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Exercise; Background: Runners seek health benefits and performance improvement. However, fatigue
Fatigue; might be considered a limiting factor. Transcranial Direct Current Stimulation (tDCS) has been
Physical therapy; investigated to improve performance and reduce fatigue in athletes. While some studies showing
Rehabilitation; that tDCS may improve a variety of physical measures, other studies failed to show any benefit.
Running; Objective: To evaluate the acute effects of tDCS on central and peripheral fatigue compared to
Transcranial Direct a sham intervention in recreational runners.

Current Stimulation Methods: This is a triple-blind, controlled, crossover study of 30 recreational runners who

were randomized to receive one of the two interventions, anodal or sham tDCS, after the
fatigue protocol. The interventions were applied to the quadriceps muscle hotspot for 20
min. Peak torque, motor-evoked potential, and perceived exertion rate were assessed
before and after the interventions, and blood lactate level was assessed before, during, and
after the interventions. A generalized estimated equation was used to analyze the peak tor-
que, motor-evoked potential, and blood lactate data, and the Wilcoxon test was used for
perceived exertion rate data.
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Results: Our findings showed no difference between anodal tDCS and sham tDCS on peak torque,
motor-evoked potential, blood lactate, and perceived exertion rate.

Conclusion: The tDCS protocol was not effective in improving performance and reducing fatigue
compared to a sham control intervention.

Brazilian Clinical Trials Registry: RBR-8zpnxz.

© 2024 Associacao Brasileira de Pesquisa e Poés-Graduacdo em Fisioterapia. Published by Elsevier
Espana, S.L.U. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.

Introduction

Runners are constantly searching for ways to improve their
performance. However, fatigue can be a limiting factor, as it
can cause a reduction in tension, strength, and muscle con-
traction speed.”? Furthermore, once present, fatigue alters
cadence, stride length, and lower limb joint kinematics dur-
ing running,>~> which may lead to poor performance.
Fatigue is defined as any reduction in the ability to produce
maximum muscle strength after prolonged physical activity,*
and may be classified as having central or peripheral origin.’
In central fatigue, the reduction in muscles’ voluntary acti-
vation may be directly related to the decreased frequency
and synchronization of motor neurons due to changes in the
neurotransmitter levels, which leads to neural impulse fail-
ure from the motor cortex to the motor neurons.®” In
peripheral fatigue, there is a decrease in the muscle fibers’
contractile strength, with changes in extracellular
metabolism. >

To maintain strength during the muscle fatigue process,
motor neuron inputs in the motor cortex should increase.
The increase in motor cortex excitability can enhance the
downward drive, resulting in sustained neural activation
from motor neurons to active muscles, thereby improving
muscle output and delaying the onset of fatigue. This neuro-
nal excitability can be elicited through Transcranial Direct
Current Stimulation (tDCS).” Sasada et al'® reported that
tDCS may be a promising technique in central fatigue, as it
can improve neural drive excitability and delay fatigue
onset.

In the sports field, previous studies investigating the
effects of tDCS on performance and fatigue showed
improvements in exercise tolerance'" and jumping perfor-
mance in men with experience in strength training'? and
parkour athletes.” In contrast, there is evidence showing
no beneficial effects of tDCS on performance.’ In addi-
tion, Davis'® argues that the use of these technologies for
enhancing athletes’ performance during exercise training
should not be considered unethical in sports. Nonetheless,
given the contradictory results, the usefulness of tDCS
remains warranted.

Therefore, this study investigated the role of tDCS as a
recovery strategy to reduce muscle fatigue in athletes. More
specifically, we investigated the acute effects of tDCS, per-
formed before a fatigue protocol, on quadriceps muscle
strength (i.e. peak torque) compared to a sham tDCS in rec-
reational runners. We also investigated the effects on corti-
cal excitability, blood lactate level, and rate of perceived
exertion (RPE).

