metalyser (Cortex Metalyser 3B,
Cortex GmbH, Lepzig, Germany) volume transducer and sample line running from the
Cortex Metalyser were attachedadurbine (Cortex Metalyser 3B, Cortex GmbH, Lepzig,
Germany), which in turn was tightly secure ttaae mask worn by the participants. The
facemask covered the mouth and nose and was available in different sizes. Toachieve
stableseal and ensure a tigfitting mask seal around the face placed in right position, the
experimenter temporarily positied their hand over the turbine while asking the subject
to expire,if themaskis properlyfitted, it would be an airtight seal. The Cortex MetalLyzer
was interfaced to a computer installed with Metasoft software (3B, Cortex GmbH, Lepzig,
Germany). The Metgzer automatically recorded ambient pressure and air temperature
prior to each test. Duringtast,the software continuously captured ventilatory data, which
were subsequently averaged over a 30 s time periods. The MetalMgtasoft interface

also allaved the direct capture of HR data from a polar HR monitor (Polar RS400, Polar
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Electro Oy, Kempele, Finland). All data captured by the Metasoft software were then
exported and stored as an Excel spread sheet.
Approximately one hour prior to testing, the Migzer was calibrated in accordance with

themranuf acturersd® recommendati ons.

2.4.3 Assessmenof Peak Power Output (PPO)

During the # 39 and %' studies, power output was assessed using the cycle ergometer
(Lode Excalibur, Lode Medical Technology, Groremg TheNetherlands) peak power
output was defined as the highest PO averaged over 30 s in the GXT. For instance, as the
GXT started at 100 W and increased by 30 W:farparticipant who terminate cycling

after 10min and 15 s would have B&xof 265 W.Previous studies have been shown that
PQeakis a stronger indicator of endurance cycling performance tham)Qucia et al.,

2001a).

2.5 Assessmenbdf Endurance Performance

2.5.1 Endurance Performance of a 1&Mile cycling Time Trial (TT)

During the #, 39, and %' studies, in order to provide a measure of endurance performance,
on thecycle ergometer (Velotron, Racermate, Seattle, WA), participants were instructed
to work at a sefselected intensity in order to compléte 18mile (16.2km) cycling time

trial (TT) in the fastest possible time. Participants calldnge gear and caigce to vary

their PO, and they could see the distance thegbampleted but were given no information

on performance or physiological parameters @@. HR, time elapsed). Participants were
asked to report RPE and perceived pain every Anfingertip sample of blood was
acquired every 4«m for analysis for blood lactancentration (B[L3] If participants
required a fan, it was placed in a standardised position in front of the them during the entire
duration of the endurance performance of a-kénlcycling time trial. Participants were

given al0-min cooldown following completion at a sedelected intensity.

2.6 Assessmenbf Mood Questionnaire (MQ)

During 3% and %" studies, The Brunel Mood Scale (BRUMS) was used in order to identify
thepartictpbant s6 mood prior to and follow the
Terry et al. (2003) to measure current m
following the experimental tasks. This questionnaire has been adapted to cleatera

24 items (e.g., ARangry, uncertain, mi ser
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subscales: confusion, tension, anger, fatigugour and depression. The items are
answered on &-pointscale (0 = not at all, 1 = a little, 2 = modergté = quite a bit, 4 =
extremely), and eacbubscalewith four relevant items, can achieve a raw score in the

range of O to 16.

2.7 Assessmenbf Blood Lactate Concentrations [B(La)]

10 ¢l sampl es of capillary bl oo gantwferr e t
measurement of blood lactate concentrations (Biosen, EFK Diagnostics, London,
England). The site was first cleaned with an alcohol swap and allowed to dry. The thumb
was then punctured using an automated instrument (Hemocue, Angelholm, Sweden),
which inserted a sterile needle to a depth of 2.25 mm. Gentle pressure was then applied to
the thumb tip, the initial blood wiped clear aagdample of arterialised whole blood (25
eL) was collected in a heparinisédoodube
lactate concentration was measured during RPE clafhgtidly), fixed power (8 study)

every 2minutes, and every kilometre during endurance performaingd 6.1km cycling

time trial (£, 39, 5" studies).

2.8 Assessmenbf Perceptual Parametes

2.8.1 Assessmenbf Rating Perceived Exertion(RPE)

Perceived exertion was measured during the incremental te2415" studies), RPE
clamp (#' study), fixed power (8 study) every 2minutes, for the time to exhaustion tests
every 30 s (% study) anl every 45 s (4 study) and for endurance performance of a-16.1

km cycling time trial (%, 3¢9 5" studies) every kilometre using the 15 points RPE scale
(Borg, 1998) as shown ifrigure 2.6 Standardised explanations of the scale were given to
each paicipant in the first visit of each study prior to the waum Briefly, participants

were asked to rate how much effort was required to drive the limb/s. Standardised

instructions for the RPE scale were given to each partic{paatAppendixXC).

2.8.2 Assesment of Exerciselnduced Pain (EIP)

Exerciseinduced pairwas measured during the incremental t#%t3¢, 5" studie$, RPE
clamp (F!study), fixed power (8 study) every 2minutes, for the time to exhaustion tests
every 30 s (! study) and every 48 (4" study) and for endurance performance of a-16.1
km cycling time trial {3, 39, 5" studie$ every kilometre using the Cook scale (Cook et

al., 1997) as shown in figuré&.6. Standardised instructions for the scale were given to
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each participant ithe first visit of each study prior to the waum. Briefly, participants

asked to rate the feelings of pain and discomfort, and not to report other pains they may
have experienced (e.g., seat discomfort). Participants were also asked to not useghis rati
as an expression of perceived exertion. Standardised instructions for the scale were given

to each participar(see AppendiX).

50



CHAPTER 3

EXPERIMENTAL 1 s*tSTUDY

51



Tolerance of exercisanduced pain at a fixed ratingof perceived

exertion predicts time trial cycling performance

Ali HY. Astokorkit, Alexis R. Maugelr

1 Endurance Research Group, School of Sport and Exercise Sciences, Faculty of
Science, University of Kent, Chatham, UK

Published irfScandinavian jomnal of medicine & science in sports
Accepted for publication 19 January 2016
DOI: 10.1111/sms.12659

52



. ABSTRACT
INTRODUCTION: Pain has long been linked to success in sport and it igeegfnised

that intense and repetitive musculantraction, which is consistent with endurance

perf or mance, -icnaduusceegDaidpeakieroltyns 2014; Mauger et al.
2010). Pairhas an important role in protecting the body from damaging stimuli through
avoidance behaviour, and so pain dgrexercise may contribute to task disengagement or
reductions in work rate that are manifest
Therefore, pain tolerance (the maximum level of perceived pain someone is able to
tolerate) and threshold (thevel at which a stimulus is initially perceived as pain) may be
significant factorsn successful endurance performantherefore, the purpose of this
studyis to compare the predictive capacity of experimental pain and exeioheckd

pain (EIP) on exercise performandETHODS: Thirty-two recreationally activenale

(n=23) and female (n=9) participants were recruited. Participants completed measures of
pain tolerance by cold pressor test (CPT), pain pressure threshold via algometry (PPT),
and EIP tolerance using an ReEmp trial. A VOmaxtest provided tratibnal predictors

of performance (V@nax gasexchange thresholdGET), peak power output (PPO)).
Finally, participants completed a 1&fn cycling time trial (TT). RESULTS: No
correlation was found between experimental pain measures (CPT, PPT) and TT
performance. However, there was a significant correlation betwi€etolerance and TT
performance (R =0.83, p < 0.01). Regression analysis for pain and physiological predictor
variables (mean pain in CPT, PPT, EIP tolerance;¥9PPO, GET) revealed that a
significant model (p < 0.01) emerged when only PPO (AdjuRt&tjuare = 0.739) and

EI P tol erance ( PR Supeda to eprediet TD .perférehance. we r
CONCLUSION: These findings suggest that EIP tolerance is an important factor in
endurance performance. However, PPT and CPT have limited ability to assess this

relationship, and so their use in EIP resealadukl be treated with caution.

Keywords: Fatigue; Exercise; Perceived Exertion; Pacing
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II. INTRODUCTION

The physiological determinants of endurance performance are well established, with

maximal oxygen consumpn (VOomay, the secalled dactate thresholdland energetic
exercise costs (economy) considered the most important (J&yBeyle, 2008). Whilst

these factors are critical to a successful endurance athlete, the sole focus on physiological
mechanismgnores the fact that work rate regulation (pacing) is ultimately controlled by
the brain (Ulmer, 1996). Consequently, perceptual markers, such as rating of perceived
exertion (RPE), have been suggested to be equally important as traditional physiological
components (Tucker, 2009), or even in some cases, the sole determinant (Marcora, 2010).
However, whilst the recognition that effort perception is integral to endurance performance
iIs an important step forward in providing a more holistic understanding oframzk
performance, there are other perceptions generated during intense exercise that may also
be involved. Pain has long been linked to success in sport and it isea@ijnised that
intense and repetitive muscular contraction, which is consistent entfurance
perf or mance, -icnadwsceesd Q@eaxi enréc& (&kynP2014,(Maagern e ¢ k
et al, 2010). Pain has an important role in protecting the body from damaging stimuli
through avoidance behaviour, and so pain during exercise may contribuéeskto

di sengagement or reductions in work rate
strategy (Mauger, 2014). Therefore, pain tolerance (the maximum level of perceived pain
someone is able to tolerate) and threshold (the level at which a stimulisiaklyi
perceived as pain) may Bgnificant factorsn successful endurance performance.

Although pain is a universally recognised perception, it is lesskmellvn that different

types of pain are sensed and processed very differently. Indeeds paow generally
classified into three basic groups: neuropathic, inflammatory, and nocicdpamadcker

& Koltyn, 2014;Ellingson et al.2014), each of which may arise from different stimuli,

may be perceived differently, and so exert a differentaresp. This is important because

the widely accepted definition of pain suggests that it is ultimately a subjective sensation,
which is largely independent of the level of present or impending tissue damage (Olesen
et al, 2012). Whilst several studies hawveestigated the relationship between pain and
exercise, many of these have tended to use experimental pain, such as thermal pain (e.qg.
the cold pressor test) (for example; Janal el@P4; Ruble et 812005) and pressure pain

(via algometry) (for exaple; Cook et a).1997; Vaeter et gl.2015) to test their
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hypotheses. Despite these techniques having excellent validity and reliability in studies of
clinical pain, they inadequately represent the aetiology of EIP, and thus will likely be
processed angacted to very differently (Olesen et @D12). Exercisenduced pain likely

arises from the buildip of a variety of noxious biochemicals (including; serotonin,
bradykinin, histamine, potassium, hydrogen ions, adenosine, prostaglandins, and substance
Pcombined wi t h i ncreased i n &rCooku 59690 | ar
Consequently, in order to test the relationship between the tolerance of pain during exercise
and endurance performance, it is important to replicate the type of pain that isecdnsist
with EIP. Because EIP might provide important perceptual information that informs the
exerciser whether to elect to stop exercising or increase or decrease thenmat@ork
(Mauger, 2013 valid data that establishes this relationship may be of usexércise
practitioners looking to improve adherence to exercise routines and for coaches looking to
educate and improve the performance of their athletes.

Therefore, the purpose of this study was to assess the relationship between traditional
experimentameasures of pain (the cold pressor test (CPT) and algometry), EIP tolerance
and partici pant s 6kmpyelingftime tmehlhveae hymothesized thaé . 1
experimental induction of pain would be a poor predictoinoé trial cycling performange

whereas EIP tolerance would be a strong predictomef trial cycling performance

.  MATERIALS AND METHODS

Participants

Thirty-two recreationally active male (n=23) and female (n= 9) participants who exercised
regularly (3 h or more per week) were rated for this study. None of the participants
were trained cyclists. The participantso
173.9 £ 10.1 cm and 73.2 £ 14.6 kg, respectively. Prior to participation in the study, an
information sheet was giventioe participants stipulating what they were asked td de.
participants were informed that all data would be unidentifiable and that they had the right
to withdraw from the experiment at any time. Following this, they were asked to complete
the inclusioriexclusion criteria checklist followed by an informed consent form
Participantsver e excluded from the study if they

I and Il), cardiovascular disease, open cuts on their hands or any bleeding disorders. All
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participants provided informed consent before volunteering for the study and the research
was approved by the local Ethics Committee (University of Kent). Before all experimental
visits, participants were asked to refrain from any vigorous exercise 24 hourogher
laboratory visits, and asked to refrain from the ingestion of alcohol, caffeine and analgesics
48 h, 8 h and 6 h prior to any vigltu, Lai & Chan, 2008)Participants reported to the

laboratory on three separate visits, each separatedlmags

Procedures

After a separate familiarisation session of the experimental pain procedures and RPE
clamp test, in their first visit participants completed an assessment of pain tolerance using
the cold pressor test (CPT) and pain pressure threshold ¢rPalgometry. Following

this, participants undertook an assessment of aerobic capacity by completinglzsgde
VO2maxtest. Finally, participants undertook a familiarisation of the endurance performance
test by completing a seffaced 16.4&km cyclingtime trial (TT). Pain tests were separated

by 30min and exercise tests separated by to allow recovery. During the second
visit, participants performed a previously described RPE clamp trial (Tucker et al. 2006)
on a cycle ergometer. During thedirvisit, participants completed a final performance
16.2-km TT.

