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ABSTRACT

The dorsolateral prefrontal cortex (DLPFCigrucial brain regioffor inhibitory control, a
executivefunction essential fobehaviouralselfregulation. Recety, inhibitory controlhas
been shown to bamportant for endurance performance. Improvement in inhibitory control
were found following transcranial direct current stimulatiotDCS) applied over the left
DLPFC (L-DLPFC). This study examined the effetf2CS on both an inhibitory control and
endurance performande a group of healthy individual3welve participants receiveslther

real tDCS (RealtDCYS) or placebotDCS (ShamtDCS) in randomized orderThe Anodal
electrodewas placed over the-DLPFC while the cathodal electrode was placed above Fp2.
Stimulation laste®0 min with currentintensityset a?mA. A Strooptestwasadministeredo
assess inhibitory contrdHeart rate (HR), ratings of perceived exertion (RPE), and leg muscle
pain (PAIN) were monitored during tier'E test while blood lactateDFFXP XODWDRQ "% >/
was measuredat exhaustionStroop task performance was improvedfter RealtDCS as
demonstrated by a lower number of erréos incongruent stimulig = 0.012) TTE was
significantly longerfollowing RealtDCS conpared to amtDCS(p = 0.029, 17 + 8 vs 15 +

8 min), with significantly lowerHR (p = 0.002) and RPE § < 0.001) while no significant
difference vasfound for PAIN @ > 0.224. "B[La’] was significantly higher at exhaustion in
RealtDCS (p = 0.040. Our findings provide preliminargvidence thatDCS with the anode
over the -DLPFC can improveboth inhibitory controland cycling performancen healthy

individuals

Key words: noninvasive brain stimulation,fatigue, perception of effort cycling,

enhancemenstrooptask

HIGHLIGHTS
Stroop tesperformancecan be improved by targeting tledt DLPFC;
Heart rate during exercise was reduced after targetingftieLPFC;

Perception of effort during exercise was reduggdargeting théeft DLPFCwith tDCS;

Endurance cycling performance can be improved by targeting the left DLPFC;
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INTRODUCTION

The capcity to sustain higintensityaerobic exercisds important for endurance
performanceRecent gperimens suggest thaéndurance performancaright not solely rely
on the individual 3 SK\VLFDO " (HdggD &tLalV,\2010)It has been proposed that
cognitive control and more precisely the inhibitory contrplays an important rolér the
regulation of strenuous physictdsks (Hagger et al., 2010)Accordingly, theinhibitory
control would beimportant to inhibit unpleasant sensas@ommonly experienced during
exercisesuch as muscle pain, dyspnagahermal discomfor{Hagger et al., 2010)n other
words, as exercise progresses, mandibitory control is necessary to avoid task
disengagement.

A common feature of effortful cognitiverocessesuchasinhibitory contro| is that
when exerted over timethey induce astate of mental fatiguéMuraven and Baumeister,
2000) which hasshown toincrease perception of effort arfthve a negative effect on
endurance performancéMarcora et al., 2009)Recent experinens demonstratedthat
professional cyclists have a highehiiitory controland are more resistato mental fatigue
compared to recreationathletes(Martin et al., 2016)thus providingsomeevidence on the
importance of inhibitory control for endurance performance.

Neuroimagng studies investigating the neural basis of inhibitory control, found a
significant activation of corticatetworkslocated on the prefrontal cortex (PF®)iller and
Cohen, 2001; Diamond, 2013)ncreasedactivity of the PFC has been observed during
various cognitive testsvolving inhibitory control such athe Strooptask Go/No-Go task or
stopssignal task(Diamond, 2013)Notably, when PFC activity was impaired,eduction in
performancetest requiring inhibitory controlwas observed(Heatherton and Wagner, 2011,
Hedgcock et al.2012) The PFChas been shown to be important for a wide range of other
high order cognitive functions such as decision making, working menarg problem
solving (Miller and Cohen, 2001; Diamond, 2018) addition, the PFC has been proposed to
play an important roléor exerciseregulation(Robertson and Marino, 2016h this regards,
neuroimagig studies demonstrateah increase in functional connectivity between PFC, and

primary motor cortex (M1Jluring submaximal fatiguing exerciééiang et al., 2012)