Methods
Trial design

It is a triple-blind, sham-controlled crossover clinical trial
following the protocol published by Uehara et al.'® This
study follows the Consolidated Standards of Reporting Trials
(CONSORT) statement. This trial was approved by the
Research Ethics Committee of the Nove de Julho University
(CAAE certificate: 26427819.1.0000.5511) and was regis-
tered in the Brazilian Clinical Trials Registry (ReBEC) (RBR-
8zpnxz). All participants signed an informed consent docu-
ment before participating in the study.

Participants

Participants were invited to participate in the study by
advertisements through social networks and contacting rec-
reational runner groups in the region where the study was
conducted. Adult recreational runners who ran from 5 to 21
kilometers, three times a week, for at least six months were
considered eligible for this study. Pregnant women, people
who practiced other sports, who had recent musculoskeletal
injuries, recurrent seizure history, skin lesions on the stimu-
lation area, who used antihistamines, antidepressants, anti-
epileptic, pacemakers, or who had metal implants in the
head were excluded from the study. Participants were
instructed not to modify their training during the study.

Interventions

Participants attended the research laboratory three times,
with an interval of seven days between each session. In the
first session, we collected the participants’ demographic
data. In the second and third sessions, participants received
the intervention protocol consisting of the anodal tDCS or
the sham tDCS followed by the fatigue protocol, according
to the randomization schedule (Fig. 1). Participants were
instructed to avoid consuming caffeine, tea, alcohol,
tobacco, and drugs and not perform physical activities the
day before interventions.

Participants were classified as responders or non-res-
ponders to the tDCS before the protocol. Motor-evoked
potential (MEP) was measured immediately before and after
anodal tDCS stimulation at 2 mA for five minutes. Then,
those participants with initial and final MEP ratios greater
than 1.0 were considered responders. '’

The anodal tDCS was applied before the fatigue protocol,
using the NeuroConn DC-STIMULATOR (Germany) for 20 min,
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Fig. 1  Experimental study timeline. a-tDCS, active tDCS; s-tDCS, sham tDCS; MEP, motor evoked potential; RPE, rating of perceived

exertion.

2 mA intensity, 30-s linear ramp up/down, using two non-
metallic surface electrodes, 5 x 7 cm (cathode) and 5 x 5 cm
(anode). The anode electrode was positioned over the domi-
nant quadriceps muscle hotspot, previously established using
TMS."® The cathode was placed on the supraorbital contralat-
eral region. For the sham tDCS, the same set up used for
anodal tDCS was applied to the sham tDCS, except that the
equipment was turned off after 20 s.

Fatigue protocol

The fatigue protocol follows the methods by Schwendner et
al."® The participants were placed in an isokinetic dynamom-
eter (Biodex System 2), having a 100° angle between the
trunk and hip, and the lower dominant member at a 60° flex-
ion (0° corresponding to full knee extension). The dynamom-
eter axis was placed at the knees rotational axis.

The participants executed flexion and
extension concentric contractions of the dominant limb
knee, at 100° of maximum voluntary contraction (MVC), at a
60° /s speed , with a 60° range of motion (between 90° and
30° knee flexion). For each contraction, there was an oppos-
ing force provided by the dynamometer. Muscular fatigue
was considered when the participant did three contractions
at less than 50% of MVC (pre-established in isokinetic dyna-
mometer).

Measurements

Peripheral fatigue was assessed by collecting information on
the following variables: peak torque, blood lactate level,
and RPE. Central fatigue was determined by assessing the
cortical excitability via MEP. The peak torque, MEP, and RPE
were performed before and after the intervention protocol.
Blood lactate was evaluated before, during, and after the
fatigue protocol.

Primary outcome

Peak torque was the primary outcome. To assess peak tor-
que, the participant performed three isometric quadriceps
contractions of the dominant limb in an isokinetic dynamom-
eter (Biodex System 2) for 10 seconds for each contraction.

The highest contraction torque value out of the three
attempts was considered for the analysis.

