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Abstract

Background: Transcranial direct current stimulation (tDCS) has beeh tosenhance

endurance performance but its precise mechanisms and effects remain unknown.

Objective: To investigate the effect of bilateral tDCS on neurootaisdunction and

performance during a cycling time to task failure (TTF) test.

Methods: Twelve participants in randomized order received a placebo(&H¥SM) or real
tDCS with two cathodes (CATHODAL) or two anodes (ANODAL) over bialtteanotor
cortices and the opposite electrode pair over the ipsilateral shouldetss&ssion lasted 10
min and current was set at 2mA. Neuromuscular assessment was performecfaiter
tDCS and was followed by a cycling time to task failure (TTE). tdeart rate (HR), ratings of
perceived exertion (RPE), leg muscle pain (PAIN) and blood lactate alediom@AB[La)

in response to the cycling TTF test were measured.

Results: Corticospinal excitability increased in the ANODAL condifiP < 0.001) while nan

of the other neuromuscular parameters showed any change. Neuromusculatepaditheot
change in the SHAM and CATHODAL conditions. TTF was significatblyger in the
ANODAL (P = 0.003) compared to CATHODAL and SHAM conditions (12.61 + 4.65 min;
10.61 + 4.34 min; 10.21 + 3.47 min respectively), with significantly lower RirEhegher
AB[La’] (P < 0.001). No differences between conditions were found for HR (P = 0.803) and

PAIN during the cycling TTF test (P = 0.305).

Conclusion: Our findings demonstrate that tDCS with the anode over both motoesading

a bilateral extracephalic reference improves endurance performance.

Keywords. endurance performance, fatigue, perception of effort, tDCS.



HIGHLIGHTS:

e Anodal stimulation increased corticospinal excitability of the knee extenssrles;
e Perception of effort was reduced following anodal stimulation;

e Anodal stimulation over bilateral motor cortices improved endurance performance;



I ntr oduction

Transcranial direct current stimulation (tDCS) is a non-invasive lst@inulation
technique that delivers a constant, weak electrical current floletbrain by placing twor
more electrodes over the scfly. The neuromodulatory effect of tDCS is polarity specific
with an excitatory effect under the anodal electrode and an inhibitory effdet the cathodal
electrode[1]. When applied to the primary motor cortex (M1), cattexcitability has been
shown to increase after anodal stimulation and to be reduced aftedalagtimulatiorf2], as
demonstrated by changes in the motor evoked potential (Mii¢ed via transcranial
magnetic stimulation (TMS). This neuromodulatory effect is probablyeseti bya shift of
the resting membrane potential of the targeted neural[&gllDCS has been widely used in
cognitive neuroscience to understand brain funcf®#d], and in the treatment of various

neurological disorder®], and psychiatric disordef§].

More recently, there has been great interest in the use of tDCS tocensgort
performancd7,8], and to facilitate neuroplasticity and training adaptat[@hsWith specific
reference to the enhancement of endurance performance, the acutisteatron of anodal
stimulation over the contralateral primary motor cortex (M1) prior to or during isometec t
to task failure (TTltests of isolated muscle groups has induced either an improvgifient
13], or no effecf14,15] A similar inconsistency in endurance performance outcomes has been
also reported in cycling studig46-19]. The inconsistent effects of tDCS on endurance
performance found in previous experimental studies might by gatised by the different
electrode montages adopt¢d0]. For example, Angius et al[21] did not find any
improvement in TTF during cycling exercise when anodal tDCS wasedetivover M1 wh
the cathode over the right dorsolateral prefrontal cd2é&% Such a cephalic montage may
induce effects under the cathddé] that may modulate or even nullify the effect of the anode

overML1. In a follow-up study, Angius et gll1] compaed cephalic and extracephalic tDCS
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montags by targeting M1 with the anodal electrode and tloeydthat isometric TTF of the
knee extensor muscles was significantly longer when the extracephafitage was used.
Therefore, it seems that an extracephalic montage may be prefehangDCS is applied to
enhance endurance performance. Furthermore, various studies have demonstrateddpe effi
and safety of extracephalic montaggd,22] and monopolar montage3] in other
experimental and clinical settinf4].