Transcranial dect current stimulationtPCS) hasbeendemonstrated to improva
wide range ofcognitive functios in healthy individual§Kadosh, 2013Santarnecchi et al.,
2015) Improvement in cognitive tests involving inhibitory control were found after tDCS

applied over the left dorsolateral prefrontal cortexDILPFC) (Hsu et al., 2011, Loftus et al.,
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2015) tDCS hasalsobeen recently used to enhance physical capacity in healthy individuals
on different exercise paradigrby providing contrasting results about the ergogenic effect of
tDCS (Angius et al., 2018b; Machado et al., 2018p the best of our knowledge, only one
study investigated the effect of tDCS on thddLPFC on cycling exercise performance by
reporting improvement in performan@eattari et al., 2017)The mechanisms underlying the
improvement in performance however are largely unknown as no measurement of

physiologicalandbr cognitive responseas performedollowing tDCS.

In light of this gap in the literaturehé primary aim®f the present investigatiomere:
1) verify the hypothesis that tDCS over theDLPFC can improve cognitive task
performancerequiring inhibitory control; 2) verify the hypothesis that tDCS over lthe
DLPFC can improve endurance performance; 3) monitorctgnitive andphysiological
responsg following tDCS. We hypothesized that tDCS over theDLPFC would improve

inhibitory control andreduceperception of effort during cycling exercigeexhaustion



EXPERIMENTAL PROCEDURES

Participants

Twelve recreationallytrained participants(3 women and 9 menyvhose mean +
standard deviations (SD) of age, height and weight were 28r+1¥9 + 10 cmand74.9 +
16.5 kg, respectivelywererecruited All participants signed an informed consemtdke part
in the study which was performed according to deelaration of Helsinki and approved by
the local ethics committedlarticipantsperformed a regular aerobic exercise training (3

h/week andwere free of any knowoardiorespiratory, psychiatric or neurologidéease.
Experimentabesign

Participants visited the laboratory on three different occastbas included one
familiarisation sessiorand two experimental sessiorRarticipantswere advised to avoid
strenuous activities, consume alcohol, caffeine and other stimulants or depresgkhh for
prior eachvisit. All visits were performed at the same time of the day in a temperature
controlled room (20°C, relative humiditpetween 460%) and were interspaced by a
minimum of 72 h and completed within 14 dayAll experimental procedures are illustrated
in Fig 1C.

Visit 1. This visit servedas familiarisation sessiofRarticipantsalso performed a maximal
incremental tesbn a stationary cycle ergometer (Lode, Corival, Groningen, Netherlemds)
establish their maximal peak power outpdygay). The test consisted on a 5 min warm up at
100 W with a following increase of 30 W/min until volitional exhaustion (defined as a

cacence below 60pm for more than 5 s).

Visits 23. Participants were randomly assigned in a dobliled and counterbalanced
mannerto a placebaDCS (ShamtDCS) and toreal tDCS (ReattDCS) using an online

randomizer littp://www.randomization.cojn
Stroop Task.

The Stroop task involved a mixed block of 144 trials were the stimulus was either a
string of asterisks (72 neutral trials), an incongruent colour word (60 triadsq @ongruent
colour word (12 trials). Each stimulus was presented in one of the six colours chosen (blue,

green, orange, red, purple, or yellow), in the centre of the computer screen with a black


http://www.randomization.com/

background colour, in a Courier New font bold style andt fime 18. During theaask
participants were required fwess the button of the keyboard corresponding to the presented
colour as quickly and accurately as possilid. each trial, the stimulus remained on the
computer screen until the volunteer respahdidis was then followed by a response to
stimulus interval of 1000 ms minus the response tihiea practice trials were given before
commencing. The test was administered before tIB2Sdline), after tDCSPpsttDCS) and

after the TTE testRost TTE). The same version of this Stroop task has been used in previous
study(Lowe et al., 2014)The Stroop task was prepared and administered by usiPrinte
software2.0.10 (Psychology Software Tools, Inc).