Secondary outcomes

Secondary outcomes of this study were MEP, blood lactate
level, and RPE. The MEP was assessed by the MagPro R30
(Magventure, Denmark) Transcranial Magnetic Stimulation
(TMS), with a 70 mm diameter figure-of-eight coil, using
biphasic pulses and MepOption (Megaventure, Denmark) to
capture the myoelectric signals. The coil was positioned
over a motor area (M1) to locate the quadriceps hotspot. To
capture the myoelectric signal disposable silver chloride
electrodes were placed on the rectus femoris ventral surface
muscle with a 2 cm inter electrode distance, and the refer-
ence electrode was set up on the C7 vertebra spinous
process. These positions followed the Surface Electromyog-
raphy for Non-Invasive Muscle Assessment protocol.

The resting motor threshold (rMT) was estimated consid-
ering the lowest TMS intensity to generate an MEP >50 uV
peak-to-peak amplitude. Twenty-four pulses at 120% of rMT
were employed to measure MEP from quadriceps hotspot
before and after fatigue protocol to evaluate cortical excit-
ability."® The participants who did not take an MEP >50uV
peak-to-peak amplitude were excluded from the analysis.

For the analysis of blood lactate level, 25 ul blood sam-
ples were collected through the index finger puncture, with
lancets (Nanolet™). Blood collection was performed before
(lactate 1), during (lactate 2), and two minutes after the
end of the fatigue protocol (lactate 3). Lactate levels were
compared between the anodal and sham tDCS for each time
point.

The RPE was assessed using the modified Borg Scale?® dur-
ing the muscular fatigue protocol. RPE scores ranged from 0
(no effort) to 10 (extremely difficult).

Side effects

The potential side effects of tDCS were investigated by
applying the tDCS Side Effects Questionnaire?’ after each
intervention, containing questions such as: Did you have any
of these sensations (pain, fatigue, burning sensation, itch-
ing, heat, others)? Data were expressed as absolute fre-
quency distribution for each group.
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Sample size

The sample size was calculated using the GPOWER3 soft-
ware. The paired t-student test was used considering the
difference in peak torque results between post and pre-tDCS
intervention of five participants in the anodal tDCS (44.66+
15.25 N.m) and sham tDCS (24.96+10.64 N.m). Based on the
difference between groups, using a power of 90% and an
alpha level set at 0.05, 16 participants were required. How-
ever, 30 participants were recruited to allow for possible
dropouts.

Randomization

Participants were randomized to receive the anodal tDCS or
the sham tDCS in the first session. In the second session, par-
ticipants received the other intervention. An investigator
not involved in providing treatments or assessing partici-
pants was responsible for the randomization process. Ran-
domization was performed using the website www.
randomizer.org.

Blinding

This study was triple-blind (assessors, therapists, and partic-
ipants). Assessor blinding was possible because the assessors
who measured the outcomes were blinded to the treatment
received by each participant. The NeuroConn DC-STIMULA-
TOR device has a configuration in which, through codes, the
active or simulated mode is selected, so the researcher, who
conducted the treatment, and the patient, did not know
which mode was chosen. To validate the blinding of partici-
pants,?? participants answered at the end of each interven-
tion the following question: “What type of treatment did
you receive, the sham or the active tDCS?”.

Statistical analysis

Statistical analyses were performed using the SPSS (IBM;
v.25.0). Only participants who completed both intervention
sessions were considered for analysis. Data on peak torque,
MEP, blood lactate level, and RPE were analyzed considering
within-group change and between-group comparison. Data
were presented as estimated marginal means and 95% confi-
dence interval (Cl). The statistical test used was Generalized
Estimated Equations followed by Bonferroni post-hoc test for
multiple comparison adjustments. For peak torque and MEP
amplitude, two fixed factors were used: group [anodal tDCS,
sham tDCS] x time [pretest, posttest]; for blood lactate two
fixed factors were used: group [anodal tDCS, sham tDCS] x
time [pre, during, post fatigue protocol]; for RPE the Wilcoxon
test was used. Statistical significance was set at p < 0.05.

Results

Thirty healthy recreational runners (39.1 & 6.8 years) par-
ticipated in the study. Their clinical demographic character-
istics are described in Table 1. Seventy percent of
participants practiced physical activity more than five times
a week; 60% had a good or excellent cardiorespiratory
capacity, and around 66% had good sleep quality.