The primary aim of the present study was to verify that the positive effect of aa anod
electrode over M1 with an extracephalic montage on endurance performance during a
isometric TTF test with the knee extensor muscles can beatgi in an exercise mode
(cycling) more relevant to real endurance competitions, involving contindgoaamic, whole-
body exercise lasting more than 7R5]. As cycling exercise involves both lower limbs, the
extracephalic montage proposed by Angius et[&ll] might be more targeted than the
unilateral one used in a previous cycling stygy]. Overall, this montage simultaneously
stimulates both primary motor cortices while also potentially avoitie@tfects of the cathode
over other brain areas. The secondary aim of the study was to investigggef the potential
physiological and psychological mechanisms for the hypothesised pasitact on endurance
performance. Specifically, we tested the hypotheses that an exahcepiateral tDCS
montage with anodal electrodes over M1 and cathodes placed over the ishowddeases
corticospinal excitability during submaximal contractions of the kneensatenuscles and
reduces perception of effort during cycling exercise. Therefore, becauseuta signals
processed by the brain to generate perception of effort seem to be catisitdngrges from
SMA and other cortical areas upstream of [28-29], an increase in corticospinal excitability

should lead to a lower perception of effort during cycling exercise at the same power output



M ethods

Participants

Twelve recreationally active participants (4 women and 8 meanmt SD, age: 24 +
5 yr, height: 175 + 12 cm, weight: 74 + 17 kg) volunteered for this studyibHity criteria
were age between 18 and 44 yr old and performing regular aerobic traineas(ahtee hours
per week). Participants were not included in the study if they hads@mngtic or mental
disorder or were taking any medication at the time of the study. Prior taimgpwvritten
informed consent, all participants were given instructions about theimengal procedures.
Approval for the experiment was obtained from the local Research Einomittee (approval
number: Prop 98 2014 2015), in accordance with the Declaration of Helsinki. After
completion of all their experimental visits, participants were fidlgriefed on the actual study
aims, and provided with their individual results. To minimize the sulejgoectancy effect,
participants were told that the aim of the experiment was to dhedgffect of tDCS on the
cardiovascular response during exhaustive exercise. After debriefing, patsciere asked
not to discuss the real purpose of the study purpose with any other participants untif¢he e

data collection had been completed.

Experimental protocol

Participants visited the laboratory on four different occasions thatided! one
preliminary visit and three experimental visits. During the three rarpatal visits
participants were randomly assigned in a double-blind, randomised, countegdatader to
asham (SHAM), anodal (ANODAL) and cathodal (CATHODAL) stimulation conditions (see
Transcranial direct current stimulation procedures for more det@as)icipants were given
instructions to avoid caffeine, alcohol, stimulants or depressants,randais exercise for 48

hours prior to each visit. All experimental visits were completetiimil4 days and were
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interspaced by at least 48 hours. Each visit was performed at theissemaf the day in a

temperature-controlled room (20°C, relative humidity between 40-50%).

During the first visit participants were familiarized with the latory equipment and
all the experimental procedures. In addition, they performed an incremeriiag ¢gst on a
cycle ergometer (Excalibur Spot, Lode, Groningen, Netherlands) to dstadligidual peak
power output (Weay. In this test, participants performed a 5 min warm up at 100 W, followed
by an incremental protocat which the power increased by 5 W every Tausitil task failure
(i.e. operationally defined as a pedal frequency of less than 60 rewnslatin (RPM) for more
than 5 s despite strong verbal encouragement). The cycle ergomhet@osition was recorded

for each participant so that it could be reproduced for all the following visits.

In visits 2-4, participants performed a neuromuscular assessment before (@k¢rand
(post) tDCS administration (see Neuromuscular assessment for molg) desavell as a time
to task failure (TTF) test (see Time to task failure test for morelgletdischematic summary
of all procedures performed and timing during each experimental vistisgrdted in Fig 1

panel B.

Transcranial direct current stimulation procedures

For the present experiment) extracephalic tDCS montage similar to the one used by
Angius et al[11] was adopted. For the ANODAL condition both anodal electrodes were placed
over bilateral M1 (C3 and C4 according to the 10-20 EEG systeoorrespondence with the
TMS stimulation point, while the cathodal electrodes were gdlaespectively above the
ipsilateral shoulders (see Fig.1, panel A). For the CATHODAL conditienposition of the
electrodes was simply reversed with respect to the ANODAL condfsee Fig.1, panel B).