VO2max Test (GXT)

On a cycle ergometer (Lode Excalibur, Lode Medical Technology, Groningen, The
Netherlands)participants initially completed afin warmup at 75 W, followed by an
incremental ramp protocol which started at 100 W and increased b 20min™ until
volitional exhaustion or when <caden-ce dr
selected cadenc®articipants were given instructions to rate their perceived exertion
(Borg, 1998) on the &0 scale and to report perceived pain intensity (Cook ,e1397)

15 s prior to the end of each sta@xygen consumption during the test was collected
through online gas analysis (Cortex Metalyser 3B, Cortex GmbH, Lepzig, Germany), and
heat rate was recorded throughtelemetric device (Polar Electro, N2965, Finland).
VOmaxwas determined by a visible pl ameau i
1 with a standard increment in exercise intensity, at or around the point of volitional

exhaustion.
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Cold PressorTest (CPT)

Participants were assessed for pain tolerance mgus CPT. This test involves the
participant submerging their hand in iced water maintained betw2eé&0leading to the
stimulation of the sympathetic nervous system and a high level of pain. Participants were
asked to keep their hand in the iced wédeas long as they could tolerate, although a cut

off time of 7min was imposed, which was unknown to the participant (Angius et al.
2015). During thammersion, theparticipants reported their pain perception using the
Cook numeric pain rating {00) sale (Cook et al.1997). They remained seated
throughout the test, which was conducted in a private room with no interference or
interaction from the investigator. Before undergoing the CPT, hot/cold sensation tests were

completed to ensure the participaould distinguish between hot and cold.

Pain PressureThreshold (PPT)Test

Participants were assessed for PPT using a pressure algometer (Force Dial FDK, Wagner
Instruments, CT, USA}hree times, alternating between both thighs using a probe of 1 cm
diameter. For the assessment of PPT, participants lay in a supine position and were
instructed to report a change in sensation from pressure to weak pain. Force was applied
and gradually increased (3 N/émer s) to the middle part of the rectus femorisoth

legs. The rubber footplate of the algometer was held perpendicular to the muscle and the
display turned away from the participant. This process was repeated three times for each
leg. The average of the two nearest force values for each leg wasckasrthe PPT for

that limb. The mean of the PPT scores for the two legs was recordedpasithet i c i p an

pain threshold.

RPE Clamp

Participants were instructed to exercise on the cycle ergometer (Veltron, Racermate,
Seattle, WA) at a power output (P@gt was perceived by them to represent an RPE of

16 which corresponded to the verbal cue
previously (Tucker et 312006). Participants were required to ride continually at an RPE

of 16 and to adjust their@ so that this perceived effort was maintained. Pilot testing
demonstrated this protocol to produce increases in perceived pain over time, despite the

fixed rating of perceived exertion. The PO measured during the {insh ®f the trial was

57



averaged angpr ovi ded the o6initial POG. The RP
participantsdé PO dropped to | ess,2008.an 7
Participants provided a pain perception score (Cook e1297), which was recorded

every 2minutes andit the end of the trial.

TimeTrial (TT)

Participants completed a 16in TT on the cycle ergometer (Veltron, Racermate, Seattle,
WA), as previously described (Mauger et 2010). Briefly, participants were required to

cycle 16.1km as quickly as thegould, and were not provided with any feedback other
than distance completed. Participants were asked to provide their RPE and perceived pain
after every km completed. After every 4 km, a fingertip sample of blood was taken to
assess the concentrationbbdod lactate.

Statistical Analysis

All data are reported as means + SD. Statistical assumptions were checked for linearity,
multicollinearity, additivity, independence, homoscedasticity and normality, and accepted
unless otherwise stated. The highest;\&Dthe end of the V& axtest was recorded as
VO2max and the highest sustained PO in thexMQtest was recorded at the peak power
output (PPO). Gasxchange threshol@ET) was calculated from the \deuctest gas data

using the Vslope method (Wasserman et al. 1994). The pain reported on the termination
ofthe RPEC | amp test was recorded BngRPEWasthp ar t i
highest RPE reported in theX@. The relationship between the physiological parameters,
experimental pain tests, EIP toleraf€ad-RPE and TT were established using a Pearson
Bivariate twaotailed correlation. Hierarchical regression analysis was used to assess the
predictive capacjt of the physiological parameters (Yx PPO, GET) on TT
performance, and following this, stepwise multiple linear regression was used to determine
the predictive value of experimental pain (time lasted in CPT, mean pain in CPT, PPT)
EIP toleranceand End-RPEon TT performance. Finally, the significant predictors from

the pain and physiological parameters were entered into a hierarchical multiple linear
regression analysis to assess their predictive capacity of TT performance. All data

management and sigtical analysis was performed using the statistical package SPSS for
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Windows, PC software, versior2 ZSPSS Inc., Chicago, IL, USAJhe apha value was
set at P <0.05.

V. RESULTS

All group mean values are reported in TaBle . Par ti ci p aiologisabandp a c i |
perceptual responses during the TT are displayed in F3gu&3,4,5 Correlation analysis
revealed significant (p < 0.01) relationships between TT completion time apahM
=-0.816,P < 0.001), PPO (R =0.864,P< 0.001), GET (R =0.454,P = 0.009) End-RPE

(R =-0.736,P< 0.01)and EIP tolerance (R 6.833,P < 0.01). There was no correlation

(P> 0.05) between measures of experimental pain and TT performance (mean pain in CPT,;
R = 0.222;time lasted in the CRR =-0.292;PPT;R =-0.016), which are displayed in
Figure3.2. Correlation analysis demonstrated significd (0.01) relationships between

EIP tolerance and GET (R = 0.483< 0.01), VQmax(R = 0.770P < 0.01) and PPO (R =
0.757,P< 0.01).
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Figure 3.1 Correlatbn between time trial completion time and combined limb pain pressure

threshold (R = 0.016, P > 0.05).
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Figure 3.2 Correlation between time trial completion time and time lasted in cold pressor test

(R=0.292, P > 0%).
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Figure 3.3 Correlation between time trial completion time and mean pain score in cold

pressor test (R = 0.222, P > 0.05).
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Figure 3.4 Correlation between time trial completicdime and exercisenduced pain
tolerance (R = 0.833, P < 0.05)
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Figure 3.5 Correlation between time trial completion time ar{d) end rating perceived
exertion (R =0.736 P < 0.05).
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Hierarchical multiple regressiofor physiological parameters (Mg GET and PPO)
revealed that a significant model emerged, 6 = 88.586,P < 0.01) when only PPO was
used to predict TT completion time. PPO explained 74.7% variance (R Square = 0.747,
Adjust ed R SqS&gaaree 0.747,(30 7 BBJ6P 01, Beta = 0.864).

Stepwise regression for pain predictor variables (mean pain in CPT, time lasted in the CPT
PPT, EIP tolerangeandEnd-RPE) revealed that all variables with the exception of time
lasted in ®T and EndRPEcontributed to a predictive model. EIP tolerance predicted TT
completion time and explained 69.4% variance (R Square = 0.694, Adjusted R Square =
0. 684, PR S g yw ayr=68.075P0.0.619 Beta =M.833), PPT explained

additorm! 4% variance (R Square = 0.040, Adj L
PF@a 29 = 4.390,P = 0.045, Beta = 0.886), and mean pain in CPT also explained
additional 4.4% variance (Square = 0.044,

Pk, 29 = 5.543,P=0.026, Beta =0.881). Therefore, EIP tolerance, PPT and mean pain

in CPT explained 77.8% variance in TT completiome.

Hierarchical multiple regression for PPO, EIP tolerance, PPT and CPT revealed that a
significant model emergednty when PPO and EIP tolerance were used to predict TT
completion time. PPO explained 74.7% vade (R Square = 0.747, Adjusted R Square =

0. 739, mR Squpd* &.58P00.01,8&ta = 0b47), and EIP tolerance
contributed an additional 7.5 % variance (R Square = 0.075, Adjusted R Square = 0.810,
PR Squar e @29 01222T7P5=,0.00p MBeta =0.419). Therefore, PPO and EIP

tolerance explained an overall 82.2% variance in the model.
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Table 3.1 Group mean values across all pain and exercise tests

Vari abl e Mean N SI
VQ,.mL/ kg/ min) 48 N 8

Anaerobic(Whreshol d 146 N 43
Anaerobic Threshold (mL.30 N 6

Peak Power Output (W) 252 N 66
GXT RPE 16.43 N
GXT #®Hrad n 6. 43 N 2.
Mean pain in CPT 6. 06 N 1.
Ti me |l asted in CPT (min4:49 N 2:
Pain Pressure Threshold 76 N 29

RPH acmp time to exhausti28: 35 N

Tol erance of Exercise 117.23 N
RPE clamp mean pain 5.16 N 1.
RPE c¢clamp mean Power Ou 1714 7N
Time trial,(melakhgN®i n) 39 N 7
Time Trial mean Power 01188 57
Time trial end blood |l a9.69 N 2.
Time Trial mean pain 4.62 N 1.
Time Trial end pain 7.25 N 2.
Ti me Trial mean RPE 14.8 N 1.
Ti me Trial end RPE 18.1 N 2.

Time trial completion ti31:11 N ¢
RPE, rating of perceed exertion; CPT, cold pressor test.
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Figure 3.6 Rating perceived exertiorprofile during the 16.tkm cycling time trial
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Figure 3.7 Exerciseinduced pairprofile during the 16.1km cycling time trial performance.
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Figure 3.9 Blood lactateprofile duringthe 16.1km cycling time trial performance.
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V. DISCUSSION

The primary aim of this study was to examine the relationship between pain tolerance (CPT

duration), pain threshold (PPT), EIP tolerance and cycling time trial performance. The
primary and novel finding was that tolerance of EIP explained considerably more variance
in cycling TT performance than pain threshold and tolerance assessed thraugbtatg

and a CPT (respectively). Therefore, participants who were willing to engage in greater
amounts of pain during fixed effort exercise were gdlyeaale to produce faster 16Kin

times. This is an important finding, as traditional measures of plairahce and threshold

(such as algometry and the CPT) are often used to inform discussion on the tolerance of
the pain arising from intense exercise. As the results of the current study show that these
traditional pain measures explain little varianceendurance performance (compared to
tolerance of EIP), it suggests that the importance of a high pain tolerance to endurance
performance may have been previously underestimated. This novel finding demonstrates
the need to use experimental pain measureshafeiplicate the aetiology of EIP when
investigating the role of pain arising from intense exercise. This is further reinforced by
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the observation that when combined with physiological predictors of endurance
performance (V@nax PPO, GET), only PPO and Eidlerance could explain the variation

in TT performance. This infers that battierance of EIRand physiological parameters
need to be taken into account when explaining endurance performance.

The current study is the first to directly use EIP toleram&ea predictor of endurance
performance and to demonstrate the importance of using an appropriate method for pain
induction in exercise/pain studies. Our data shows that pain tolerance (mean pain in CPT)
during a CPT and pain threshold (pressure correspgrid weak pain) via algometry
explain only limited variance in endurance performance (4.4% and 4% respectively),
which is striking given the variance explained by EIP tolerance (69.4%). When combined
with the physiological performance parameters, CPTR#iT had no predictive capacity,
whereas EIP was still able to explain an additional 7.5% variance after PPO had explained
74.7% variance in the model. This demonstrates that the method used to induce
experimental pain should replicate the type of paireggpced as closely as possible, and
may partly explain the lack of agreement in previous research that attempts to explain the
relationship between pain and exercise performance. Although the method of inducing EIP
in the current study is a stéprward n quantifying its role in endurance performance,
developing an experimental pain model which replicates EIP in resting conditions is still
important. Although some studies have achieved this through the use of intramuscular
saline injection (Khan et a2011) or biochemicals (Pollak et &014), these studies are
limited and there still remains a need to apply this technigue to vidoolg exercise.
Perception of pain is generally assessed in research through the use of thermal, pressure
and electrical stuli to promote an algesic response. Consequently, it is these methods
which have usually been applied to studies that examine the relationship between exercise
and pain (Ellingson et aR012; Janal et al1994; Ruble et al2005; Vaegter et al2015.

This may have misrepresented the importance of EIP, as the pathway between nociception
to pain perception is a hugely complex process, and different types of painful stimuli
follow different processing pathways and consequently evoke very differeminsesp
(Olesen et al.2012), as our data supports. This is one of the key reasons why particular
analgesics are more effective in treating different types of pain. Pain arising from intense,
repetitive and rhythmical movement, which is consentient withuexmte exercise, is

likely produced through a combination of increased intramuscular pressure, release of
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noxious metabolites and deformation of tissue associated with muscular contractions
(Ellingson et al.2014). Thus, in order to adequately examinertihe of EIP in exercise
performance, the experimental pain used should try to emulate the environment and
aetiology of EIP as closely as possible. Therefore, whilst algometry may be a useful means
to assess specific hyperalgesia of muscles (for examplelayed onset muscle soreness
(Close et a].2006) and fibromyalgia (de Carvalho et, &012)), it does not adequately
represent EIP, and thus, we recommend that its use in the assessment of this phenomenon
should be avoided. The mechanisms causing ¢neeption of pain during a CPT are so

far removed from the sensation of EIP (Olesen et al. 2012), that its use is also questionable
when assessing the rolepHin in exercise performance.

It has previously been suggested that the tolerance of EIP ngpantant prerequisite for
endurance performance (Mauger, 2013, 2104). Whilst this notion issumgborted
through interviews with athletes and coaches (K&&tatler, 2007), given the emphasis
placed on this parameter there is comparatively little eogpievidence to convincingly
substantiate these beliefs. Whilst studies have been able to demonstrate that EIP is
proportional to exercismtensity (Cook et al.1997), and that using an intervention to
reduce pain (such as caffeine or paracetamol)moprove exercise performance (Astorino

et al, 2011; Astorino et al.2012; Foster et gl2014; Hudson et al2008; Jenkins et al.