Table 1  Descriptive characteristics of the sample (N = 30).
Characteristics N=30
Sex, Male 17 (56.7%)
Age, years 39.1 (6.8)
Height, m 1.7 (0.1)
Weight, kg 72.9 (13.6)
BMI, kg/m? 25 (3.0)
Training sessions per week
3 days 6 (20%)
4 days 3 (10%)
5 days 8 (26.7%)
6 days 10 (33.3%)
7 days 3 (10%)
Average distance covered, km
5 km runner 6 (20%)
7—8 km runner 2 (6.7%)
>10 km runner 22 (73.3%)
VO,Max, mL/kg/min 40.84 (15.1)
VO,max Classification
Very poor 1(3.3%)
Poor 5 (16.7%)
Average 6 (20%)
Good 3 (10%)
Excellent 15 (50%)
Pittsburgh Sleep Quality Index (good/ 20/10
poor)
tDCS responders 7 (23.4%)

Data are mean (standard deviation) or frequency (proportion).
BMI, Body Mass Index; VO,Max, Maximal Oxygen Consumption,
tDCS: transcranial direct current stimulation.

Data for primary and secondary outcomes are summa-
rized in Table 2. The peak torque at baseline was similar
between groups. The within-group change analysis showed a
significant decrease in peak torque after the fatigue proto-
col in both groups. For the between-group comparison, the
anodal tDCS group showed a similar reduction in peak torque
of the quadriceps muscle compared to the sham tDCS group.

For the MEP analysis, six participants from the anodal
tDCS (n = 24) and five from the sham tDCS (n = 25) were not
included in the analysis because the MEP peak-to-peak
amplitude was less than 50uV. Our results for the within-
group change revealed no significant reduction in MEP in
both groups. In addition, no difference between the anodal
and sham tDCS groups was found (Table 2).

The blood lactate levels were similar for both groups at
baseline. The within-group changes in the lactate levels
were significant from baseline to during the protocol but
non-significant from during the protocol to post-intervention
in both groups. No difference in blood lactate levels
was found between the groups during the protocol and post-
intervention (Table 2). RPE was assessed during the fatigue
protocol. Participants in both groups showed similar per-
ceived exertion rates.

For side effects, the anodal tDCS group reported itching
(n = 1), pain (n = 1), burning sensation (n = 2), pinching
(n = 2), metallic taste (n = 1), and fatigue (n = 3). Similarly,
the sham tDCS group reported itching (n = 1), pain (n = 2),
burning sensation (n = 4), heat (n = 4), pinching (n = 2), and


http://www.randomizer.org
http://www.randomizer.org

Brazilian Journal of Physical Therapy 28 (2024) 101088

Table 2 Primary and secondary outcomes comparisons before and after intervention for the study groups.

a

Anodal tDCS (N = 30) Sham tDCS (N = 30) Between-group difference

Peak torque (N.m) -5.5(-19.9, 9.0)
Baseline®
Post-intervention®
Within-group change®

MEP amplitude (1V)
Baseline®
Post-intervention®
Within-group change®

Lactate (mmolel~")

207.5 (186.6, 228.4)
189.7 (171.8, 207.7)
~17.8 (~33.0, —2.5)

205.1 (183.0, 227.1)
192.8 (176.6, 209.0)
~12.3(~26.3, 1.7)

~51.8 (—141.9, 38.3)
272.2 (222.5, 321.9)
185.0 (114.8, 255.3)
—87.1(-189.7, 15.4)

241.9 (192.5, 291.2)
197.6 (139.3, 255.9)
—44.3 (~137.1, 48.5)

Baseline® 2.3(2.0,2.7) 1.9 (1.4, 2.4) —0.7 (-0.5, 1.9)
During the protocol® 5.8 (4.6,7.1) 4.7 (3.6, 5.8)
Change during the protocol minus 3.5(1.9,5.1)* 2.3 (0.7, 4.0)*
baseline®
Post-intervention® 5.8 (4.7, 6.9) 5.3 (4.2, 6.4) —0.7 (—1.7,0.4)
Change post-intervention minus during the —0.0(-0.9, 0.9) 0.6 (—0.6, 1.9)
protocol®
RPE (rating)” 7.717,9] 7.6[7,8.3]

2 Data expressed as mean (95% confidence interval);.

b Data expressed as median and interquartile range. N: Newton; m: meter; MEP: motor evoked potential; 1.V: microvolts; mmol: milli-

mole; RPE: rate of perceived exertion.
" p<0.05.

fatigue (n = 2). Rates of side effects were similar in both
groups.