Psychological assessment

Mood was assessed by usitng tBrunel nood scale (BRUMS)(Terry etal., 2003)
Motivation related to TTE test was measured using the success motivation and intrinsic
motivation scales (Matthews et al., 2001) The National Aeroautics and Space
Administration Task Load Index (NASALX), (Hart and Staveland, 1988yas used to

assess subjective workloeglated to th@ TE test
Transcranial directcurrent stimulation procedure

Offline tDCS was delivered by a direct current stimulator (TCT Research Limited,
Hong Kong)with the anodal electrod€7x5 cm)placedin correspondencef F3 location
according to the 220 EEG systenwhile the cathodaglectrodg5x5 cm) wasplaced orFp2
location(see FiglA and 1B. This montage has been previously used to target and increase
the excitabilityof the L-DLPFC in both healthy and clinical populati¢@luck et al., 2015;
Heinitz et al., 2017; Silva et al., 201T) theReatltDCS condition stimulation lasted 30 min
at an intensity of 2.0 mAcurrent density (mA/chof 0.057). Theseintensity and duration
have been shawto induce beneficial effects on cognitive function in both healthy and
clinical population(Martin et al., 2013; Mclntire et al., 2014he electrode placement in the
ShamtDCS was identical toRealDCS but the stimulation lasted only 30 s. For both
conditions the current was ramped up and daw@0 s In order to ensure good conductance,
electrodes sponges were soaked with a saline solution (NaCl 9%) and elastic straps were used
to maintained electrode on the scalp. The electrical resistance was constantly kept within a
UDQJH EHWZHHIDLCS ws Rot adininistered during cognitive or physical task (see



Fig. 1C). During the stimulation participants were asked toiseatcomfortablehairand
to relaxas much as possible.

Time to exhaustion test

Participantsperformeda cycling TTE testat 70% of Wyeak 1o asses endurance
performance After 5 min warm up at 100W, th&TE test startecand was interruptedt

volitional exhaustior{defined as a cadence below 60 rpm for more than 5 s).
Perceptual and physiological parameters during exercise

Participantsreported their leg muscle pain (PAIMjth a 10 points numerical scale

29&RQQRU D Q G agdtBiNperception of effort with aSipoint rating of perceived
exertion (RPE) scale following the instructions ¢@Borg, 1998) Participants were
familiarized with the RPE procedure during the preliminary incremental exercis&aeht.
parameter wasakenafter 30 s, at the end of each nand immediately after exhaustion
Heart rate (HR) was monitored by a HR monitor (Polar RS400; Polar Electridebpele,
Finland).A 10 ml sample of capillary blood was collected from the thumb to determine blood
lactate concentration (B[A Samples were analysed immediatalthe end ofeach session
by a lactate analyser (Biosen; EFK Diagnostics, London, B&ctromyography activity of
the right vastus lateralimuscle(VL-EMG) was continuouslyecordedduring the TTE test.
TheVL-EMG signal wagecordedoy surface electrodgSwaromed, Nessler Medizintechnik,
Innsbruck, Austria) placedver themuscle bellywith the reference electrode placed over the
patella.Each electrode was positioned according to the SENIAM guide(itesnens et al.,
2000) Electrodes position was marked on the skin watipermanent marker to ensure
reproducibilityfor electrodes positiom the followingvisit. The EMG signailvas acquiredt
sample rate of RHz (gain = 1000) by a commercially available software (Acgknowledge 4.2,

Biopac Systems Inc., Goleta, USA).
Data analysis

During the TTE test, data points weyeocesseé DV LQGLY L GWDROH'VWE® IDWRO R

the withinsubjects comparison of temporal chan@esgius et al., 2018a)

The VL-EMG signal was normalized by the maximal MG obtained during 10 s
cycling sprint performed priothe TTE test A period of 3 s during the sprint phase was



isolated, averaged and then used for normalisgAdirertusKajee et al., 2010for theVL-