2008; Mauger et al., 2010, 2014), the design of these studies generally mean that whilst
performance can be improved, difaces in pain between conditions are masked (i.e. not
different). This may be because participants regulate their intensity based on their pain
perception (Mauger, 2014), but therein lies an assumption that the intervention has elicited
analgesia, and th# is this analgesia which has allowed an improved performance. This
inference is further questioned by studies which employ an analgesic intervention which
elicits no change in pain or performaricea common finding when aspirin and dietary
ginger are ged (Black& O6 Connor 200dk 8t,al. 1290; Hodson et gl2008).
However, studies which increase pain during exercise through intramuscular saline
injections (GravelNielsen et al. 2002; Khan et al. 2011) and muscle damage (for example
Black & Dobson, 2013) have shown that performance is decreased, thus providing further
support for the notion that pain perception influences exercise performance. A recent study
(Gonglachetal2 015) wused-cd ampwe lex@paiirse t rsical t

effect of caffeine on exercise performance, and further substantiates this view. The use of

68



the painclamp in this study (Gonglach et,#015) provides more direct evidence that a
reduction in pain can lead to an improved endurance performance. dduste the
methodological constraints of previous studies, the majority of the literature is supportive
of the concept that pain tolerance is an important@geisite to endurance performance.

To our knowledge, the data from the current study is theté meaningfully quantify this
relationship, and shows thtlite recreationally active in this stuggrticipants who were
willing to engage in greater amounts of pain in a separate exercise trial exhibited better
performances in the TT. The linear r@aship between perceived pain and woate

(Cook et al. 1997) likely underpin this observatidnf higher work rates produce greater
levels of pain, then for a faster completion time an athlete must be willing to endure
significant amounts of pain inrder to maintain competitive work rates. For the athlete
who will not or cannot endure higher levels of pain, they must adhere to lower work rates
in order to prevent pain from progressing to intolerable levetsthe current study,
participants with wage TT completion times were apparently unwilling to maintain
sufficiently high PO in the RRElamp because they could not tolerate the pain that this
would induce. Although changes in work rate during-palfed exercise may be partly
regulated by pain peeption (and therefore performance predicted by pain tolerance), the
relationship between pain and performance is likely more complex than this. Indeed, it
appears that analgesia may only be effective during less painful exercise (Gonglach et al.
2015), ad that complete analgesia negativatiectsthe pacing response (Amann et al.
2009). Therefore, it may be that pain is used to help regulate pacing during exercise (in
addition to a host of other variables), but that this regulation is overly congersathat

higher levels of peripheral fatigue could b&etated (if pain were reduced).

When traditional predictors of endurance performance (0 GET, PPO) were
combined with the significant pain threshold/tolerance predictors (EIP tolerance, #PT an
time lasted in CPT) in the regression analysis, only PPO and EIP tolenarsee as
significant contributors to predicting TT performance. This observation supports the notion
that both physiological and psychological components should be accounted for i
endurance performance. The factors affecting endurance performance have been well
argued (Joynes Coyle, 2008; Marcora, 2010; Tucker, 2009), but perhaps the most widely
accepted is that of Joyner and Coyluee8s (2

solely physiological parameters to predict performance. Clearly, these factors are integral
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because they provide the | imits of the bc
explain dayto-day variation between performances, variation betweéividuals with

similar values, and changes in velocity within a race (when even pacing is the optimal
strategy). Tolerance of EIP and pain perception during exercise may help explain these
issues, because these traditional performance parametesis4V&ET, PPO) will partly
determine the size of the nociceptive signal for a given velocity. Indeed, EIP arises as a
result of the builtb p of noxi ous bi & Cdolk PN @mBnedwdd Co n
increased intramuscular pressure, and the point at whishncreases significantly is
partly dependent on the transition from steathte to norsteadystate exercise. This is
because many of these noxious biochemicals are produced when energy is derived from
anaerobic sources. However, it is wiatlown tha perceived pain is ultimately a subjective
experience, which is not always dependent on the size of the nociceptive signal. Therefore,
whilst the physiological parameters of endurance performance may dictate the peripheral
conditions for pain, how this igerceived and acted on by the athlete will depend on a
multitude of other psychological and perceptual factors (K&sStatler, 2007). This
suggests that endurance performance is not solely a product of the peripheral factors of the
Joyner and Coyle (2@) model (which may dictate the state of the peripheral muscle for

a given velocity), and that the pain and discomfort arising from the interpretation of the
intramuscular environment (and its effect on decision making) should be recognised.
However, it slhuld be stated that in the current study, peak power output still explained
the greatest variance in TT performance (~75%), with tolerance on EIP pain explaining an
additional 7.5%. Therefore, the contribution of EIP tolerance to the endurance performance
model (for the participant group for this study) is 10% of that explained by traditional
physiological factors. Consequently, physiological capacity is still of primary importance

in explaining endurance performance, although the current data suggesifiea, st
nonetheless important role for EIP tolerance. Indeed, in the current study, for a participant
in the upper part of the third quartile for TT completion time, performance variation
explained by EIP tolerance could be sufficient to move tiothe upper second quartile.

It is important to note that the participants in the current study, whilst recreationally active,
were not trained cyclists. It has previously been suggested that physical activity (Ellingson
et al, 2012) and regular, specifendurance training (Scoft Gijsbers, 1981) decrease

pain perception. Therefore, the variance in endurance performance explained by EIP
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tolerance in this study is likely specific to the participant population and should not be
assumed to be similar in tread or highly trained individuals. However, none of the
previous studies investigating the differences in pain perception between untrained and
trained individuals have used EIP as a measure of experimental pain, and as previously
discussed, this limits éhunderstanding of this pain/exercise relationship. Indeed, the
relationship between pain threshold/tolerance and training appears complex, with exercise
training appearing to improve pain tolerance in some tests (e.g. CPT) but not others (Janal
et al, 1994). Therefore, future research should seek to further explore the influence of
training on pain perception, using an experimental pain model that replicates EIP.

The lack of previous research discussing the role of pain in exercise performance may be
due to the type of exercise task traditionally used in exercise science. In addition, sensation
of pain is often measured and discussed as part of perception of effort and fatigue (Sgherza
et al, 2002), and this may have affected wider understanding afpéeific role of pain.

Until relatively recently, research investigating fatigue and perception of effort has tended
to rely on time to exhaustion and fixed intensity tests (Mauger, 2013). However,
contemporary research has started to usepsekd exeise models, which can elicit a
different response and is more applicable to exercise performance (than fixed work rate
models). In the current study, it is interesting to note that the end pain scores reached in
the RPE clamp trial (where PO was free toyyaand the selpaced TT were very similar

(7.23 £ 2.02 and 7.25 * 2.24 respectively), and that the end pain in W3t (where

PO was externally controlled) was much lower (6.31 + 2.70). This is a similar observation
to previous pain studies (Cloet al. 1997), where relatively low pain responses were
reported for fixed intensity exercise of moderate intensity and for a maximal incremental
test. Therefore, it may be that the nature ofpatfed exercise provides conditions where

the athlete is db and/or willing to reach considerably higher levels of EIP in comparison

to fixed intensity exercise. Therefore, the importance of EIP with respect to performance
in fixed intensity exercise may be different to that of-pal€ed performance, and thus it
importance may have been previously underestimated. Future research should seek to use

self-paced exercise models to examine the effect of pain on endurance performance.
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Vl. CONCLUSION

This study demonstrates that EIP plays an important role in modienatgon endurance
performance for recreationally active participants, and that a high tolerance for EIP
provides an important performance advantage. Because the magnitude of perceived pain
depends on a host of factors, not always related to the size nbticeptive stimulus, it

Is important that psychological performance parameters (in this case pain), are considered
alongside the physiological. When assessing pain threshold and tolerance, it is important
to account for the aetiology of the pain type tlais has consequences for its perception.
Therefore, when examining the paarercise relationship, induction of experimental pain
through the CPT and algometry should be avoidedhiasbeatrlittle relevance to EIP.
Consequently, future studies loogito investigate the role of EIP should try to replicate

the correct aetiology of pain as closely as possible.
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. ABSTRACT
INTRODUCTION: Ramachandran's mirror box technicuss previously been used to

treat pain arising from clinical conditions, by creating an illusion of a hidden limb. We
sought to use this technique to deceive participants about the difficulty of an exercise task,
to examine whether this deception woulddarate exercisenduced pain (EIP) angiting

of perceived exertiofRPE), and whether this would influence endurance performance.
METHODS: 42 participants were allocated into a Control (No Mirror) and Experimental
(Mirror) group. In the first experimentaisit, all participants performed three separate
isometric elbow flexiontasksof 20% of their one repetition maximum (1RM) until
exhaustion in both arms simultaneously. In the second visit, participants in the Control
group repeated the same task ad \lisParticipants in Experimental group performed the
same task but with their arms in a mirror box, and unbeknown to the participant, @in two
the tests the hidden arm lifted 15%1RM and 25%1RM. Time to exhaustion, RPE and EIP
was recorded for each of thests.RESULTS: The deception of task difficulty in the
Experimental group led participants to produce significantly longer times to exhaustion
when they thought the task was easier than it was, and significantly shorter times to
exhaustion when they thght it was harder than it was (Fa0)= 4.293, P = 0.045)The
ANOVA revealed a significant main effect of condition for EIP during the TTE tegt (F

40)= 8.736, P = 0.005), and a significant interaction effect of EIP between groups for each
time condtion were observed (ki40= 7.163, P = 0.011)The ANOVA revealed a
significant main effect of condition for RPE during the TTE test (k)= 33.403, P <
0.001), and a significant interaction effect of RPE between groups for each time condition
(F @,40= 13.367, P < 0.001)-his was accompanied by significantly higher EIP and RPE
when they thought the task was harder than it was, and significantly lower EIP and RPE
when they thought the task was easier than it V@BNCLUSION: This study
demonstrees that expectations about task difficulty and its associated perceptions
influence subsequent performance. These findings show that EIP and RPE were partly
based on the expected task, and exercise performance was positively or negatively

impacted by theleception.
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II. INTRODUCTION

Ramachandran's mirror box technique (Ramachandran and Hemechandran and

Cobb, 1996) is a promising intervention that is commonly used to treat hemiparesis
following stroke, phantortimb pain, and complex regional pain syohe. It can also lead

to better motor outcomes, and it is reported to have analgesic benefits on intractable pain
conditions (Ramachandran & Altschuler, 2009). The technique involves participants
viewing one limb (for examplethe left arm) and a reflectn of it in the mirror, thus
creating the illusion of viewing both arms, despite the fact the participants only see the
reflection of their left arm in the mirror. How the mirror box is capable of treating both
acute and chronic pain conditions is the eratif debate, largely because the processing

of pain throughout the brain is complex and involves multiple primary and secondary
regions. Indeed, brain functional imaging of neuronal activity has identified that multiple
brain regions are modulated andieatied by nociceptive stimuli (Price, 2000). However,
some nociceptive regions remain unknown and often processing involves several non
nociceptive activations which reflect secondary processes, such as anticipation, attention,
affect, and cognitive aspecof pain perception (Buchel et,£2002; Coghill et a].1999;
Derbyshire et al.1997; Rainville et a).1997). One area of primary importance is the
insular cortex, which sustains many connections throughout the brain network, including
the primary andsecondary somatosensory areas: auditory, visual, motor cortical areas,
several thalamic nuclei, amygdalae, basal ganglia (BG), anterior cingulate, prefrontal
cortex, and hypothalamus (Black, 2012; Augustit@96; Mesulam & Mufsonl1982).

This demonstratethe complex nature of pain processing and the different conscious and
subconscious components involved in the ultimately subjective experience of pain
perception. It is likely that the mirror box is capable of attenuating pain through its effect
on the nirror neurons, which are present in cerebral cortical areas of the human brain, and
form a section of a complex network that is required for visual information (Rizzolatti &
Craighero, 2004). The neurons in the temporal, occipital, frontal, and paresdal (#nat
contribute to the mirror neurons) in the premotor cortex (lacoboni et al., 2005) are
responsible for the assembly of visual and motor sensory system information and thus may
play a vital role in pain as a perceptual and affective phenoménisrsuggested that in
amputees, phantom limb pain can be caused because after amputation the motor output

still perceives the limb to be present, but proprioceptive and visual inghgesnfrom the
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amputated area. This incongruent information processig lead directly to pain, and
indeed, even in healthy n di v ilimlu pain scén be induced when incongruent
information is presentedcCabe et al., 2005)The mirror box essentially works by
rectifying the incongruencef the visual and sensory input bgeating an illusion of the
missing limb. These studiedemonstratehat a mirror box is capable of creating (or
rectifying) anincongruent environment between expectation and reality.

Intense and repetitive or prolonged muscular contraction produces tabahe
environment in and around the muscle that sensitises and stimulates peripheral nociceptors.
The consequence of this is that prolonged exercise causes a level of discomfort and pain
that is proportional to exercise intensity and/or exercise dur§@ook et al, 1997).
However, in most exercise scenarios there is a host of external factors, independent of the
metabolic environment in the muscle (i.e. the size of the nociceptive signal), which have
the potential to moderate the overall pain perceptioor | ntensi ty. |l nd
mood, a different level of motivation, or task distraction have all been shown to reduce
pain perception in experimental studies (Atlas & Wager, 2012), and these factors are
changeable in most forms of exercise. ThEsimportant because it is suggested that
exerciseinduced pain (EIP) can limit or predict endurance performance (Astokorki &
Mauger, 2016) and may pose a barrier to engaging in physical activity. Whilst it is difficult

to repeatedly and safely reduce ttee ©f the nociceptive signal during exercise (although

this has been shown to improve exercise performance using analgesic drugs, it is not
recommended as a stratdglylauger et al.2010, Foster et ak014), there may becoped

to moderate the psychgizal processing of pain during exercise. However, this possibility
has not yet been investigated.