The assessment of blinding showed that only 16.66% of
the participants (3 participants receiving sham tDCS and 2
participants receiving anodal tDCS group) could identify
which stimulation, active or sham placebo, they received.

Discussion

Our findings showed that a session of tDCS on the M1 before a
protocol of quadriceps muscle fatigue did not reduce fatigue
in adult recreational runners. Comparison between groups
showed no difference between anodal tDCS and sham tDCS.

The results of studies that used tDCS on M1 are diverse, as
Codella et al?>?* observed an increase in the power and
resistance of the lower limbs during running, while Giboin &
Gruber?® observed that both cathodal tDCS and anodal tDCS
impaired force production during an intermittent fatigue
maximal voluntary contraction task. A study by Machado et
al?® observed a delay in central fatigue by stimulation in M1
and, Chen et al*’ observed an improvement in the perfor-
mance of repeated sprints after anodal tDCS. Our results
contradicts some of these previous studies on the effects of
anodal tDCS on athletes’ performance. The effects for each
of the outcome variables are discussed separately below.

Peripheral fatigue

The reduction in peak torque after the fatigue protocol was
predictable because physiological changes occur after fatigu-
ing tasks, for example, changes in pH and cellular metabo-
lites. These changes lead to a reduction in contractility and
muscle strength.®?® Our study hypothesis was that anodal
tDCS applied to the quadriceps hotspot before the fatigue

protocol would minimize fatigue (i.e., less reduction in peak
torque for the tDCS group anodic); however, this hypothesis
was not confirmed. However, Codella et al?®* observed an
increase in power and endurance of the lower limbs during
running in healthy physically active men after tDCS, and Park
et al** observed an increase in exercise duration after tDCS
was applied during running up to exhaustion. Other
studies''?*3° also demonstrated a reduction in fatigue
assessed through time to exhaustion and motor failure tests;
however, they were performed on healthy, physically active
participants.

These results may have occurred because tDCS can modu-
late cortical excitability, increasing the neuronal drive of
the locomotor muscles located in M1.2° However, for this
effect, more than a single session of tDCS may be necessary,
as reported by some studies®' ~3* which indicates that a sin-
gle session of tDCS in M1 failed to improve maximal anaero-
bic exercise. Giboin and Gruber? also did not observe the
effects of tDCS on knee extensor strength applied during and
before the fatiguing task. This result may occur because
under conditions of maximum strength, the muscles are
already working at maximum, so all motor units are already
recruited; therefore, ceiling effects do not allow tDCS to
show additional effects. %3

Another factor to be considered is that we used a 2 mA
intensity, as in other studies with tDCS and fatigue.'"-*>:*°
However, Workman et al*® observed better effects on peak
torque after the fatigue protocol in physically active adults
when tDCS was applied at 4 mA compared to 2 mA. Despite
this, few studies investigate the stimulation’s effects with
intensities greater than 2 mA. Therefore, further studies
with higher intensities should confirm whether stimulation
intensity could interfere with tDCS’ effects on fatigue.

There was a significant increase in lactate 2 and 3 com-
pared to lactate 1 levels in both groups, which was
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expected, because lactic acid tends to increase proportion-
ally to exercise intensity, being considered a fatigue
marker®®3” However, as there was no difference between
the groups, the anodal tDCS did not interfere with the lac-
tate level. The same was observed in elite swimmers who
received tDCS.*®

The RPE results of the groups in our study increased,
without significant differences between them. Similarly, Bal-
dari et al*° did not observe the tDCS’ effects on the RPE of
recreational runners during the incremental ramp test. How-
ever, Williams et al*° observed improvements in RPE in
healthy participants who received anodal tDCS during elbow
flexors submaximal sustained contraction. The difference in
results may be because previous studies evaluated smaller
muscle groups; therefore, the exertion feeling would seem
more easily recoverable.