For the SHAM condition, the same set up of ANODAL condition was usadStwas

administered by two direct current stimulators (TCT Research Limitaay Mong) using two

7



rubber target electrodes (size: 7x5 cm) and two rubber return electrode$xSizm) and
water-soaked synthetic sponge. Stimulation intensity was set at2f0r 10 min, whereas
during the SHAM condition lasted only 30 s. For all three conditions, the twasramped
up and down for 10 s. To ensure good conductance, electrode sponges were soaked with
standard saline solution (NaCl 9%) and elasticated straps were usedinain all the
electrodes on the scalp and both shoulders. The electrical resistance was congtatatigan

on the stimulator’s display within a range between 4 to 5 kQ.

Neuromuscular assessment

After a standardised warm up consisting of 10 brief (5 s) submaximal vagluntar
isometric contractions at 50% of the estimated MVC torque, the neuromuasséssment
was performed before and after tDCS stimulation (see Fig 1). All participants performed a5 s
isometric maximal voluntary contraction (MVC) of the right knee extensorclesisvith
superimposed doublet followed (3 s post MVC) by a resting potentiated doublet€b)otieh
seconds after the MVC, participants were asked to perform four brief submasomatric
contractions (3 s) at 10% of MVC with superimposed TMS, followed by one submaximal
contraction (3 s) at 10% of MVC with superimposed nerve stimulation. Each canravas
interspaced by 3 s. Submaximal muscle contraction has been shown to pfacitieagon of
the corticospinal tract, thus requiring less than 100% of the maximumiatimoutput to elicit
the minimum measurable MEP response of the targeted ni@88¢Bi] and also reduces the
unpleasantness caused by the high stimulator intensity for the parscipant
Transcranial magnetic stimulation (TM&Xxcitability of the left M1 was measured by means
of TMS. Stimulation was delivered with a 110 mm diameter concavewai the left M1 by
a magnetic stimulator (Magstim 2002, The Magstim Company Ltd, 8ii{flUK). The precise

site of the stimulation was determined at the beginning of eadhaugithen marked on the



scalp to maintain the same coil position during the visit. Theposition was determined in
order to elicit the largest MEP response of the right vastus lat¢vél) and a small MEP
response (<10% of right VL MEP amplitude) in the antagonist muscle (eeysis, BF).
After determination of the exact coil position, the stimulus intgngits set to elicit the largest
MEP response during a brief (3 s) submaximal isometric contractionEi%ef MVC of the
knee extensor muscles. The stimulation intensity was determined @awhgexperimental
visit before commencing with the neuromuscular assessment. The nneaatsin intensity
was 65 * 4% of the maximum stimulator output.

Femoral nerve stimulation. Transcutaneous electrical stimulafidime right femoral nerve
was delivered by a high-voltage constant-current stimulator (modéhia8lified, Digitimer,
Hertfordshire, UK). The femoral nerve was stimulated by a cathode ele¢ode? cm,
Swaromed, Nessler Medizintechnik, Innsbruck, Austria) positioned over the rigbtdie
triangle with the anodal electrode (10 x 5 cm; Phoenix Healthcatri€ts Ltd., Nottingham,
UK) placed in the right gluteal fold. Stimulation intensity was iasezl by 20 mA until the
electrical compound action potential response (M-wave) did not furtheagset®oth at rest
and during a submaximal 10% MVC contraction. The stimulation intensisydstermined
during each experimental visit before commencing the neuromuscular amseddm optimal
intensity of stimulation (May was then set at 130% of the intensity required to elicit the
highest M-wave. The stimulus duration was 200 us, with an intervakbatatimuli in the

doublet of 10 ms (100 Hz frequency). The mean stimulation intensity was 290 £ 71 mA.

Mechanical recordings. The neuromuscular assessment was performed on @etiésoki
dynamometer (Cybex NORM, CMSi, Computer Sports Medicine Inc., Stoughton, UBA). A
participants performed the neuromuscular assessment in isometric cawitiothe right leg

at a knee flexion of 90° (0° = full extension) and a hip angle of 90°.



The dynamometer set-up was recorded and kept constant over afoviséeh participant to
maintain the same position. Mechanical signals were recordedaapling frequency of 1
kHz and analysed with commercially available software (Acgknowledge 4.2 for MRrfSyste

Biopac Systems Inc., Goleta, USA).