The purpose of the current study was to use the mirror box technique to investigate whether
pain arising from exercise could be attenuated by changingipgrtent 6 s per c e pt
exercise task. The mirror box was used to create the illusion that participants were lifting
either a heavier, or lighter mass than they actually were. It was hypothesised that when
participants thought they were lifting a heavigaiss, pain would be increased and time to
exhaustion would be reduced. Whereas when they thought they were lifting a lighter mass,

pain would be decreased anahéi to exhaustion would improve.
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.  MATERIALS AND METHODS

Participants:

Forty-two recreationallyactive, male (n=29) and female (n=13) participants were recruited
for this study. Participant s &4ymesaly& Hg e , f
cm and 70.73 12.5 kg respectively. Individuals suffering from the following conditions
were exclueéd from the study; a history of mental or brain disorders, cardiovascular
disorders, types | and Il diabetes, and those taking chronic medications that affect the
central nervous system. Participants were informed that all data would be unidentifiable
andthat they had the right to withdraw from the experiment at any time. Following this,
they were asked to complete a health questionnaire followed by an informed consent form.
The study was approved by the local Ethics Committee of the University of Kent.
Paticipants reported to the laboratory on two separate experimental visits. For 24 h before
each visit, participants refrained from any vigorous exercise, and asked to refrain from the
ingestion of alcohol, caffeine and analgesics 48 h, 8 h and 6 h paoy tasit(Lu, Lai &

Chan, 2008)The time interval between the two experiments wésladys. Following Visit

1, participants were allocated to either a control group (No Mirror) or an experimental
group (Mirror). Group allocation was made accordingtopai ci pant sd t i me
(TTE) time achieved during Visit 1 so that TTE times were evenly balanced between
groups (Mirror = 570 = 265 s; No Mirror = 571 + 148 s). This resulted in 21 participants
(male = 15, female = 6) in the control group and 2tigpants (male = 14, female = 7) in

the experimental group.

Procedures
Following a separate familiarisation session of the procedureshisnfitst visit,
participantsperformeda one repetition maximum (LRMjontraction of the bicep muscle
to familiarise them with the isometric time to exhaustion (TTE) exercise task. In a seated
position, with their elbow rested on a pad on a table in front of them, participants lifted a
series of increasingly heavier dumbbell weights through 90 degrees of elbaan flex
(forearm resting on table at 0° followed by elbow flexion to forearm to 90°). Starting
weight and weight increments were estimated by experimenter and participant to minimise
the number of lifts required to reach 1RM. One4mi8 rest were provided bgeen each
contraction so that the participant was adequately rested for each attempt. This process was
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repeated for both dominant and Adominant arms and all participants received strong
verbal encouragement throughout each contraction. Followingrair2@eriod of rest,
participants then performed an isometric TTE bicep contraction of both arms at 20% 1RM.
Participants held the dumbbells in the required position (elbow joint at 90° with elbow
rested on table, with forearm and upper arm each at 45blgarface) with both arms

until they could no longer maintain the contraction. Every 45 s during the TTE, participants
were asked to report their muscle pain using a numeric pain rating scale (Codko&X7al.

and their rating of perceived exertion [®Pusing the Borg (@0) scale (Borg1998).
Participants were instructed to report RPE solely as effort to drive the limb (Pageaux et al.
2015) (i.e. independent of pain and discomfort) and that pain should be anchored to
exerciseinduced pain (i.e. numie values given relative to their experience of muscle
pain)In the secondvisit, participants were asked to perform a similar TTE task as
described above, however participants were required to complete three TTE tests holding
20% of their 1RM in the nedominant hand and 20%, 25% and 15% of their 1RM in the
dominant hand, in a randomised order and witim@ recovery between each TTE. The

No Mirror (Control) group could see both arms, however, the Mirror (Experimental) group
performed the task with thearms inside a mirrebox (Ramachandran et al, 1995). The
mirror-box consisted of a mirror placed in the sagittal plane between two arm holes. One
side of the box was covered allowing participants to only see theidommant hand,
however due to the mmor placement, the image of the mdominant hand was
superimposed onto the dominant hand so the participants believed they could see both
hands. To facilitate this illusion, participants in the Mirror group were given a period of
10-min before the TTE t&s to move their hands simultaneously until they perceived their
nondominant hand as the dominant (i.e. participants only saw theidommant hand
andits reflection, but perceived the reflection to be their dominant hand). The result of the
illusion was that participants in the Mirror Group believed that they were always lifting
20%MVC in both hands, whereas they were actually lifting; 20% and 20%, 20% in the
nondominant hand and 15%, and 20% and 25% in the dominant hand (see4Fijure
This illusion was reinforced by the investigator telling the participant that they were
replicating the task from Visit 1 three times (i.e. always lifting 20%1RM in both hands).

In the same manner as Visit 1, RPE and pain were recorded every 45 seconds. Both groups
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were asked to focus on both arms throughout the TTE, however no other verbal

encouragement was provided in order to avoid experimenter bias.

Mirror No Mirror

Figure 4.1 Examples of lifted and observed mass in the Mirror and No Mirror conditions.

Statistical Analysis

All data are presented as mean = SD. Data were checked for standard assumptions
(KruskalWallis test and ShapirwVilk test) for each statistical test prior to analysis, and

none of these were violated. To control for the wmelividual variability of baskne

values in TTE that occurred between the two groups (Mirror and No Mirror), comparisons
were made according to the percentage change from baseline TTE (20%1RM) to the mass
change conditions (15%1RM (Light) and 25%1RM (Heavy)), thus creating two agditi

for the analysis of (Tstddmi etaaH @lY)Iherefore,dto sl i
compare TTE time, mean exerciseluced pain and mean RPE between groups for each
condition, a 2x2 ANOVA (group (mirror and

was employed. To compare perceptual measures (exardiseed pain and RPE) between
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conditions over time, the slope methodsused to create a single value for pain and RPE
to represent a change over time, as described previously (Angius et al. 20d6)thls
individual values of RPE and pain obtained during the TTE were plotted against the
absolute TTE time for each condition, the curve for each variable was mathematically fitted
by a linear equation to then obtain the slope. Consequently, perceptuat were
analysed using a 2x2 ANOVA. All data management and statistical analysis was
performed using the statistical package SPSS for Windows, versiqi®R22S Inc.,
Chicago, IL, USA) The alpha value was set at P < 0.05.
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IV. RESULTS
Time to Exhaustion (TTE) The percentage change from baseline TTE to the Light and

Heavy conditions is shown in Figude2. The ANOVA revealed a significant main effect

of condition for the TTE tegF (1,40)= 44.113, P < 0.01A significantinteracton effect of

TTE betweengrqus ( Mi rror and No Mirror) for eacl
was observed (f,40)= 4.293, P = 0.045). This demonstrates that participants in the Mirror
(Experimental) group performed less well whieay thought the mass was heavier than it

was( eeLi ght ), and better when they thought

80 1

60

40

—e— No Mirror
—o— Mirror

20 F

40 -

% Change from Baseline TTE

-80 L

aHeavy adight

Figure 4.2 TTE elicited asignificant difference between conditions. *significantly different

between condition(P < 0.01).
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Exerciseinduced pain (EIP) TheANOVA revealed a significant main effect of condition

for EIP during the TTE test (k, 40 = 8.736, P = 0.005), as shown in Figur8. A
significantinteraction effect of EIP between groups for each time condition wess\cdal

(F 140= 7.163, P = 0.011). This shows that the perceived EIP for participants in the
Experimental group was attenuated by the illusion that all masses liftedheesameas

shown in Figure 4.4.

—e— No Mirror
—o— Mirror

Exrcise-induced pain Slope (a.u)

aHeavy adight

Figure 4.3 Difference in EIP slope from the Control condition to the two mass change
conditions, for Mirror and No Mirror groups. *significantly different between condstigh <
0.01).
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Figure 44 The progression of the perceived EIP over time was more similar between
conditions in the Mirror grouga) then in the No Mirror groub). This suggests that the visual

dimensions of the lifted mass partly influenced theltas EIP pain of lifting them.
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Rating perceived exertion (RPE)The ANOVA revealed a significant main effect of
condition for RPE during the TTE test (40 = 33.403, P < 0.001), and a significant
interaction effect of RPE between groups for eastetcondition (Ri40= 13.367, P <

0.001) as shown in Figuréd.5. This shows that the perceived RPE for participants in the
Experimental group was attenuated by the illusion that all masses lifted were the same, as

shown in Figure 4.6.
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Figure 4.5 Difference in RPE slope from the Control condition to the two mass change
conditions, for Mirror and No Mirror groups. *significantly different between condition (P < 0.01).
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Mirror group (a) then in the No Mirror grougb). This suggests that the visual dimensions of the

lifted mass paryl influenced the resulting RPE for lifting them.
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V. DISCUSSION

The purpose of this study was to investigate whether deceiving participants about the

difficulty of an exercise task using an optical illusion, would be able to moderate perceptual
response and emge endurance performance. The primary finding was that despite the
exercise task being made harder or easier (via increasing or decreasing the mass lifted), an
optical illusion which made participants oblivious to this change blunted the effect of the
task difficulty on the perceptual measures (EIP and RPE) and resulted in less dramatic
changes in endurance performance. To our knowledge, this is the first study demonstrating
that deception of task difficulty, via the use of a mirror box, can moderatepbaat
response and endurance performance.

In the current study, participants in the Mirror (Experimental) Group believed they were
always lifting 20%1RM in both hands, whereas they were actually lifting 5% more or 5%
less than this (i.e. 25% 1RM and 15RdM) in their dominant hand. This created a scenario
where participants were completing a task that was significantly harder (25% 1RM) or
easier (15%1RM) but were deceived to believe that it was always the same task.
Participants in the No Mirror (Contra@roup who were aware of the changes in mass (i.e.
that the tasks were easier or harder) showed that when a lighter weight was lifted, RPE and
EIP rose less steeply and TTE was longer. When a heavier mass was lifted, RPE and EIP
rose more steeply and TTE aw shorter. Whilst the participants in the Mirror
(Experimental) Group showed a similar response, the degree to which the perceptual and
performance measures differed between conditions was significantly attenuated. That is,
lifting a heavier mass did notcrease EIP and RPE, and did not reduce TTE by as great a
degree as in the Control group. However, lifting a lighter mass did not reduce EIP and
RPE, and did not increase TTE by as great a degree as in the Control group. This suggests
that the perceptionf task difficulty exerts an important influence on perceived effort of
lifting a mass, and the EIP arising from muscular contraction. It is likely that the changes
to these perceptual measures then caused
(Marcora & Staniano, 2010; Mauger, 2014).

Whilst it is widely acknowledged that endurance performance is primarily dictated by
physiological parameters (Joyr&rCoyle, 2008), there is growing understanding that the
perceptual response to exercise also foamsmportant basis for success. Indeed, the

psychobiological model argues that endurance performance can be explained solely by
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psychological constructs (Marcora, 2010). According to this model, during atdime
exhaustion test, RPE gradually increasesr dvee so that the task feels increasingly
strenuous. The model predicts that people will consciously disengage from the task when
their perception of effort has increased to the critical level set by their potential motivation,
or, they believe they hawattained maximal effort and perceive continuing as being beyond
their capability (Marcora & Staiano, 2010; Smirmaul, Dantas, Nakamura, & Pereira,
2013). Therefore, according to this model, any intervention which serves to moderate RPE
will have a direct dect on endurance performance. The results of the current study support
this, as deceiving participants about the mass lifted attenuated RPE and a consequent
change in time to exhaustion was observed. However, the psychobiological model is
extreme in thait states that perception of effort (and changes tis it)e sole driver for
determining endurance performance. However, it has been proposed that the pain arising
from repeated muscle contraction (exerdgrsguced pain) also forms an important
psychophsgiological determinant of endurance performance (Mauger, 2014). This concept
is directly refuted by the psychobiological model (Marcora, 2010), yet numerous studies
demonstrate that changing pain response during exercise has a direct effect on performance
(Gonglach et al.2015; GraverNielsen et al.2002; Mauger et gl2010; Foster et al.

2014). In the current study, deception of task difficulty moderated the EIP that participants
felt, and differences in time to exhaustion were observed between tbediions.
Therefore, the results of this study also support the notion that EIP plays an important role
in endurance performance, and this can be moderated independently of the magnitude of
the nociceptive signalhere was also a similar response fomges in perception of effort
however, and so the importance of effort perception alongside pain should also be
recognised.

The observation that perceived pain can be influenced by psychological interventions is
not new. Indeed, expectation and arousakof@; such as placebo effects and the
requirement to focus on an ongoing task, are examples of variables that modulate pain
(Wiech, Ploner, & Tracey, 2008). Simple perceptual factors can also influence pain. For
example, both reported intensity of pain aedral responses to painful stimuli are reduced
when participants look at their own body, compared with when they view a neutral object
(Longo, Betti, Aglioti, & Haggard, 2009). This visually induced analgesia demonstrates
that acute pain can be modulateg specific visual contexts. The effect of the
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psychological intervention in the current study on EIP however, is a new finding, and this
may have been due to the anticipation or expectation of pain that participants thought may
arise as a result of theass lifted in the time to exhaustion task. Indeed, when pain is
anticipated, patients often report the worsening of pain (Turner et al., 1994), whereas
expectation of pain relief usually induces placebo analgesia (Wager et al.,, 2004).
Furthermore, the lal of expected pain intensity significantly alters perceived pain when
comparisons between two noxious thermal stimuli of almost equal intensity are made
(Keltner et al., 2006). In the current study, the participants were well conditioned from
Visit 1 to know the expected rate of EIP increase during the 20%1RM TTE task, and so
these expectations may have served to influence the actual pain experienced when
unbeknown to them the task was made easier or harder in Visit 2. Studies in pain
neuroscience suggedhat nociceptive brain regions are modulated by stimulus
expectancies and even shtatm expectations that vary as a function of cue have strong
effects on pain perception and pa&woked responses (Atlas, Bolger, Lindquist & Wager,
2010). These conditi@d expectations of pain appear to result in real changes in pain
related processing in the brain, with regions affected including the cingulate, insula,
thalamus, lateral prefrontal cortex, orbitofrontal cortex, parahippocampus, and caudate
(Atlas & Wager,2012).Thus,in the current study, despite the nociceptive signal being
increased (or decreased) by changing to the mass lifted, an expectation that the EIP would
not be different likely resulted in changes to palated processing in the brain thatsed

EIP to change little.