EMG analysis, the recorded signal waigitally filtered with a Butterworth band pass filter
(10 and ®0 Hz). The root mean square (RMS) of the-EMG signalwas automatically
obtained with the softwar@he last 5 bursts were averaged prior each time point respectively
at 0, 25,50, 75, 100% and at exhaustiddefore calculate Stroofest parameters a data
reductionwasperformed We excluded RT < 208nd> 1500 ms, since the former is too fast

to represent a conscious response and the latter was consaderetlier (Brunoni et al,
2014) The mrametersobtainedfrom the Stroop test wereeaction time (RT)number of
errors(ERRORS)and Stroop Interference (SIThe ERRORSwere entered into the analysis

as raw scoresvhile S| was calculated as the difference between the Rmsnof correct

incongruent colour words minus the RT in ms of correct asterisk ttia¥ge et al., 2014

Satistical analysis

Dataarereported asnears + SD. The normal distribution was checked by using the
ShapireWilk test. When assumption o$phericity was violated, the Greenhousgeisser
correctionto the degrees of freedowmas applied A fully repeated measures 2x5 ANOVA
(condition x time) were performed to test the effectstBiCS on RPE, PAIN, HR and VL
EMG during the TTE tesiThe effect ofconditionon TTE time, "B[La’], HR, PAIN and VI
EMG at exhaustion was analysed by pairéest. Becauseiolation ofthe normal distribution
of RPE at exhaustion was violated Wilcoxon signeerank test was performedERRORS
and RTwere analyses by using a fully repeated 2x2x3 ANOM#h condition ReaHDCS -
ShamtDCS), type of stimulus(congruent- incongruent)and time Baseling PosttDCS and
PostTTE). A fully repeated 2x3 ANOVA (condition x time) was performed for the analysis
of SI, RT and ERRORS for the asterisks trialsd selreported moodMotivation and
NASA-TLX results wereassessed by using a pairetbst. When a significant simple main
effect of condition or timewas found, a HolrBonferroni followup test was performed.
Pearson correlation was computed to observe the relationships betleesrasesin
ERRORS in incongruent word andhcreasein TTE. Effect size for each statistical test was
also calculated as partial eta squareg)( The statistical significance was setpat 0.05.
Statistics analysis was conducted by using SPSS version 23.



RESULTS

All participantscompletedooth experimental sessions and none of them reported any
side effecs during or after tDCS The average Wnax measured during the maximal

incrementakyclingtest was 277 + 6@/.
Effect ot DCSon mood, motivation and subjective workload

No significantcondition x timeinteraction was found for any of setported mood
subscals (all ps > 0.05).No significantdifferences between conditions aoger timewere
found forAnger (F(1, 11)= 0.082 p = 0.78Q ?p = 0.007andF,, 25~ 0.237,p= 0.671 %p =
0.021), Confusion E¢, 11)= 3.605,0= 0.084 2p = 0.247andF, 2= 2.005,p= 0.177 *p=
0.154), DepressionK, 11y= 0.671,p0 = 0.671 °p=0.017andF, 2= 1.492,p= 0.250 °p
= 0.119 and Tension(F, 11y= 0.244,p = 0.631, 2p = 0.022andF, 22)= 1.748,p = 0.212

p = 0.137. A significant increase itiatigue after the TTE test has been fouRg, (2) =
14.209,p = 0.0QL, 2p = 0.590 without any difference betweaonditions(F, 11y= 0.463,p
= 0.51Q0 ?p = 0.040. Vigour significantly decreased after the TTE td5h (2= 3.851,p =
0.037 °p = 0.289 without any difference between conditiof, (1= 0.516,p = 0.488 °p
= 0.045. Intrinsic motivation and success in the task related to the TTE tests did not differ
between the twaonditions(p = 0.178 andp = 0.905 respectively). Regarding the NASA
TLX questionnairestatistics did not show any differenbetween conditionfor Effort (p =
0.641), Frustration(p = 0.293),Mental demandp(= 0.126), Prformance § = 0.406) and
Temporal deman¢p = 0.410).