Electromyographic recordings. Surface electromyography (EMG) of thendLB& were
acquired with two square surface electrodes (Swaromed, Nessler Machnik{ Innsbruck,
Austria). The recording site was circular (10 mm diameter) in thére®f the electrode
(centerto-center distance of 20 mm). Electrodes were placed according to thAISEN
guidelineqd32]. More specifically electrodes for VL were placed on the muscle belly at 2/3 of
the line from the anterior spina iliaca superior and the lateral side gfatella while for the
BF electrodes were placed on the muscle belly at 50% on the linedretiae ischial tuberosity
and the lateral epicondyle of the tibia with the reference elecpladed over the patella.
Before starting the neuromuscular assessment, the skin was shavéebaed with alcohol
swabs. The electrical signal was then amplified with a bandwidfjjuérecy ranging from 10
Hz to 500 Hz (gain = 500) with commercially available software (Acgkndydet.2 for MP

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

Cycling time to task failure test

After the final neuromuscular assessment, participants performed the3tién the
cycle ergometer at 70% of theirglk The cycling TTF test terminated when the participants
were not able to maintain a pedal frequency above 60 revolution/min for maoré & despite
strong verbal encouragemeiihe cycling TTF test was preceded by a 5 min warm up at 100
W. Participants were verbally encouraged throughout the cycling TThyes researcher

blinded to the condition allocation.
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Ratings of perceived exertion (RPE) and leg muscle pain (PAIN) were megasapectively
using the 15-point RPE scdl&3] and a 10-point numerical scale for PAIB] administered

30 s after the start of the cycling TTF test, at the end ofreathand at task failure. Heart rate
(HR) was continuously monitored using a HR monitor (Polar RS400; Polar Electro Oy,
Kempele, Finland) and averaged to provide data points to coincide witARFEAIN ratings.
Blood lactate concentration (B[l was measurea@t rest before the first neuromuscular
assessment (baseline) and immediately after the cycling t€3t-@t task failure). The
difference between B[l hat task failure and B[Lhat rest was used to obtain blood lactate
accumulation (AB[La’]). A 10ul sample of capillary blood was collected from the thumb of the

right hand and immediately analysied B[La] (Biosen; EFK Diagnostics, London, UK).

Data analysis

Peak torque obtained during the MVC was used as a measure of the forcéirgenera
capacity of the knee extensor muscles. Voluntary activation level (VAL) dimnglVC was

obtained according to the following formula:

VAL =100 x (1- superimposed doublet amplitude/potentiated doublet)

The EMG amplitude obtained during the MVC was quantified with the root ragaare
(RMS) for a 0.5 s interval during the peak torque (250 ms either side atathéopgue). The
RMS of EMG was automatically calculated with the software (Acqkedge 4.2 for MP
Systems, Biopac Systems Inc., Goleta, USA). The MEP area 4MERas manually
calculated and then averaged for the four brief submaximal contractidosmpe at 10%
MVC, and was normalized for the M-wave area (MEfM-wave ratio) obtained during the
10% MVC contraction. This procedure was performed both for VL muscle (VLMNHAP-
wave ratio) and BF muscle (BFME&/M-wave ratio). The following MEP parameters were

also calculated: MEP peak to peak amplitude (M&PMEP peak to peak duration (M&R.
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The MEP cortical silent period (CSP) was measured from the onset BfER to the return
of EMG signal. The isotime data of RPE, PAIN and HR were measuteéd atlected time
points to allow the within-subjects comparison of temporal changesgdine cycling TTF
test. The shortest TTF test was identified for each individual beehtee visits and considered
as 100% isotime. The values for each variable obtained at the finatenof the shortest
cycling TTF test was compared to the value obtained at the equiwaltaute in the other two
visits. The minute identified as 100% isotime was dividetbnyand rounded up to obtain the
necessary value corresponding to 25, 50 and 75% isdsiotene values for 0% were attained

by taking into account data collected at 30 s of each cycling TTRB&S36]

A

DC
Stimulator

DC
Stimulator

DC DC
Stimulator Stimulator

ANODAL CATHODAL

NEUROMUSCULAR NEUROMUSCULAR
ASSESSMENT A tDCS = i ASSESSMENT Smin | Warmup+TTF

10 min

NEUROMUSCULAR ASSESSMENT

Superimposad

doublet MEP MEP MEP MEP M-wave
e t

mvess | 11 | 10% MVC H 10% MVC || 10% MVC || 10% MVC || 10% MVC |
45 10s 3s 3s 3s 3s 3s

Fig 1. Overall view of transcranial direct current stimulation (tDCS) montages and phases of the

experimental protocol.