The Mirror Box technique has been shown to be a successful method in treating conditions
where movement is impaired or significant pain is experienced with relatively little limb
movement (Ramachandran & Altschuler, 2009). Theeru study also suggests, for the

first time, that it is successful in reducing the +odinical pain related to strenuous physical
exercise and that this can improve exercise capacity/performance. However, the
practicality of using the Mirror Box to impve physical activity or performance outside

of the laboratory in fully mobile populations is perhaps questionable. However, doing so
would be advantageous because even moderate levels of exercise elicit some level of pain
(Borg, 1998), and symptoms of dases such as pain and fear of pain may present barriers
to physical exercise (Hays & Clark, 1999) in some clinical populations where exercise

would be beneficial to their condition. Indeed, regular exercise provides a range of health
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benefits, which sigficantly reduce alcause mortality (Lee & Skerrett, 2001) and
consequently exercise is often prescribed to treat a range of clinical conditions to improve
patient outcome (Naci & loannidis, 2013). If pain could be reduced during exercise, then
this may mprove motivation to exercise (Wiech & Tracey, 2013) and help improve rates
of adherence to exercise prescription programmes. The results of the current study provide
a proof of principle that visual expectations of exercise can influence pain, peragption
effort and exercise performance/capacity and so similar interventions that have more real
world practicality may provide an avenue for future study. The rapid development of new
technology and the increased affordability of virtual reality (VR) devitag provide this,

and future work should seek to identify whether VR can be used in conjunction with

exercise to moderate the wearerods percept

VI. CONCLUSION

This study used the wedlstablished Mirror Box technique to deceive participants tabou

the expected difficulty of an isometric, sindimb TTE task. The Mirror Box created an
illusion that deceived participants into believing that the task was the same as previously
completed, when in fact it was easier or harder. This purely psychdlagiiea/ention
resulted in reduced EIP and RPE (when participants thought the task was easier), and
increased EIP and RPE (when participants thought the task was harder). These

manipulations resulted in a better or worse endurance performance respectively.
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. ASTRACT
INTRODUCTION : Exerciseinduced muscle paiEIP) is believed to arise fromlault-

up of endogenous algesic substances, with an increased intramuscular pressure in and
around the muscle. Transcutaneous electrical nerve stimulation (TENS }enferantial
current (IFC) have been shown to elicit analgesic effects in a variety of conditions.
However, the relative effectiveness of these two modulations IBnhEs not been
considered. Therefore, the aim of this study was to investigate whetherdrENS elicit

an analgesic effect during single limb, submaximal isometric contraction, and whether this
improves time to exhaustioWMETHODS: 18 recreationally active male (n= 11) and
female (n= 7) participants were recruited. A sinlgliad, crossoverrandomised design

with TENS, IFC, and sham conditions was used (on separate visits). The TENS and IFC
were administered on the bicep of the dominant arm, whereas in the sham condition a
dummy simulator produced no current. In each condition, participaititdly performed

3x5 second maximal voluntary contractions (MVCs) against a load cell. The maximum of
the values was used to establish the 20% MVC for the TTE task. The TTE task involved
the participant maintaining a 20% isometric MVC of the bicep uatk withdrawal.
RESULTS: The ANOVA revealed a significant difference in the time to exhaustion
between condition@- (2, 34= 10.554, P < 0.001Yhe ANOVA also revealed a significant

main effect of condition foexerciseinduced pairduring the TTE tesfF (2, 34 = 3.690, P

= 0.035) No significant changes in rating of perceived exertion (RPE) were found between
the three conditions (P > 0.0%). 3 x 8 (condition x isgime) ANOVA revealed a
significant interaction effect for exerciggduced pain ovetime between conditions
during the TTE teswith lower pain intensity in the TENS and IFC conditi§Rgs 4, 58.4)=

3.671, P = 0.013No interaction effects for RPE were found between the three conditions
(P > 0.05). For the MVC,grredsamplet-tests @monstrated that MVC was significantly
reduced following the TTE in the Shamu = 9.069, P < 0.001), TENS ()= 7.037, P

< 0.001) and IFC conditions )= 8.558, P < 0.001). No significant differences between
conditions were found for the pMVC (F (1.4, 23.49= 1.758, P = 0.188)r the postMVC

(F 2,34= 1.499, P = 0.238CONCLUSION: The findings of the study suggest that TENS
and IFC elicit an analgesic effect for EIP, and that this intervention elicited a significant
improvement in timeo exhaustion performance in the absence of changes to perceived

exertion.
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. INTRODUCTION

Exerciseinduced muscle pain is believed to arise from an accumulation of endogenous

algesic substances (including: hydrogen ions, potassium, histamine, serothykirbn,
acetylcholine, adenosine and substance P), with an increased intramuscular pressure in and
around the muscle (Mense, 1993). These endogenous algesics are released from cells when
homoeostasis is disturbed, which is a consequence of intensesex@iauger et al.

2010). Therefore, exerciseduced muscle pain is closely bound to both the intensity and
duration of the exercise task (Cook et 4B97). The accumulated algesic substances
sensitise, activate, or increase the firing rate of groupndl IV afferent muscle fibres,

which then convey nociceptive signals regarding actual or potential tissue damage to the
brain via the spinal cord (O'Conn&rCook, 1999). It is suggested that the perceived pain
arising from this afferent fibre activatiospng with increased intramuscular pressure, heat
accumulation, and skeletal muscle fatigue, may play a combined role in the regulation of
the level of exercise intensity and preservation of a metabolic reserve by the central
nervous system (Tucker, 2009)deed, the activity of afferent fibres can moderate sensory
receptor input, reflex and inhibitory circuit neurons in the spinal cord, neurotransmitters
involved in synaptic modulation, and central nervous systéfierent output (Bentley,

1996). Consequely, muscle pain may increase afferent neuron inhibition and decrease
the ability of the brain to recruit muscles ability to produce force (Grddrelsen et al,

2002). Furthermore, as a consequence of the pain, the exercise may also reduce mood
(Karsdorpet al., 2013) and make the task psychologically more demanding and less
desirable, which may decrease motivation and performance. Therefore, there is likely both
a psychological and physiological benefit to reducing muscle pain during exercise.
Transcutaeous electrical nerve stimulation (TENS) and interferential current (IFC) have
been shown to elicit analgesic effects in a variety of conditions (Marchand et al., 1993;
Robinson, 1996; Schmitz et al., 1997). How this analgesia is achieved is debated, but
DeDomenico (1987) and Savage (1992) suggest that the electrical principles of TENS and
IFC differ, and so the techniques operate through different mechanisms of action. The
neurophysiological basis of muscle pain relief from TENS is believed to deriatlylire

from the gate control theory of pain. Accordingly, TENS is proposed to selectiviigtac

A b |-diamgter afferent fibres by high frequency stimulation, inhibiting constant

transmission of nociceptive neurons by generating an afferent barrage of nerve impulses
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within the spinal cord (Melzack, 1965; Garrison & Foreman, 1994; Walsh,).1997
However, it is also suggested that the application of TENS burst mode can effectively
activate Gr oup -damdter afféxant filbres dy bGth gm &dquency and
low frequency bursts applied together. This is suggested to lead to the retease
endogenous opioids (Resende et al., 2004; Sabino et al., 2008), and serotonin (Chen, 2010)
and a subsequent decrease in pain. IFC utilises a medium frequency alternating current
with a various beat frequency (Low & Reed, 1994; Cramp et al., 2000)parizireed with

a kilohertz cycle duration delivers current to overcome skin impedance and penetrate deep
into the muscle. This is believed to reduce pain transmission through gate control
mechanisms, release endorphins and increase circulation of opioidza¢k]e1965;
Dounavi, Chesterton & Sim, 2012).

Muscle stimulation using therapeutic current has previously been used in combination with
exercise to achieve several aims, including pain relief, facilitated recovery, treatment for
urinary incontinence ineimale athletes and delayed onset muscle soreness (Bolin, 2003;
Heyman, De Geus, Mertens & Meeusen, 2009; Rivata et al., 2010; Rocha et al., 2012;
Vanderthommen et al., 2012). Given that exeroisleiced muscle pain may be a factor
affecting exercise capdgiand performance, and that therapeutic muscle stimulation has
shown promise in the treatment of muscle pain (Tourville, Connolly & Reed, 2006), there
may bescopedo use this technique to reduce muscle pain during exercise.

To our knowledge, no studidgve considered the effectiveness of TENS and IFC on
exerciseinduced muscle pain during fatiguing exercise. Therefore, the aim of this study
was to investigate whether TENS or IFC elicit an analgesic effect during single limb,

submaximal isometric concaon, and whether this improves time to exhaustion.

.  MATERIALS AND METHODS
Subjects

Eighteen recreationally active male (n= 11) and female (n= 7) participants were recruited
for this study. The participant ssHl7énieldan ag
cm and 73.5 + 16.6 kg, respectively. Prior to participation, an information sheet detailing
the study was given to participants, which included an inclusion/exclusion criteria

checklist. Participants were excluded from the study if they hadrpisf cardiovascular
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disorders (e.g. angina, heart attack, high blood pressure etc.), chronic medications that
affect the central nervous system, current pregnancy, bleeding disorders (e.qg.
haemophilia), deep vein thrombosis, impaired sensation, acueichnfection (e.qg.
tuberculosis), malignancy, recently radiated tissue, skin diseases or severely damaged skin,
types | or Il diabetes, were using a cochlear implant hearing device or pacemakers, or any
other condition that may be a danger to theirip@dtion (e.g. muscle injury). Following
satisfactory completion of the inclusion/exclusion criteria checklist, all participants
provided written informed consent and the research was approved by the University of
Kent Ethics Committee. Prior to all expeental occasions, participants were asked to
refrain from the ingestion of alcohol 48 h before the laboratory occasions, and asked to
refrain from any vigorous exercise (24 h prior), caffeine (8 h prior) and analgesics (6 h
prior) prior to any test occasi (Lu, Lai & Chan, 2008)Following a full familiarisation

visit, in a singleblind, crossover, and randomised design, all participants completed a
TENS, IFC, and sham condition, which were separated®byays.

TENS and IFC Stimulation

Using a Vectra @nisys multiwaveform stimulator (Chtanooga Group, Hixon, TN,
USA), as shown ifrigure 5.1the parameters of biphasic IFC pulses were delivered in a
continuous mode with a pulse frequency of 100Hz. For the biphasic TENS pulses, a
continuous patternotsi mul ati on was used, with a pul
of 100 Hz. A bipolar IFC satip was used in the current study in order to maintain blinding

of conditions. Both bipolar and quadripolar IFC have been shown to be equally successful
when usedo manage pain conditions (Johnson & Tabasam, 1998). The current intensity
was adjusted for the TENS and IFC conditions so that participants reached a strong but
appropriate intensity without causing any noticeable muscle contraction, whereas in the
sham condition a dummy simulator produced no current. The two electrodes were
administered on the bicep of the dominant arm that they were at least 2.5 cm apart (this
was kept consistent between participants). This location was then recordediaed fer
sulsequent testing. The electrode was then removed and the site of installation was

cleaned.
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Figure 5.1 Elicit a participant perfornimg a TTE by applying TENS interventionn their
bicep

ShamStimulation

A sham stimulation was used as a plaeetwtroled condition. During the sham
condition, electrodes were placed in the same locations as the IFC and TENS conditions,
but participants received no current and
reduce pain by using a subthreshold stimdlus at you wi | | not abl
explanation was strengthened via a visual display of the electrical current on an

oscilloscope.

Procedures

During the familiarisation visit, a general health screening was conducted which included
a series of tds to ensure that it was safe to administer TENS and IFC to participants.
Before undertaking stimulation, participants were tested for sensory discrimination using

a sharp and blunt patella hammer, and a skin integrity test to ensure normal skin sensation.
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For application of TENS and IFC, the skin of the dominant bicep was cleaned thoroughly
prior to electrode placement in order to reduce electrical resistance. Following this,
bipolarsurface TENS and IFC electrodes were attached to the bicep of the doanman
Subsequently, TENS and IFC were applied in order to find the appropriate stimulation
intensity for the subsequent test occasions. The current intensity was adjusted until
participants reported feeling a tingling sensation without visible muscleactioh and/or
muscle pain (i.e. noepainful paraesthesia). During stimulation, and after testing,
participants were monitored for signs of skin irritation, nausea, swelling and pain. On
completion of stimulation, the current was ramped down before tuofiiige machine.

On each test occasion, participants were given standard instructions for the numeric pain
rating scale (Cook et al. 1997) and rating of perceived exertion (RPE) using the Borg (6
20) scale (Borg, 1998). Pain was anchored according tonem and maximum pain felt

due to exercisenduced pain (EIP). All tests were preceded by a standardized-warm
where participants performed three unilateral (dominant arm) maximal voluntary
contractions (MVC) of the elbow flexors against a load cell fGsoErgo Meter, Globus,
Codogne, Italy), which were separated 3+min rest. To do this, participants were in a
seated position with the forearm resting on a bench and the elbow angle at 90° and the wrist
angle at 180°. Each MVC test was performed feniith a rapid increase in force over 1

s, a sustained maximum for 3 s, and a gradual release over the final second. Maximal force
was recorded for each MVC. Participants were strongly encouraged to perform maximally
throughout each contraction. The maximof the three values was used to establish the
20% MVC for the time to exhaustion task (TTE) performed in that visit. Following a rest
period of 16min, participants undertook the TTE in the same seated position described for
the MVC tests. The TTE taskquired the participant to maintain a 20% isometric MVC

of the bicep until force dropped below the force required for more than 2 s, or when the
participant withdrew from the task. During the TTE task, participants were asked to rate
their perceived painral RPE every 30 s. On completion of the TTE task, participants
immediately performed a further MVC for assessment of fatigue.