Effect ot DCSon Stroopest

Statistical analysis found a significazdndition x type of stimulus x timmteraction
for ERRORS(F(2, 22)= 3.538,p = 0.047 n = 0243). Follow-up tests showed a significantly
a higher number dERRORSfor the incongruent words both conditiongF, 11)= 60.067 p
= 0.001 ?p = 0.845. A significant decline in the number BRRORSat PosttDCS in the
ReattDCS conditionwas found only for incongruent words{ 11y=47.021 p= 0.012 p=
0.810. The number oERRORSsignificantly increase@t PostTTE compared tdBaseline
andPosttDCSin both conditios (F, 22= 47.021p = 0.001 “p = 0.94). Regarding RT, no
significant condition x type of stimulus x time interactiavas found E, 22)= 1.372,p =
0.274 °p = 0.11). There was no significant main effect of conditidfy (11)= 0.016,p =
0.902 ?p = 0.003), while a significant main effect of type of words{ 11) = 45.409,p =
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0.001 “p=0.809 and time F(, 22 = 8.369,p = 0.002 °p = 0.439 was found. Followup
tests showed a significantly higher RT for incongruzsourwords p = 0.001, %p = 0.805
andatPostTTE (p = 0.029 °p = 0.473 compared tBaselineandPosttDCS. Regarding Sl
no significant condition x time interactiorr ¢, 22 = 2.507,p = 0.104 ’n = 0.186, no
significantmaineffect of condition ft(1, 11)= 0.723,p = 0.413 2p = 0.069 andtime (2, 22)=
0.046,p=0.955 ?p = 0.009 werefound (SeeFig 2).

Statistical analysis did not find a significant conditbootime interaction for asterisks

trials on ERRORSH(», 2= 0149 p = 0862 2p=0.013) and RT F, 22= 1.287,p = 0.296,

p = 0.105). For ERRORS there was no significant main effect of condittQnsf= 279,
p=0608 ?p=0.1®5), whilea significant main effect of time was fourtel«( 11)= 22.462 p
= 0.001, %p = 0671). Follow-up test showed a higher number of ERRORS at-poEt in
both conditions K¢, 11) = 14.614 p = 0.001, ’p = 0.745). Regarding RT, there was no
significant maineffect of conditions K, 11) = 1.392,p = 0.263, ?p = 0.112), while a
significant main effect of time was founB{, > = 11.438p < 0.001, n=0.510). Followup
test however showed only an higher RT at {JOBE in both conditionsK, 11y= 7.301,p =
0.006, ’p = 0.594).

Effecs of tDCSon TTEand physiological and perceptual resposdaring TTE test

TTE testwas significantly longer in theRealtDCS condition compared toSham
tDCS (17 + 8 vs 15+ 8 min, p = 0.029, % = 0.249. A significant condition x time
interaction wa found for HR @, 44y = 3.761,p < 0.034 n = 0592 while nosignificant
condition x timeinteraction was found foRPE, PAINand VL-EMG (all ps > 0.05). A
significant main effect of time wasundfor RPE(F4, 49 = 162.493p < 0.00], p = 0937),
PAIN (F, 42 =128.642,p < 0.001, %p = 0.921), HR (F4, 44 = 284.824 p < 0.001, %p =
0.963 and VL-EMG (F4, 49 = 4.16Q p = 0.087, ’p = 0274). Statistical analysis revealed
significant reduction of RPEF(, 11y = 20.758,p = 0.00], ’p = 0.659 and HR(Fu, 11)=
15.974 p < 0.02, ?p = 0.593 in the ReatTDCS compared toShamtDCS while no
significantdifferences between conditiomgere found for PAIN (F, 11)= 1.662,p = 0.224

’p = 0.13) and VL-EMG (F(, 11y= 0.199,p = 0.664 “p = 0.18. "B[La™] at exhaustion
was significantly higher in thRealtDCS condition compared t&hamtDCS (12.03 = 1.60
vs 11.04 + 1.90 mmoH, p = 0.040, p = 0.565 while no significant differences were found
for RPE(p = 0.564 ?p=0.092, PAIN (p=0.887 ?p=0.060, HR(p = 0.085 ?p=0.18)
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and VL-EMG (p =0.638 ?p = 0285) (Fig 2). There was no correlation betwedecreasén
ERRORSin incongruent worslandincreasen TTE duration(p = 0.519r -0.159.
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DISCUSSION

This study demonstratekat tDCS with the anodal electrodever the LDLPFC,
improves Stroop taskperformance significantly improves TTEand reduces HR and RPE
during cycling exercise. As initially hypothesised, this improvement on endurance

performance occurrdd associationwith a lower perception of effort during exercise.