Panel A. Schematic illustration showing placemémiectrodes. The montage for ANODAL condition
and for CATHODAL condition are respectively illuated on the left and right side of the panel. Amoda
electrode (A) and cathodal electrode (C). PanéVBximal muscular wave (M-wave); motor evoked
potential (MEP); maximal voluntary contraction (MV®@anscranial direct current stimulation (tDCS);

cycling time to task failure (TTF) test.
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Statistical analysis

Unless specified, data are presented as mean + SD. Assumption of stédstscsilich
as normal distribution was checked by using the Shapiro-Wilk and sphercttata was
checked by using the Mauchly's test. The Greenhouse-Geisser cortectiendegrees of
freedom was applied when violations to sphericity were present. A one-easune analysis
of variance (ANOVA) with repeated measures was used to compdfeadrbss the tDCS
conditions and to check whether there was a statistical signifieaheseline for MVC, VAL,
Doublet, CSP, MEf:, MEPamp andVLMEPaedM-wave ratio and BFMER:{M-wave ratio.
Furthermore, intraclass correlation coefficient (ICC) was also calcidatmiding to Hopkins
et al.,[37]

A 3x5 fully repeated measures (condition x time) ANOVA were performedstdhe
effects of tDCS condition on RPE, PAIN and HR during the cycling TTF tést.effects of
tDCS condition on RPE, PAIN, HR amB[La]] at task failure were analysed by using the
Friedman test because the normal distribution assumption was vidlasa@. fully repeated
measures (condition x test) ANOVA was performed to verify the effect of conditiorv@&y M
VAL, Doublet, MERmp MEPuwr, VLMEPaedM-wave ratio, BFMERedM-wave ratio and CSP
measured before and after tDCS. When a significant simple main efffiscte or condition
wasfound a Holm-Bonferroni follow-up test was performed. Correlation coefficients (g we
determined by using Pearson’s r. Post-hoc analysis for Friedman test was performed by means
of multiple comparison with the Wilcoxon Signed-Rank test. Pearson cmrelatas
computed to observe the relationships between MEP change and charidge Bitatistical

significance was set at P < 0.05. Statistics analysis was performed by BS8g/&8rsion 20.

13



Results

Effects of tDCS on neuromuscular function and corticospinal response

All participants completed the three experimental visits. Epaints reported an itching
sensation on the scalp in all the tDCS conditions and none reported any side effects during, or

after tDCS administration.

There were no statistical differences at baseline betweénesgerimental condition
for MVC (P = 0.822), VAL (P = 0.348), Doublet (P = 0.671), MERP = 0.176), MER: (P
= 0.340) VLMEPaedM-wave ratio (P = 0.108) and BFMERM-wave ratio (P = 0.885), CSP
(P = 0.466). ICC of reliability data with upper and lower 95% confidence insgoraMVC,
VAL, Doublet, MERmp MEPuwr, VLMEParedM-wave ratio, BFMERedM-wave ratio and CSP

were reported in table 1.

There were no significant interactions and no significant main effecsmafition or
time on MVC, VAL, Doublet, MER\, BFMEPyedM-wave ratio and CSP (all Ps > 0.2@8ee
Fig 3 and 4). There were, however, significant condition by time interactions fosA(PP=
0.004) and VLMERe{M-wave ratio (P < 0.005). Follow-up tests revealed a significant
increase in MERn (P = 0.001) and/L MEParedM-wave ratio (P < 0.001) in the ANODAL

condition, but not in the SHAM and CATHODAL condit®(see Fig 4).

Effects of tDCS on performance and physiological/perceptual respdosig the cycling

TTF test

Wyeakobtained during the incremental cycling test was 257 + 58 W with ampaweput

during the cycling TTF test corresponding to 180 + 40 W.
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There was a significant main effect of condition on TTF (P = 0.003). Falmtests
showed a significait longer TTF in the ANODAL condition (13.25 £ 4.34 min) compared to
CATHODAL (11.10 = 4.28 min, P = 0.004) and SHAM condition (10.76 = 3.03 min, P =
0.024). No significant difference between CATHODAL and SHAM conditions fwand (P

= 0.1) (see Fig 2).

Table 1. Intraclass correlation coefficient (ICC) with lower and upper 95% confidence
intervalsfor key variables measured.