Following the familiarisation visit, all participants returned to the laboratory on three more
occasions to perform the experim@ sessions using the same protocol described above.
In these experimental tests, TENS, IFC or Sham were administered during the TTE tests.

Each visit was separated byp2lays and were completed at the same time of day (x 2 h).
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StatisticalAnalysis

Prior to statistical analysis, standard assumpt{#maskalWallis test and Shapiravilk

test) were checked for each statistical test, and none of these were vidlatedto
exhaustion (TTE) was analysed using a repeated measures ANOVA and Bonferroni
Pairnise ComparisondViean RPE and mean EIP were assessed using an ANOVA with
repeated measures and appropriate follpwpairedsamplet-tests. Changes in RPE and
EIP during each condition were performed using a thvag ANOVA with repeated
measures with follow-up paired samplestests used to detect differences between
conditions when an interaction effect had been obserbdstatistical analysis was
performed using the statistical package SPSS version 22 for Win(l®RSS Inc.,
Chicago, IL, USA) Descrptive data are reported as means + SD. Statistical significance
was accepted when P < 0.05.
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IV. RESULTS

Time to Exhaustion (TTE):The ANOVA revealed a significant difference in the time to
exhaustion between conditions (F34) = 6.763,P = 0.003), as shown in Figue2.
Pairwise comparisons revealed a significantly different TTE time between TENS (10 min
49 s + 6 min 16 s) and SHAM conditions (7 min 52 s £ 2 min 51 s) (P31Pand between

IFC (11 min 17 s £ 6 min 23 s) and SHAM cdrahs (P = 0.02). No significant difference
between TENS and IFC conditions was observed (P > 0.05).
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Figure 5.2 TTE elicited a significant difference between conditions. Sham = placebo

controlled, TENS = transtaneous electrical nerve stimulation, IFC = interferential current.

*significantly different from Sham condition (P < 0.01).

100



Exerciselnduced Pain (EIP): The ANOVA revealed a significant main effect of
condition for perceived exerciseduced pain duing the TTE test (R, 34)= 3.690, P =
0.035), as shown in Figurg.3 Follow up paireesamplet-tests showed a significant
difference in mean exerciseduced pain during the TTE tests between the TENS and
sham conditions (i7)= 2.322, P = 0.033), Ibmo significant differences between the IFC
and sham conditions (7= 1.919, P = 0.072), or the TENS and IFC conditions(t -
0.466, P = 0.647).
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Figure 5.3 Pain scores elicited a significant differen&tvireen conditions. Sham = placebo

controlled, TENS = transcutaneous electrical nerve stimulation, IFC = interferential current.

*significantly different from Sham condition (P < 0.05).

A 3 x 8 (condition x iso time) ANOVA revealed a significant main eiffef condition for
perceived exercisenduced pain (Fai.24, 19.13)= 8.39, P = 0.006). There was also a

significant main effect for time (P < 0.001). There was also a significant interaction effect
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for exerciseinduced pain over time between conditionsinlg the TTE test (kz.73, 63.4)=

4.95, P = 0.002), as shown in Figusel. Follow-up pairedsamplet-tests showed a
significantly different pain perception between TENS and SHAM conditions at 120)s (t

= 2.482, P = 0.024), 180 s{#) = 2.319, P= 0.033), 210 s (&7 = 3.402, P = 0.003) and

240 s (ta7) = 3.589, P = 0.002. Significant differences were also shown between IFC and
SHAM conditions at 120 s (i7)= 2.482, P = 0.024), 150 s({# = 2.388, P = 0.029), 180

S (tan = 2.997, P = @08), 210 s (t17) = 3.298, P = 0.004) and 240 s = 2.858, P =
0.011). No differences were found at any time point between TENS and IFC conditions (P
> 0.05).
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Figure 5.4 Pain scores over time elicitedsignificant interaction between conditions from

60 - 240 s during the TTE test* denotes a significant interaction between sham and TENS. #
denotes a significant interaction between sham and IFC. # denotes a significant interaction between

TENS and IFGn perceived pain.
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Rating Perceived Exertio{RPE). There was no significant main effect of conditiona(F
34)=0.031 P = 0969 for RPE, as shown in Figure 5.5.

A 3 x 8 (condition x iso time) ANOVA revealed a significant main effect of condftion
time (P < 0.001), butoxmain effects (k2.34y= 2.706, P= 0.081) orinteraction effects for
RPEover timeduring the TTE were observed @fos, 69.39= 1.82, P = 0.134)as shown in
Figure 5.6.

Rating Perceived Exertion (a.u)
H
o

SHAM TENS IFC

Figure 5.5 RPE scores elicited no significant difference between conditions. Sham = placebo

controlled, TENS = transcutaneous electrical nerve stimulation, IFC = interferential current.
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Figure 5.6 RPE scoresver timeelicited no significant difference between conditions. Sham
= placebecontrolled, TENS = transcutaneous electrical nerve stimulaliih,= interferential

current.
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Maximal Voluntary Contraction (MVC) No significant differences between conditions
werefound for the preMVVC (F (1.4, 23.4)= 1.758, P = 0.188) or the pdgtvVC (F 2, 34)=
1.499, P = 0.238). MVC was significantly reduced following the TTE in the SHAM, (t
=9.069, P < 0.001), TENS (t)= 7.037, P < 0.001) and IFC conditiong.{f = 8.558, P

< 0.001), as shown in Figufe7, suggesting that significant fatigue and performance

decrement had occurred in all conditions following the TTE task.
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Figure 5.7 MVC pre-andpost elicited between conditions. In the sham conditioplaled

a significantly reduced in MV@re-andpost. TENS condition displayed a significantly reduced in
MVC preand post. IFC condition displayed a significantly reduced in Myf&and post.
However, there was no significant difference between conditmme&MVC, and no significant

difference between conditions for pddvC.
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V. DISCUSSION

The purpose of this study was to investigate whether TENS and IFC can elicit an analgesic

effect during a sustained single limb, submaximal isometric contraction iithjhea
participants. The primary finding of this study was that both TENS and IFC were able to
significantly reduce exercisaduced pain, and that this intervention elicited a significant
improvement in time to exhaustion performance. To our knowledgasttiis first study
utilising a randomised, crossover and placebo controlled design, which shows an ergogenic
effect for TENS and IFC. This data also provides support for the notion that exercise
induced pain is a limiter of endurance performancengleiimb exhaustive exercise.

It has previously been suggested that the perceived pain arising from prolonged or
repetitive muscular contraction may be an important sensation which is used to regulate
work rate and influence endurance performance (Maugé#)2@his exercisenduced

pain is caused by one, or a combination of, algesic metaboficdulucts, an increased
intramuscular pressure and muscular distortion (Dannéckaityn, 2014; Mense, 1993).

This noxious environment serves to both sensitisessintlilate both Type Il (Adelta

fibres) and Type IV (C fibres) small afferents, which convey the nociceptive signal and
synapse in lamina I, Il and V (Mense, 1993). If a stimulation threshold is met, a
postsynaptic output will be produced and transmittedthe supraspinal regions of the
brain, where it is processed and interpretefdeaseivedpain. The type of sustained sub
maximal contraction used in the current study has been shown to produce such a noxious
environment, which both inhibits the excitat-contraction coupling process (Keataun,

1999) and elicits a nociceptive signal, as described alfdir@ugh pain tolerance has

long been linked to athletic potential (Sc&tGijsbers, 1981), it is only relatively recently

that a growing body of enmical evidence has provided strong support this notion. EIP
may exacerbate fatigue by reducing voluntary activation of the muscle (Kennedy et al.
2013) or by contributing to a host of unpleasant sensations (Kress and Stratler, 2007) that
either leads to decision to reduce work rate or disengage with the task (Mauger, 2014).
Whilst the current study cannot identify whether psychological or physiological
determinants led to the apparent ergogenic effect of therapeutic muscle stimulation, it does
provide futher evidence that analgesiderventions during exercise aable toincrease

time to exhaustion performance. Exereiséuced pain increased as function of time and

reached its most intense at the end of the exercise, where near maximal values were
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observed. To moderate this pain, without changing the metabolic environment at the
muscle, TENS and IFC were used to inhibit the transmission of the nociceptive signal at
the spinal level. The TENS intervention appeared to reduce perceived pain, whicld resulte
in a longer time to exhaustion of the sustained isometric contraction and a faster TT time.
The analgesic mechanism of TENS and IFC are suggested to be underpinned by the gate
control theory of pain (Sluka & Walsh, 2003). Indeed, when TENS and IFC gliechjp
produce a strong comfortable and fmanful paraesthesia, large diameter afferents (A
beta fibres) are selectively activated (Sluka & Walsh, 2003). The activation of these large
diameter low threshold mechaneceptive nerve fibres could inhibibe nociceptive
transmission from small diameter higher threshold nociceptivde(fa and C) fibres
through preand post synaptic inhibition in the dorsal horn of the spinal cord (Melzack &
Wall, 1967). This would reduce the number of nociceptive sigrashing the higher

brain centres and consequently reduce the perceived pain for a given stimulus at the
nociceptor. A reduction in the afferent barrage from Type Il and IV fibres could also offset
the reduction in voluntary activation that is observedrd) painful exercise (Kennedy et

al. 2013), which would likely allow for an improved exercise performance.

Accordingly, in the current study exercisgluced pain increased as function of time and
reached its most intense at the end of the exercise ewtear maximal values were
observed. To moderate this pain, without changing the metabolic environment, TENS and
IFC were used to inhibit the transmission of the nociceptive signal. This intervention
appeared to induce analgesia which resulted in a |dingeto exhaustion of the sustained
isometric contraction. The mechanism of analgesia by TENS and IFC are posited to operate
lie in the gatecontrol theory of pain (Sluk& Walsh, 2003). When TENS and IFC are
applied at high frequency (~100 Hz), with putherations betweeB00e s and a p |
amplitude titrated to produce a strong comfortable andpaimful paraesthesia, large
diameter afferents (Mdeta fibres) are selectively activated (Slu&aWalsh, 2003).
According to Gate Control Theory of Pain (Matk& Wall, 1965), the activation of large
diameter low threshold mechaneceptive nervdibres could inhibit the nociceptive
transmission from small diameter higher threshold nociceptivde(fa and Cibres
throughpre-andpost synaptic inhibition inhe dorsal horn of the spinal cord. This would
reduce the number of nociceptive signals reaching the higher brain centres and

consequently reduce the perceived pain for a given stimulus at the nociceptor. Whilst, the
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mechanism of reduced pain perceptionesbed in the TENS and IFC conditions is
perhaps best supported by the gate control mechanisms discussed above, it has also beer
suggested that analgesia through TENS and IFC may also be explained by the release
endogenous opioids (Kalra et al. 2001). Witeldence for this mechanism is stronger for

low frequency TENS (Sjoluné& Eriksson, 1979), more recent studies on ahimadels

also suggest that analgesia by high frequency TENS is reduced by systemic naloxone in
hi gh enough does to bl ock ,48991; Woolaeha1980), o pi o
thus supporting a role for endogenous opioids for both high antiégwency TENS.

The mean reduction in pain (compared to the SHAM condition) elicited by TENS and IFC
was approximately 12%, with a stronger effect evident later in the exercise (>30% after
180 si see Figuré.3). The greater reductions in pain with T&Mnd IFC towards the

end of exercise are paralleled by the increasingly noxious environment in the muscle and
the consequential increased pain. Therefore, the apparent analgesic effect of the
stimulation was most noticeable during a noxious environmanttitited a pain intensity

of ~4.306 s o messthradng paind) and abovelddMitshe C
important to note, that in the familiarisation visits, this scale was anchored specifically
according to previously experienced maximum amagmum levels of muscle pain during
exercise, rather than a general pain sensation (e.g. dental pain), so as to provide a measure
specific to the experiences of EIP. The effectiveness of the analgesia observed in the
current study is supported by someadsés which have used TENS to reduce pain. Indeed,

in a crossover study investigating neuropathic pain in patients with spinal cord injury,
analgesic TENS was shown to elicit a-2Z8%6 improvement on a global relief scale.
Furthermore, Bjordal et al. (20p8lemonstrated a 26.5% mean reduction in analgesic
consumption for posbperative patients following a wetbntrolled TENS intervention.
Salisbury and Johnson (1995) have also shown that TENS increased the cold pain threshold
and that IFC decreased coldip intensity. However, whilst several studies have
demonstrated positive analgesic effects of TENS, there are a number of studies that show
no such effect (Johnson & Tabasam, 1999; Tabasam & Johnson, 1999GAkesiro,

2001; Claydon et al., 2008; Gomet al., 2014). The numerous systematic reviews and
metaanalysis (for example; Hurlow et a2012; Simpson et al2014; Zeng et g/2015)

on this area suggest that different TENS paramgteast i graugs,tostcome measures

and a lack of placebo ctnls and randomisation are the reason for the equivocal findings
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for the effectiveness of TENS. Therefore, in the current study the use of a placebo
controlled condition, the randomisation of conditions and the controlled exercise intensity
between condibns and participants presents a robust experimental design that supports
the effectiveness of TENS as an analgesic intervention, and a role for EIP on endurance
performance.