Effects otDCSon cycling performance

Previous studies have investigated the ergogenic effectD@S on cycling
performance by reporting contrasting resifAsgius et al., 2018b)Okano and colleagues
(2015) reported a 4% improvement in the peak power output of a maximal cycling
incremental test together with a reduction in RPE, HR and change in heart rate variability
(HRV) following anodal stimulation over the3T The effect of anodal stimulation over T3
however are uncertain, as in a following study by Okano and colleé2E8) no changes in
HR, RPE and HRV during constant load cycling exercise were found. A lack of effect on
tDCSover T3 has also been repording a 20 km cycling time triagh the hea{Barwood
et al., 2016)

The study olitor-Costa and colleagu€2015)reported improvement in cycling TTE
test following tDCS with anodal electrodesover bdah M1 without significant changes in
physiological (i.e. HR and VIEMG) with a trend for a reduction in RPE which might explain
the improvement in performance. Angius and colleagfgsius et al., 2018ajonfirmed the
improvement in TTE performance withilateral extracephalic montage witanodal
electrodesver both M1,with a significant redu@on in RPE and an increase in corticospinal
excitability. Another study however failed to find improvement in TdlEation (Angius et
al., 2015)is likely be caused bthe cephalic montagesed(Angius et al., 2016)

Lattari and colleague@017)investigated the effect dDCS over the -DLPFC on
TTE performance at maximal cycling intens{i00% Wy, by reportingimprovement in
performanceContrarily to our findings, no changes in RPE between conditions were found
which is most likely caused by treriling effect duringhigh intensity exerciseThe exact
mechanisms for this ergogenic effect are unknown, as no physiologicagjnitive resposes

weremeasured.

Effecs of tDCSon Strooptest mood, motivation and subjective workload
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The Stroop task is acknowledged as a s@sthblished test to assess inhibitory control.
In our study,a significant reduction of number of ERRORflowing ReatltDCS was found
only for the incongruent colour wordghich is indicativeof an improvement in inhibitory
control and in agreemenwith previous studiegJeon and Han, 2012; Loftus et al., 2015)
Although we cannot provide the exact neurophysiologieathanismsuch improvement was
probably achieved by an increased neuronal excitalfitpe targeted brain arg&isu et al.,
2011; Keeser et al., 2011As expected,hte RT was significantly higher fancongruent
colour words compared to neutral stimuliin our study, RealDCS did not induce
improvement in RT, a findings which hasenpreviouslyreported(Loftus et al., 2015)The
lack of effect on RT might also explain the unchangedS&boptaskperformancelecreased
after the TTE as demonstrated by the increased RT and numkeRRORSIn both
conditions. This is in agreement with previous findindlsabelle et al., 2013) However,
opposite effedon Stroop performance were also foAdves et al., 2012; Tsukamoto et al.,
2016) This is notsurprisingas cognitive performance nyabe either enhanced or impaired
dependingon exercise modality and intensi{Brisswalter et al., 2002; Tomporowski, 2003)
Additionally, a U-shaped relationship between exercise intgresid cognitive functiomwas
proposed(Brisswalter et al., 2002; Tomporowski, 2008)here low and moderatetensity
exercise would improve cognitive function, whereas higansity would be detrimental.
These results suggest a complex relationship between exercise and cognition and therefore

further experimental studies should be performed.

In line to whathas beerreported(Morgan et al., 2014ho changes irself-reported
motivation were observedbllowing tDCS However, opposite findings were found by
Soutschek and colleagugX)18)were tDCS increased willingness to exert physical effort and
countered the devaluation of reward at different effort levehould be eknowledgedhat
the changes in TTE and RPE wemassiblynot exclusively caused bgnodulation of the L
DLPFC. Previous investigations proposed that the decision to exert effortful tasks or
behavioural inhibition are associated with frontal asymm@dgan and Allen, 208). More
precisely, higher activity of the left frontal area is related to approach motivation, whereas
higher activity of the right frontal are is related to withdrawal motiva{doan and Allen,
2003) Previous studies inducing frontal asymmetry by tDCS were ablsupport this
hypothesigHortensius et al., 2012; Ohmann et al., 2018; Riva et al., 2015yht of these
findings involving a montage similar to the one eoayeld in this study (see Fig.1)it is