Intraclass 95% Confidence Interva

Coefficient of Correlation Lower Upper

variation (%) Coefficient Bound Bound
MVC 9.37 915 794 972
Doublet 6.67 .955 .886 .986
VAL 4.12 404 .047 744
CSP 5.96 .946 .866 .983
MEPgur 5.83 .756 490 914
MEPamp 5.59 .982 .952 .994
M-wave 10% MVC 5.75 .856 671 .952
VLMEParedM-wave ratio 6.70 .959 .896 .987
BFMEP,e{M-wave ratio 17.84 123 -.183 541
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Fig 2. Effects of transcranial direct current stimulation (tDCS) on performance and
per ceptual/physiological responses during the cycling TTF test.

Panel A shows time to task failure (TTF) in diffiereconditions; Panel B shows blood lactate
accumulation(AB[La7) in different conditions; Panel C, D and E shagpectively time courses of

rating of perceived exertion (RPE), leg muscle gRAIN) and heart rate (HR) during the TTF test.
*Denotes significant main effect of condition (P<0®); 8Denotes significant difference from

CATHODAL and SHAM (P< 0.05); Data are presented aanmeSD (n=12).

16



Analyses of isotime data revealed significant main effecten&f tor RPE, PAIN and
HR (all Ps <0.001), but no condition x time interactions iewad (all Ps > 0.305). A simple
main effect of condition for RPE was found (P = 0.001). Specifically, participatesl
perceived exertion lower in the ANODAL condition compared to CATHQRAndition (P =
0.023) and SHAM condition (P = 0.008). No significant main effects of conditioa fwand

for PAIN (P = 0.305) or HR (P = 0.803).

A main effect of condition for both HR (P = 0.004) anB[La] (P < 0.001) at task
failure was found. Follow up tests revealed a higher HR in the ANODAL conditith+ 14
bpm) compared to CATHODAL conditiqd 70 + 15, P = 0.02) and SHAM conditiorf171 +
14, P = 0.003). Follow up tests revealed a higiig{L.a’] in the ANODAL condition (13.2&
4.47 mmol-1) compared to CATHODAL condition (9.90 2.51 mmol-f, P = 0.011) and
SHAM condition (9.09+ 2.33 mmol-*, P = 0.005. RPE and PAIN were not significantly
different at task failure (P = 0.779 and P = 0.326 respectively) (see Figh&e was no

correlation between MEP change and TTF (P = 0.3#70r281).
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Fig 3. Neuromuscular function before and after transcranial direct current stimulation (tDCS).

Panel A shows maximal voluntary contraction (MVQJyjee; Panel B shows voluntary activation level

(VAL); Panel C shows peak torque of the doubletyBlet). Data are presented as mean + SD (n=12).
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Fig 4. Corticospinal response before and after transcranial direct current stimulation (tDCS).

Panel A shows motor evoked potential area (M&Pand muscular wave (Mve MEPaedM-wave
ratio. Panel B shows MEP peak to peak amplitude (MgAPanel C shows MEP peak to peak duration
(MEPqu); Panel D shows MEP cortical silent period (CSH)e®otes significant difference from
CATHODAL and SHAM (P< 0.05); tDenotes significant condition x time interaction (P < 0.05). Data
are presented as mean = SD (n=12).
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Discussion

The present study demonstrates that extracephalic anodal stimolagidnilateral M1
significantly improves TTF during cycling exercise by 23%. As hypaosleesithis positive
effect on endurance performance occurred alongside a lower perception of effort dimrgg cyc
exercise. Cathodal stimulation over bilateral M1 using the saorgage did not have any

significant effect on these variables.

Effect of anodal tDCS on endurance performance

To the best of our knowledge only four studies have previously investifj@tedects
of tDCS on various measures of endurance performaied9,21]. In a previous study from
our laboratory, wfound no significant changes in TTF during cycling exercise when a cephali
montage was administered with a single anodal electrode over bramd/with the cathode
over contralateral prefrontal cort¢Xl]. The lack of improvement in endurance performance
in that study may be explained by the isolated effect of the anodal elecived¢he left M1
while cycling exercise requires both legs. The absence of a significariteff€@ F may also
be due to the tDCS montage used as any benefit from the anodal eleggolEl could have
been negated by the cathodal electrode over the right dorsolaédrahal cortex (F4). These
speculations are supported by the results of a recent study showingtithe¢ghalic montage
with anode over M1 and cathode over the ipsilateral shoulder elicsign#icant 17%
improvement in TTF during single leg isometric exer¢isH. Contrarily, in the same study,
the cephalic montage with the anode over M1 and cathode over the oplmosd&teral

prefrontal cortex did not have any significant effect on this kind of endurance performance.