The apparent analgesic effect of TENS on EIP observed in the current studgdacitip

TENS being a safe, nanvasive and cheap intervention, may have potential implications
for improving physical activity behaviour in certain individuals. Exercise and physical
activity is known to induce a range of health benefits, which significaeduce alcause
mortality (Lee& Skerrett, 2001). Exercise is also prescribed to treat a range of disease and
clinical conditions to improve patient outcome and increase quality of life (&laci
loannidis, 2013; Thomson et ,a2003). Despite this, #re are universally low rates of
regular exercise participation and low levels of adherence to prescribed exercise protocols
(Findorff et al., 2009; Linke et aR011). The reasons and risk factors which underpin low
activity levels (particularly for atisk populations) are multifactorial, and likely depend
personal attributes (demographics, cognitive variables, behaviours) and environmental
factors (social environment, physical environment, and characteristics of the physical
activity) (Woodward& Berry, 2001). Indeed, obstacles to physical activity for obese and
normal weight individuals include low motivational status,-eéficacy, negative learning
history with exercising, lack of coping skills, and aversive environmental characteristics
such as redied access to physical activity facilities, high costs of training programs, low
social and cultural support, and time barriers (Sherwbalkffery, 2000). However, as

pain inherently motivates decisions and action (Wigchracey, 2013), and exercise is
known to elicit pain (Cook et al1997), pain avoidance may contribute to lower physical
activity and adherence. This is supported by some studies which demonstrate that
symptoms of diseases such as pain and fear of pain present the biggest barrisisab phy
exercise (Clark; Hays & Clark, 1999). Inde&bhenMansfield et al. (20033howed that

health problems and pain were the main obstacles to physical exercise in a nondisabled
population aged 785 years. The reduced EIP elicited by TENS in the cursardy
provides some provisional support for its use as a cheap intervention with the potential to

reduce pain for those whmdl it a barrier to exercise.
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A notable observation in the current study is that TTE increased following a reduction in
pain, lut with no change in RPE between conditions. It has been suggested that RPE is the
conscious manifestation of afferent information from a host of afferent physiological
systems and external cues, and that this perception of effort is an important detieomina
endurance performance (Tucker, 2009). However, the balance of evidence suggests that
the primary generator for perception of effort is the collorary discharge (i.e. an internal
signal that arises from centifugal motor commands) associated with |cerdtar
command (McCloskey, 1981), and that this is independent from afferent feedback
(including pain) from the working muscles and other interoceptors (Marcora, 2009; de
Morree et al, 2012, 2014). Indeed, feelings of pain and discomfort have oftersbesseal

as part of the perception of effort (Nol&ieRobertson, 1996), however, numerous studies
have shown that pain and effort can be dissociated (Angius, &0ab; Cook, 1997,

O 6 Co n&n@ook, 2001; Pageaux et al., 20¥stokorki & Mauger, 201p and are
therefore distinct entitie®y dissociating perception of effort and EIP in the current study

by using separate scales and proving detailed instructiamsvere able to observe the
individual effects of therapeutic muscle stimulation on EIP and RR& the consequent
impact on endurance performance:lifre with our hypothesis, a reduction in EIP
paralleled an improvement in TTE and TT performance. This finding supports the view
that EIP is a contributing factor to task cessation andpseléd pedrmance (Mauger,
2014), but is contrary to the view that endurance performance is primarily determined by
perception of effort, as stated by the Psychobiological Model (Marcora).Z0i€ view

that the generation of RPE from central command underpinsstfanobiological model

of performance, which postulates that endurance performance is primarily determined by
perception of effort (Marcor& Staniano, 2010), (Marcora 201@&lthough thismodel
acknowledges that severe pain (from a muscle strain for dgpmpuld affect motivation

(and therefore inhibit performancea),suggests that muscle pain normally experienced
during highintensity aerobic exercise does not limit performance in healthy humans
(Marcora 2010. The results of the current study suggestat onor mal 6 EI P
during exhaustive exercise does affect performance and that it can be moderated
independently of perception of effort. These findings support other studies which
demonstrate that an analgesic interventanimprove exercis@erformance in a variety

of exercise models (Astorino et ,aR011; Astorino et al.2012; Foster et al.2014;
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Gonglach et a]2015; Mauger et gl2010; Mauger et 312014) and strengthens the belief
(Kress& Statler, 2007) that tolerance of EIP isieportant prerequisite for endurance
peformance (Mauger, 2013, 2104).

VI. CONCLUSION
The findings of the study suggest that TENS and IFC elicit an analgesic effect on EIP

during single limb, submaximal isometric contraction performance, and that thiseeduc

in muscle pain can improve time to exhaustion performance in the absence of changes to
perceived exertion. Further studies are needed to identify how TENS or IFC elicits an
analgesic effect for EIP, and the psychophysiological underpinning the sahsequ

improvement in endurance performance.
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l. ABSTRACT

INTRODUCTION : Muscle pain is a natural consequence of intense and prolonged

exercise and has besnggested to be a limiter of performance and barrier to physical
activity. Transcutaneouslectrical nerve stimulation (TENS) and interferential current
(IFC) have been shown teduce both chronic and acute pain in a variety of conditions.
This study was sought @scertain whether TENS and IFC could reduce exemtieed

pain and whether this wouklffect endurance exercise performance. It was hypothesised
that TENS and IFC would reduce exereisduced muscle pain and result in an improved
endurance exercise performandaring wholebody dynamic exerciseMETHODS:
Twenty-tow healthy male and female participaotsnpleted a 16-km cycle time trial as
quickly as they could whilst receiving TENS, IFC and a Shacebo in a repeated
measures, a croswer, randomized, and placebo controlled desRBESULTS: The
ANOVA revealed a significant difference in completion time between conditiopsa{f~

= 6.597, P = 0.003). Pairwise comparisons revealed that participants performed a
significantly faster TT (P = 0.001) in the TENS condition (29 min 6 s £ 3 min 20 s)
conmpared to the SHAM (29 min 39 s £ 3 min 34 s) condition. There were no significant
differences (P = 0.872) between the IFC condition (29 min 28 s £ 3 min 34 s) and the
SHAM, or the TENS and IFC conditions (P = 0.116). The ANOVA also revealed a
significant nain effect of condition for power output (F3s= 3.48, P = 0.041), mean HR

(F (1.38,29.06F 4.016, P = 0.042) and mean B[La]{ko9, 31.37= 7.54, P = 0.004). There was

a significant difference in the mean EIP between conditions during the @ 54E 4.210,

P =0.022). Pairettests revealed that participants perceived significantly less pain during
the TENS condition (3.5 + 1.8) than in the sham condition (4.0 + 2) €t3.037, P =
0.006). No differences were observed between the TadShe IFC condition (3.8 £ 1.9)

or the IFC and Sham condition (P > 0.05). No significant differences in mean RPE were
found between conditions during the TT (P > 0.GBPNCLUSION: These findings
demonstrate that TENS can attenuate exermbeced musle pain in healthy volunteers

and that consequently significantly pnoves endurance performance whole-body

dynamic exercise.

Key words: Exerciseinduced pain; time to exhaustion; time trial; exercise; gate control

theory.
114



. INTRODUCTION

The percption of muscle pain involves a complex neurobiological integrated network of

peripheral and central mechanisms that are dependent on interactions betwa@manop

and bottorup information. Of primary importance however, is the nociceptive signal,
which aises when Adelta (group 1l) and C fibres (group IV) are sensitised and stimulated

by variety of noxious mechanical, thermal and chemical stimuli (Marchettini et al., 1996).
Intense and prolonged muscular contraction elicits such an environment, thiheugh
production of bradykinin, hydrogen ions, potassium, prostaglandins and an increased
intramuscular pressure (Mense, 1993), and results in what has been termed-exercise
induced pain. Consequently, intense and prolonged exercise is often accompanied by
sensations of pain and discomfort, which may contribute to a negative affect (Babel, 2015)
and present barriers to regular physical exercise (CMarsfield et al. 2003).
Additionally, because the magnitude of exerdrshuced pain is proportional to exere
intensity (Cook et al.1997), and pain represents a powerful stimulus to disengage from
the paincausing behaviour, successful endurance exercise performance may require a high
tolerance to pain (Mauge014). Indeed, Astokorki and Mauger (2016) haseently

shown that tolerance to exerciseluced pain (but not pressure or thermal pain) predicted
cycling performance in untrained men and women. This finding is supported by studies
that have sought to reduce pain during exercise and observed aneathgmdurance
performance as a consequence (Astorino eR@lL1; Astorino et al.2012; Foster et al.

2014; Hudson et al2008; Jenkins et ak008; Mauger et al., 2010, 2014).

If reducing pain during exercise allows an improved endurance perfornanesgluces

the unpleasantness of the experience, then an intervention which can achieve this could be
of interest to populations where regular exercise would impart a health or performance
benefit. Whilst some studies have achieved this through pharmaadlagervention,

such as paracetamol or caffeine ingestion (Astorino e2@l.1; Astorino et al.2012;

Foster et a).2014; Hudson et al2008; Jenkins et al2008; Mauger et al., 2010, 2014),
there are negative sigdfects associated with this theay offset the benefit of any
increased exercise performance or adherdrughermore, it should be noted that some
evidence exists investigating that the ingestion of other analgesics (aspirin and codeine)

has notreduced exerciseduced pain oprodwced improvements in performance (Roi et
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al., 1994; Cook et al., 1997; Ray & Carter, 2007; Hudson, Green, Bishop & Richardson,
2008). Thusthere is a need for alternative methods of analgesia, that can be used during
exercise and elicit little or no siddfect and show an improved performanéecording

to the Gate Control Theory of pain (W&lIMelzack, 1965), perception of pain is not solely

due to activation of nociceptors, but is the outcome of modulation of both nociceptive and
nortnociceptive inputsinhibitory interneurons regulate the transmission of ascending
nociceptive information at the substantia gelatinosa, allowing modulation of the
nociceptive signal before it has reached the brain I@velzack & Wall, 1965) Thus,
selectively stimulatingh b | -diamgter afferent fibres in the presence of a nociceptive
stimulus may serve to reduce the subsequent perception of gaigis the premise of
Orubbing a bruised shin reduces the pain
frequency kectrical stimulation with a pulse amplitude titrated to produce a strong
comfortable and nopainful paraesthesia is suggested to activate large diameter afferents
(A-beta fibres) (Sluk& Walsh, 2003) and induce mild analgesia (Melzack, 1965; Garrison

& Foreman, 1994; Walsh, 1997). This technique is called transcutaneous electrical nerve
stimulation (TENS), and when adapted to produce both-lbighfrequency impulses,
interferential current stimulation (IFC). When administered correctly, these techargues
safe, produce no dangerous saftects and whilst not widely used, have been shown to
elicit pain relief, facilitate recovery, treatment for urinary incontinence in female athletes
and delayed onset muscle soreness (Bolin, 2003; Heyman, De GeusisMeMeeusen,

2009; Rivata et al., 2010; Rocha et al., 2012; Vanderthommen et al., 2012).

However, no studies have administered TENS or IFC during exercise with the aim of
reducing exercisenduced pain. Therefore, the purpose of this study was to astabli
whether the analgesic effect of TENS and IFC using equal stimulus parameters of
frequency, and current amplitude would reduce perceived pain and improve performance
of a 10mile (16.1 km) cycling time trial. It was hypothesised that the TENS and IF@wou
reduce the exercisaduced pain andvould improve completion time when cgrared to

the 6shamdéb condition.
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.  MATERIALS AND METHODS
Subjects

Twenty-two participants (male n=14, female n==8), trained in cycling and triathlon and
exercisingregularly(>8 per week) were recruited for
age, height and body mass were 33 + 8 yrs, 173 £+ 7 cm and 71.8 + 13.3 kg, respectively.
Prior to participation, participants were given an information sheet of the study describing
what they were asked to do. All data were anonymised and participants were told that they
had the right to withdraw from the experiment at any time. Following this, they were asked
to complete the inclusion/exclusion criteria checklist and medical health questeonn

The participants were excluded from the study if they had history of any cardiovascular
disorder (e.g. angina, heart attack, high blood pressure etc), chronic medications that affect
the central nervous system, pregnancy, bleeding disorders (engoptaka), deep vein
thrombosis, impaired sensation, acute/chronic infection (e.g. tuberculosis), malignancy,
recently radiated tissue, skin diseases or severely damaged skin, types | or Il diabetes, or
were using cochlear implants or pacemakers, or amgr @bndition that may be a danger

to their participating in a test (e.g. injury). Following this, all participants were asked to
read and sign an informed consent form. The research was approved by Local Ethics
Committee at the University of Kertiask. Participantswere asked to refrain from the
ingestion of alcohol 48 hours, caffeine 8 hours and analgesics 6 hours, and asked to refrain
from any vigorous exercise 48 hours, prior to experimental ylsitsLai & Chan, 2008)

Participants were also askednaintain their normal diets and keep regular sleeping hours.

Table6.1. Group mean values across all perceptual and exercise tests

Variable Male Female Total (Fe & M)
Age (yrs) 33+4 31+6 32+7

Height (cm) 176+ 4 167 +5 1737

Body mass (kg) 74.36+12.23 60.50+5.05 7186+ 13.40
VO, _ (mL/kg/min) 55.3+5.3 479+88 525+75
Anaerobic ThresholdiL/kg/min) 29.7+ 6.5 255 +3.7 28.2+59
Peak Power Output (W) 322.4+53.6 207.1+40.2 280.5+x74.4
GXT end pain 74+27 49+ 17 6527

GXT end RPE 188+15 16.3+2.1 18.0+ 2.0
GXT HR __(beat. mihl) 178.2+11.4 177.4+11.4 177.9+11.4

RPE, rating of perceived exertion; GXT, graded exercise testhetRt rate
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Procedures

Participants attendeddhaboratory on four separate occasions, each separatesiday?2.
Visit one involved full familiarisations of the stimulations, perceptual scales,
guestionnaires and exercise tests. In vis#s @articipants completed the exeectest (10

mile cycling time trial) in the presence of either TENS, IFC or sham in a cebalanced

and singleblind experimental design.