possible that changes ITE and RPE causechanges irparticipants' motivation to exert
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physical effort(Soutschek et al., 2018)s also proposed by thesychobiological model of
endurance performance leason the Brehm's motivational intensity the@@yehm and Self,
1989; Marcora and Staiano, 201@oth an increase in motivation and a decrease in
perception of effort can improve endurance performamahould beacknowledgd thatalso
previous studiegailed to find changes in seléported motivation or mood following tDCS
(Koenigs et al., 2009; Tadini et al., 2011; Vitoosta et al., 2015A similar conclusion has
been given in a review by Remue et @016)in healthy individualslt should be considered

that all studies differed in terms aDCS montage, stimulatigntargeted areaand
questionnaire, and therefooar results cannobe equally comparedith other experiments
Furtherexperiments should be performed to elucidate the effect of tDCS on mood, effort and

motivation related to physical effort.
Effects otDCSon perceptualand physiologicatesponssduring exercise

"B[La’] at exhaustion wasignificantly higherin the RealtDCS compared tdSham
tDCS which ismost probablycaused bythe longer exercise duratiolmterestingly, HR was
significantly lower in theRealtDCS compared t&ShamtDCS. To our knowledge, no studies
reported decrease in HRiring constantycling exercise followingDCS. The PFC is known
to modulate brain areas involved in the regulation of the cardiovascular autonomic control
(Thayer et al., 2012) Increase inPFC activity are associated withn augmented
parasympathetitone, while, in contrast, a decrease in PFC activity leads to an augmented
sympathetic tongThayer et al., 2012py therefore inducing variations in HRSimilar
conclusion were provided in studies involving tDCS were variations in heart rate variability
were foundBrunoni et al., 2013; Montenegro et al., 2014; Morgan et al., 201 4gdition a
recent metanalysis(Makovac et al., 2017proposed the PFC as ideal cortical area to induce
changes in cardiovascular st by means of nemvasive brain stimulatiorn light of these
evidences,the reduction in HR during exercise, cé&e the result of an augmented
parasympathetic activity induced by tDOBshould beconsideredhat we GLG QW PRQLW|
HRV and therefordurther research should be performedeiplore mechanisms leading to a
lower HRduring exercisdollowing tDCS.

VL-EMG following tDCS was unchangedimilarly, previows experimens involving
cycling TTE (Vitor-Costa et al., 2015r isometric contractions of uppékbdelmoula et al.,
2016)and lower limbgAngius et al., 2016kjid notfind any effect otDCSon EMG activity

despite improvement in exercise duration
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PAIN during exercise wasot affected byDCS. A lack of effect oft DCS on exercise
induced muscle pain has beamviouslyshown during cycling exercigéngius et al., 2017)
and sustained isometric contracti@mngius et al., 2016b)l'he DLPFC has been proposed to
play an important role in the affective, cognitive, and attentional aspects ofMhdins et
al., 2012) tDCS studies involving stimulation of thie-DLPFC found a significant reduction
in cold pain perceptiofMariano et al., 2016)increase irthermal painthreshold(Mylius et
al., 2009)or a decrease dfelfunpleasantness when viewing emotionally aversive pictures
(Boggio et al., 2009Probably, dferent methodological aspeats well as the different kinds
of pain investigated may explain these discrepancies

We found a significant lower RPE in tHeealtDCS without any differencesat
exhaustion between conditions. This demonstrates that participants reached the point of
exhaustion later compareto ShamtDCS. This finding is in agreement with the
psychobiological model of endurance performance proposed by M&2@08) wherein
highly motivated individualstask disengagemewbincides with theattainment of maximal
perceptiorof effort.