On the basis of previous studies implicating the SMA in the generattiparception
of effort during physical taskg27,28,38] Vitor-Costa et al[19] placed the centre of one

electrode (9 x 4 cm) over Cz region (both SMA), thus each side (4.5 amplge placed over
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both M1, andounda significant improvement in TTF during cycling exercise following anodal
stimulation. This finding suggests that anodal stimulation of @ieas upstream of M1 may
also improve endurance cycling performance. However, the mechanisms fergthgenic
effect are not clear as the hypothesised reduction in perception of effoohilyastrend (P =

0.07) and no electrophysiological or neuromuscular parameters were measured.

Three other studies investigated the effects of an electrode montegkat reducing
the perception of effort via the stimulation of the insular cortex (tDAB anodal electrode
over T3 and cathodal over the contralateral supraorbital ared, [EpA8] The results,
however, are contrasting. Okano et al. [18], reported a reduction in perceptidortobed
~4% improvement in peak power output during an incremental cycling test, wiBzneeood
et al.,[17] did not find any perceptual or performance improvement daraygling TTF and
time trial test in the heat. Although testing and environmental diféere may explain these
contrasting results, further replications are needed to establish the recgeffect of this

specific tDCS procedure.

Effects of tDCS on neuromuscular function and corticospinal response

Neuromuscular assessment of the knee extensor muscles was performed as a
manipulation check (corticospinal excitabi)itgnd to investigate the effects of tDCS on the
force-generating capacity of the locomotor muscles. The latter cpificantly affect
perception of effort and endurance performance during cycling ex¢B8g] Similar to
previous findingd11], acute anodal stimulation over M1 did not change MVC torque, VAL
and doublet torque of the knee extensor muscles. In healthy participantsease in MVC
force after anodal stimulation over M1 has been reported only for the pinchsaeamn the

foot[41].
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There is a limited number of studies in healthy participants inestgythe effects of
tDCS administration on lower limb motor cort¢kl,42,43,41,44] In line with previous
experiments, the findings of the current study demonstrated an increademspinal
excitability of the VL after anodal stimulation over N4R,43], as demonstrated by the increase
MEPaedM-wave ratio and MER,without any significant changm the MEP size of the
antagonist muscle (BF). In support of this, Krishan §%] reported an increase in activation
of the bicep brachii (agonist muscle) with no effect on the tricep braci@ganist muscle)
However, t is important to note that our protocol was designed to evaluate the response of the
knee extensor muscles, and therefore was not optimised to detect pobsibfges in
corticospinal excitability oBF muscle. Therefore, further studies should be performed to

clarify the potential effect of tDCS on selective muscle recruitment.

Similarly to our findings, cathodal stimulation failed to induce suggo® of
corticospinal excitability[42]. The lack of diminished corticospinal excitability in the
CATHODAL condition in this study is in contrast to previous studieglwhave investigated
tDCS effects on the upper lim]. These conflicting findings might be caused by fewer
inhibitory circuits available to suppress leg excitability comgaue the hand, or due to a
different neuroanatomical structure and orientation of the leg motor cortex, wiska
cathodal stimulation less effectiid2]. Further, the different cortical organization and
projection to the spinal cord between upper and lower limbs might explaiacthefl effect

[46,47]

Effects of tDCS on physiological and perceptual responses during cycling exercis

In the current study, HR increased over time and similaiyBib.a’] was significantly
higher at task failure in the ANODAL condition compared to SHAM &ATHODAL

conditions, most likely because of the longer exercise dur@&nOur results are in line with
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previous findings where anodal stimulation over the M1 did not induce sigmnifchanges in
HR respons¢l1,21] or other cardiovascular and autonomic parameters at a given tinte po
during exercisg22,23] A reduction in HR has been previously reported during the initial
phases of a maximal incremental cycling {8 albeit in this study anodal stimulation was

administered over T3.