Familiarisation

On the first visit to the laboratory, participants underwent a general health screening in
addition to a test for skimtegrity and sensory discrimination using a sharp and blunt
patella hammer. All the participants completed the test satisfactorily and agreed to proceed
with experiment. To be familiarised with the TENS and IFC stimulation, and to ensure the
stimulation irduced a strong comfortable and Rmainful paraesthesia, participants were
briefly administered TENS and IFC. In order to reduce resistance to the electrical current,
the skin of the vastus lateralis of both thighs was shaved and cleaned thoroughlshleefore
electrodes were placed on it. Bipotarface electrodes were placed over the vastus
lateralis and the TENS and IFC were applied at high frequency, but low intensity
stimulation. To ensure the appropriate intensity for the subsequent test occasions,
anmplitude was steadily increased until the participant perceived a comfortable tingling
sensation but did not experience any muscle pain. The intensity of TENS or IFC was
gradually increased insamilarmanney but limited so as to produce no muscle cotimac
Stimulation frequency was increasktdeseup t
parameters induced a comfortable tingling sensation, with no muscle pain or contraction
in all participants. Throughout all test occasions, participants were mexhitar signs of

skin irritation, nausea, swelling and pain. Following familiarisation to TENS and IFC,
participants were introduced to the numeric pain rating scal®)(Cook et a.1997) and

B or g &B) raing of perceived exertion (RPE) scale @adar998). Participants were
instructed to report RPE solely as effort to drive the limb (Pageaux et al., 2015) (i.e.
independent of pain and discomfort) and that pain should be anchored to exelorssl

pain (i.e. numeric values given relative to thekperience of muscle pain). After
participants confirmed their understanding of the pain and RPE scales, they completed a

VO2maxtest (GXT) after a standardized-tfin warmup at a sefselected intensity on the
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cycle ergometer (Velotron, Racermate, SeatflVA). An incremental step protocol was
utilised, starting at a power output (PO) of 100 W with increases of 30 W:. min
Participants maintained a seklected cadence until volitional exhaustion or when they
could no longer maintain the required cadenburing the test, gas exchange (Cortex
Metalyser 3B, Cortex GmbH, Lepzig, Germany) and heart rate (HR) (Polar Electro,
N2965, Finland) were recorded continuously, with RPE and perceived pain recorded at the
end of each stage. Throughout the test venbab@agement was given by the researcher.

On completion of the test, participants received anB® rest period during which they

were familiarised to, and completed, a mood questionnaire (Brunel Universal Mood States
(BRUMS) (Terry & Fogarty, 2003). Finlgl after the 36min rest period, participants
completed a familiarisation of the sg@fced 10 mile (16-km) cycling time trial (TT).
Participants could change gear and cadence to complete the TT in the fastest time they
could, and they could see thetdisce they had completed but were given no information

on performance or physiological parameters (e.g. PO, HR, time elapsed). Participants were
asked to report RPE and perceived pain every km. On completion of the TT, participants
completed a further BRUBI.

ExperimentalVisits 24

Participants initially completed a BRUMS before performing the TT in the same manner
as described above, with the addition of a fingertip sample of blood acquired duary 4

for analysis for blood lactate concentration (B[LdJhroughout the TT participants either
received TENS, IFC or sham (placetantrolled) on the vastus lateralis of both thighs

shown inFigure 6.1 Prior to the TT, the stimulation electrodes were placed (in the manner
described in the familiarisationsit) and current was applied fosbin, followed by a 10

min warmup on the cycle ergometer at a ssfected intensity. The parameters of the IFC
pulses were delivered in a continuous mode with a pulse frequency of 100Hz (ascertained
in the familiarisabn visit). For the TENS pulses, a continuous pattern of stimulation was
used, with a pulse width of 300 e€s and f
two electrodes, bipolar IFC was used to maintain blinding of conditions. Previous studies
have fown that bipolar and quadripolar techniques work equally well when used to
manage pain conditions (Johnson & Tabasam, 1998). Stimulation was delivered using a

Vectra Genisys mukivaveform stimulator (Chattanooga Group, Hixon, TN, USA). In the
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sham stimudtion, the electrodes were placed on the same muscle site as the TENS and IFC
conditions and the machine was turned on but with no stimulation applied. Participants
were tol d, AThis type of stimulation is
stmubs that you will not be able to percei
of the electrical current on an oscilloscope. On completion of the TT, participants
completed a BRUMS.

StatisticalAnalysis

Descriptive data are reported as means + SBndard assumptiofi§ruskalWallis test

and ShapireNilk test)were checked for each statistical test prior to analysis, and none of
these were violated. Power output and HR were averaged for every km completed.
completion time was analysed usingregpeated measures ANOVA and Bonferroni
Pairwise ComparisonBRUMS score, PO, B[La], HR, RPE and pain were assessed using
an ANOVA with repeated measures and appropriate pametplet-tests Bonferroni
Pairwise ComparisonLhanges in PO, B[La], HR, RPEd pain over time between
conditions was examined using a thveay ANOVA with repeated measures and
appropriate followup pairedsample ttests. All statistical analysis was performed using
the statistical package SPSS for Windows, PC software, versi®PZS Inc., Chicago,

IL, USA), and significance was accegtehen P < 0.05.
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IV. RESULTS

Time Trial (TT) Completion Time The ANOVA revealed a significant difference in
completion time between conditions @42)= 6.597, P = 0.003). Pairwise raparisons
revealed that participants performed a significantly faster TT (P = 0.001) in the TENS
condition (29 min 6 s = 3 min 20 s) compared to the SHAM (29 min 39 s + 3 min 34 s)
condition. There were no significant differences (P = 0.872) between @hedfidition

(29 min 28 s £ 3 min 34 s) and the SHAM, or the TENS and IFC conditions (P = 0.116).

Power Output (PO) The ANOVA revealed a significant main effect of condition for
power output (F2, 38 = 3.48, P = 0.041). There was also a main effectdistance

completed (P < 0.001), but no interaction effecgagFs70)= 0.92, P = 0.587), as shown in
Figure6.l
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Power Output (W)
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Figure 6.1  Shows the power output differences between conditions. * A significant main

effect for ondition. Significant differences (P < 0.05) between TENS vs. SHAM
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Figure 6.2 Power output profiles during the time trials for TENS, IFC and Sham conditions.

* denotes a significant main effect for condition<(B.05).
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Rating Perceived Exertion (RPE)No significant main effects for condition were
observed (P > 0.05). There was a main effect for distance completed (P < 0.001), but no

significant interaction effect was found (P > 0,089 shown in fgure 6.3.

Rating Perceived Exertion (a.u)
(0]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Distance Completed (km)

Figure 6.3 Rating perceived exertion profiles during the time trials for TENS, IFC and Sham

conditions.
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Exerciseinduced pain (EIP) There was no main effect of condition for EIP{k, 29.62)

= 3.60, P = 0.054). There was a significant main effect for distance completed (P < 0.001)

and a significant interaction effect (fo, 630)= 2.04, P = 0.001). Followp pairedt-tests

revealed that participants perceived significantly less EIP in theSTd&Ndition compared
to the SHAM at the 4th, 6th, 9th, 11th, 12th, 13th and 15th km (P < 0.05), as shown in

Figure 6.4.
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Figure 6.4 Exerciseinduced pain profiles during the time trials for TENS, IFC ahdr

conditions.** denotes a significant interaction between sham and TENE&notes a significant

main effect for condition and time (P < 0.05).
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Heart Rate (HR) The ANOVA revealed a significant difference in the mean HR between
conditions during thdT (F (138, 20.06= 4.016, P = 0.042). There was a significant main
effect for distance complete® € 0.05), and a significant interaction effect was observed
(F @3, 2789= 3.171, P = 0.008). Followp pairedsamplet-tests showed a significant
difference in HR between TENS and SHAM conditions betweenti&8km (P < 0.05).
Additionally, significant differences in HR between IFC and SHAM conditions were
observed between the®16" km (P < 0.05). There were also significant differences in
HR baween TENS and IFC conditions during tHg& 94", 158" and 18' km (P < 0.05).

Differences in HR between conditions are shown in Figuse
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Figure 6.5 Heart rate profiles during the time trials for TENBC and Sham conditiont
denotes a significant interaction betwesram and TENS# denotes a significant interaction

betweerShamand IFC. ¥denotes a significant interaction betwd@dNS and IFGn HR.
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Blood lactate (B[La]) TheANOVA revealed a sigificant main effect of condition (fr 49,
3137)= 7.54, P = 0.004), a main effect for distance complded @.05) and a significant
interaction effect kz.es, 77.63= 3.51, P = 0.013). Follow up pairsdmplet-tests showed a
significantly differentB[La] between TENS and SHAM conditions at thé" ke (t 21)=

- 2.850, P = 0.01), and the™.8m (t 21)= - 4.370, P < 0.001). There was also a difference
in B[La] between IFC and SHAM conditions at the"1én (t 21) = - 3.632, P= 0.002),
and a sigificant difference in B[La] between TENS and IFC conditions at tiekh2 (t
eyn=2.496, P = 0.021), as shown in Fig6ré.
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Figure 6.6 Blood lactate profiles during the time trials for TENS, IFC andnSbanditions.
** denotes a significant interaction between sham and TENS. # denotes a significant interaction

betweerShamand IFC. ¥ denotes a significant interaction between TENS and IFC in B[La].
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BRUMS: No differences in mood states were found betwamrditions preor post TT.
Pairedsamplet-tests showed only a significant difference in-@ed post TT fowigour
during the TENS condition (t1) = - 2.114, P = 0.047). No other differences in-pest
mood states were observed.

V. DISCUSSION

The purpose of the study was to determine whether TENS and IFC would improve the

performance of a thile cycling TT by reducing exercisaduced pain in trained cyclists.

The principal and novel finding of this study was that TENS significantly improved
compldion time of the cycling TT, and that this was achieved by maintaining a higher PO,
HR and B[La]. Despite the increased physiological strain and metabolic challenge induced
by the higher PO, participants felt less exeraigkiced pain in the TENS conditio
alongside no change in perception of effort. These findings support previous research
which demonstrates that mild analges&n inducean ergogenic effect in seffaced
exercise, but is the first study to show that a TENS intervention can be usatit tihisli
analgesia to exercisaduced pain.

The TENS intervention in the current study conferred a ~2% average improvement in TT
completion time compared to the placebo condition. This was the result of a significantly
higher PO (mean df16 W) that wa sustained throughout the TT (see Figu@&, which

likely led to the observed higher HR and B[La] concentration in the TENS condition. The
higher metabolic demand in the TENS condition would have created a greater noxious
environment in and around thaustle (evidenced by the higher B[La]), which would have
been expected to increase perceived pain. However, the striking finding of this study was
that despite the increased nociceptive conditions, participanteivedess pain in the
TENS condition. TEI$ is hypothesised to reduce pain by selectively activating the large
diameter primary afferent fibres {Beta fibres) (Sluk& Walsh, 2003), which inhibits the
nociceptive transmission from small diameter higher threshold nociceptidel{#® and

C) fibres throughpre-and post synaptic inhibition in the dorsal horn of the spinal cord
(Melzack& Wall, 1965). Additionally, activation of smatliameter afferent fibres through
TENS and/or IFC may modulate the transmission of pain through the release of

endogenas opioids (Resende et al., 2004; Sabino et al., 2008), and serotonin (Chen, 2010).
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Therefore, despite the likely higher stimulation of the nociceptive fibres experienced in the
TENS condition of the current study, TENS stimulation may have been abtenaait

the noxious input of nociceptors at the spinal cord level, thereby reducing the overall
experence of pain in this condition.

Classically, endurance performance has been explained through a performance model that
focusses solely on the physiolodicaechanisms underpinning maximal oxygen uptake,
lactate threshold and exercise efficiency (Joga&oyle, 2008). Whilst there is no doubt

that these parameters set the badiperformance velocity, they are not capable of
explaining differences betweeace performance, or how work rate is regulated during
exercise. Furthermore, the model is not capable of explaining improvements in
performance via interventions that have no effect of the maximal oxygen uptake, lactate
thresholdand exercise efficienqyarameters. A clear example of this is the study of Swart

et al (2009), who showed that highly trained cyclists were capable of sustaining
significantly higher work rates under increased levels of metabolic and cardiorespiratory
stress for longer when @wn the amphetamine methylphenidate. This study demonstrates
that the exercising body is capable of tolerating a significantly greater physiological strain
than is usually achievable is normal conditions, and that this tolerance is likely set by the
centralnervous system. The Central Governor Md@dhakes 2000, 201XBuggests that
endurance performance is regulated through a complex comparison between perceived
demands of the exercise (knowledge of -potht, environmental conditions, course
topography), kowledge of own physiological capability and current demands of the
exercise (via afferent feedback). This internal calculation is set with the primary aim of
avoiding a disturbance to homeostasis to a level that would result in damage to the body.
Supportfor this model is underpinned by studies which have shown that changes to factors
influencing the internal calculation (e.g. distance knowledge (Mauger et al., 2009),
competition (Corbett et al2013, central processing (Swart et,&009) can improve
endurance performance. However, Amann et(2009) suggest thaa difference in
endurance performancegamarily dependent on afferent feedback from the periphery. In
this Afferent Feedback Model, metabolic changes in the muscle results in a reduced or
impeded central motor drive that elicits central fatigue. $istemis suggested to act as

a safety mechanism, so that central motor drive restricts the development of peripheral

locomotor fatigue to an individual critical threshold, and that this lefvetstriction is at
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