High-intensity physical tasks requires inhibitory control to prevent task
disengagement his cognitive process is associated with subjective feeling of é8bgnhav
et al., 2017)that might contribute to the overall perception of effort during exercise.
Therefore, wesuggest that the reduction of RPE is the results of theoweg inhibitory
control following ReaktDCS. In our scenaripthis implies thatless cognitive effort was
required by participants to exert the inhibitogpntrol and consequentlyavoid task
disengagemen®Our findings are also iraccordance with the strength model of salhtrol
(Muraven and Baumeister, 200@here effortful actions of selfontrol have a limited
resouces. The more inhibitory control is required, more effort is expendethaneforeless
resources would be further available leading to a temporary reduction of theorsed
capacity and willingness to engage or further continue volitional acti®hsaven and
Baumeister, 2000)

Additionally, previous researcfdiang et al., 20123howed that stronger inputs from
the PFC to SMA and M1 are necesstryeinforce the descending command to compensate
for muscle fatigue. In this scenarityCS could have facilitated thaput of theL-DLPFC
into these motor areaduring exercise, by therefore permitting a longa. Given the

multiple anatomical connectisrof the PFC to other cortical and/or subcortical afdaker
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and Colen, 2001) we cannot exclude that effect ttfCS was limited only to the {DLPFC.

For instance, the supplementary motor area (SMA) and the anterior cingular cortex (ACC)
have been shown to have connections with the ffiler and Cohen, 2001; Zénon et al.,
2015pnd have been also addressed as important brain areas for the generation of the
perception of effor(de Morree et al.,, 2012; McCloskey, 2011; Williamson et al., 2002)
Therefore, it is possible that the beneficial effecttd@S could have been extended to SMA

and ACC.

Technical considerations and study limitations

Our experimendiffers with previousstudiesfor somemethodological aspects such as
tDCS montage, stimulation protocahd the task used for cognitive assessmelnich can in
part explairthe different outcomesacrossach studyFor instance, pposite effects compared
to whatinitially hypothesisechavebeen observed when anodal stimulation lasted more than
10 min(Monte-Silva et al., 2013pr whenthe intensity ofcathodal stimulation was doubled
from 1 to 2 mA(Batsikadze et al., 2013 addition, given the size of the electrode adjacent
brain areas could have also been affectég@refore, other cognitive functions also loading on
the same region were affectéfremblay et al., 2014) This in turn makes it difficult to
attribute our findings on a specific mechanidm.addition the PFC has been proposed to
shown to integrate and supersede multiple input sources of inforntaianding thetask
performedin order to provide the appropriate respo(i®ebertson and Marino, 2016% well
as to play an important role in human volitithaggard, 2008)The literature investigatig
the role ofthe PFC and its relationship with other brain afeasxercise regulation igery
limited. As such, a precise and conclusive explanation for the improvement in performance

following tDCS cannot be provided.

Conventional bipolar tDCS montagese well known tanducediffuse current flow
between electrodeand sopotentially affectingother brain areaghan the targeted onén
regards to our montage, we cannot exclude that the cathodal elgcvedé&p2)could have
affectedthe right inferior frontal cortexhich is known to implement inhibitory control via a
wider prefrontalnetwork and therefore potentially inducing frontal asymmeéthkyon et al.,
2014; Ohmann et al., 2018jt present,optimal tDCS montageand stimulation paramete
involving bipolar electrodes to specifically and reliably target the BFEGet to be defined
(Dedorcker et al., 2016; Seibt et al., 2015; Tremblay et al., 208&better standardisation of

these parametetsgether with more robust protocols to test the effect of tDCS as wall as
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larger sample size are required to improve study quality beforecdidyconclusions can be
drawn. In our opinion the inclusion of neurophysiological measurementssuch as
Electroencephalography (EEG), TMEEG or functional magnetic resonance imaging (fMRI)

IS necessary to appropriatéhterpretour findings.

Condusionand future perspectives

Our study provides experimental evidence thabdaltDCS over the L-DLPFC
improves endurance performantegether with aimproved inhibitory control and reduction
of perception of effortOur findings confirm the potential ergogenic effect tBICS on
physical capacity in healthy individuadsd further confirm the important role of the brain
and the prefrontal lobe in particulan exercise regulatiour results however, add further
contasting evidences regarding the ergogenic effect of an acute sesdio@®fFurther
empirical studies areequiredto confirm thebeneficial effects oan acute session thCSon

physicalperformance.
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