Contrarily to previous studies where anodal stimulation over M1 induced changes
pain perception during various types of experimentally induced[p&jB0], our data did not
show any significant effect on exercise-induced muscle pain. Prewimlisssdid not elicit any
analgesic effect of tDCS on PAIN during cyclifgl] or isometric exercis¢ll,14] As
discussed by Angius et §21] many factors could explain why exercise-induced muscle pain
seems to be insensitive to the analgesic effects of tDCS with avedé1l. These factors
include the type of nociceptive stimulus, attentional focus, releasedafgenous opioids or

catecholamines and supraspinal nociceptive inhibitory mechanisms.

As hypothesised, RPE during cycling exercise was significantly lmwbe ANODAL
condition compared to CATHODAL and SHAM conditions. Because RPE lafa#sre was
not significantly affected by anodal tDCS, participants reached sileilals of RPE at task
failure later than in the other two experimental conditions. According tpsyehobiological
model of endurance performance proposed by Maf88r&a1], this perceptual effect of anodal
tDCS is sufficient to explain its effect on performance during TTF tesleed, accordintp
this model, which is based on motivational intensity thg¢bgy}, task failure occurs because
people voluntary stop exercising when their perception of effort coincidesheithaximum

effort they are willing to exert in order to succeed in the task (potential motivation).

It is likely that M1 excitability was higher during cycling egise performed after

anodal stimulation compared to both cathodal stimulation and sham SdCiseffect provides
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a plausible neurophysiological explanation for the observed effect on RPE dytlimgg c
exercise. Perception of effort seems to originate from processing of cptheharges from
cortical areas upstream of M27,28,38,53]. These cortical areas include the supplementary
motor area$MA) and provide excitatory inputs into M1 that eventually lead to sish@dirge
and recruitment of the locomotor muscles. Because locomotor muscle fuj@astioreasured
by doublet torque) was not affected by anodal tDCS, we can safely assume that recafiitmen
the locomotor muscles whilst cycling at the same power outputheasame after the three
tDCS conditions. However, because M1 excitability was increased by astiodallation, less
excitatory input into M1 was required to produce the same level of locomuiscle
recruitment. Therefore, the activity of SMA and other motor and premotos areaiding
excitatory inputs into M1 and producing the corollary discharges processix lyain to
generate perception of effort should be lower after anodal stimulatiopatecthto cathodal
stimulation and sham tDCS. Accordingly, further studies involving neuroigagichniques
such as fMRI or PET would be required to verify this hypothesis and clénigy

neurophysiological mechanisrfae the reduction in perception of effort.

Technical considerations and limitations

A possible limitation is that the exact propagation of the eleticierrent in the brain
for the montage used in this study is unknown. tDCS has been demonstratedet@a hav
widespread distribution on an area larger than the targetd84nén light of this, an accurate
evaluation of the current field distribution could optimize this montag&pecifically target
the brain areas of interest. Another limitation is that we did nasare cortical activity during
cycling exercise. Therefore, our hypothesised neurophysiological mechanisntkefor
reduction in perception of effort during cycling exercise observed after lastmalation

remain hypothetical. Further studies using motor-related corticahtpadte [27,28], single-
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photon-emission computed tomography [55], or functional magnetic resonancegitgi
should be carried out to test the hypotheses that i) anodal stimwatorM1 reduces the
activity of the SMA and other cortical areas upstream of M1 during gubseé voluntary
submaximal muscle contractions, and ii) that this cortical effeddgsciated with a reduction

in perception of effort.

In this experiment, knee extensor muscles were used to monitorutemuscular
response given their rola cycling exercise. However, it is important to recognise that other
muscles contribute to power production during cycling (e.g. calf musclejusples, tibialis
anterior) and therefore their contribution is likely to change over timagiprolonged and
fatiguing cycling exercise. A possible explanation for the lack of ctioaldetween MEP
change and TTF might be due to the small sample size for thismepeand higher variability
of cycling TTF tests[57]. Further, it should be taken into account that the precise
neurophysiological mechanism between excitability of M1 and perception of isf&tiit not
clear and therefore the relationship between these two variablesnmoighé direct. Further

experiments would be required to elucidate the link between these two variables.

Conclusion

In conclusion, this study demonstrates that by applying anodal stiomutater both
M1 via an extracephalic montage improves TTF and reduces RPE during cyclicigekea
group of healthy participants. Our data suggest that the increase in eedpesfttmance
might be the result of higher excitability of the motor cortex legitthareduction in perception

of effort.
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