Central fatigue

The MEP results show a reduction in both groups, which is
expected after fatiguing tasks because there is a decrease in
the motor neurons firing due to the excitability depletion or
in the excitatory synapse response.’

However, we hypothesized that anodal tDCS applied over
the quadriceps muscle hotspot could reduce fatigue com-
pared to the sham tDCS, but we did not find these results. In
contrast, Angius et al**> observed in active men an increase
in MEP amplitude after anodal tDCS in the knee extensors
isometric exhaustion test, and Kristiansen et al*® observed
an increase in cortical excitability after anodal tDCS in phys-
ically active individuals, but without change on fatigue time
on bike and RPE.

We argue that our findings regarding MEP are due to indi-
vidual variability, as our participants were not homogeneous
concerning functional capacity and kilometers covered in
the race. Furthermore, of the 30 participants, only seven
were tDCS responders. Therefore, repeating this protocol
with more participants responsive to the stimulation tech-
nique may produce different results. Another hypothesis is
that in a longitudinal study, we may find different results, as
observed by Lopez-Alonso et al,’” who evaluated intra- and
inter-subject variability in healthy individuals and observed
a 44% increase in responders to tDCS after the second session
compared to the first session. In addition, the literature
shows us that the tDCS’ effects are summative and stimulate
neuroplasticity.*! This effect was demonstrated by Ammann
et al*? who reported an increase in the healthy individuals’
MEP amplitude from the first to the third tDCS session; more-
over, longitudinal evidence of performance improvement
through the M1 tDCS was provided in adolescents’ profes-
sional rowing athletes.*

However, our view is that further research is still needed
to investigate whether tDCS is for everyone. Esteves et al*
report that the training level can affect neuronal activity
and brain structure, being able to produce different
responses to stimulation. It has been shown that tDCS has
more effect when individuals have a lower baseline activity
or experience, i.e., when changes in synaptic connectivity
are required; therefore, when there is the possibility of neu-
ron functional improvements. Despite being recreational
runners, almost all participants in the current study prac-
ticed exercises more than five times a week, which may

have altered the motor threshold and cortical excitability,
making it laborious to obtain a response. Performance
improvement becomes increasingly arduous to achieve as
the performance level rises due to the so-called “ceiling
effects”.*

A recent review” that included 19 studies looked at the
tDCS acute effects on changes in athletes’ motor perfor-
mance compared to simulation and showed that anodal tDCS
led to better performance in athletes on sport-specific
motor tasks, but none of the athletes in the review were rec-
reational runners. Of the 19 studies included, 10 investi-
gated resistance effects; five found an increase in specific
endurance performance, while five showed nothing.

Therefore, we believe that, for clinical practice, more
studies are necessary to evaluate the participants’ neuro-
physiological functions who received more than one inter-
vention session, considering the variability that can
interfere with the results, such as age, sex, skull, and brain
shape.*” Thus, individualized stimulation protocols are nec-
essary to understand how tDCS works for athletes. As with
other therapies and medications, for example.

Finally, a last hypothesis for not finding a tDCS effect
would be the rise in cortisol and glycogen levels. Although
we did not perform this measurement, Mellow et al*® state
that after high-intensity exercises, as the fatigue protocol,
there is an increase in the cortisol and glycogen levels that
can block the non-invasive stimulation effects on neuroplas-
ticity. Thus, these measures may be relevant for future stud-
ies involving tDCS and fatigue.

Limitations of this study and future perspectives

As limiting factors for this study, we can highlight the partic-
ipants’ heterogeneity concerning the distance they run, as
we had eight 5 km runners, eleven 10 km runners, and
eleven 21 km runners. Furthermore, they presented differ-
ent life and training history. Lopez-Alonso et al'’ reported
this same difficulty, noting a large inter-individual variability
in the response to tDCS, explaining the difference in results.

Of the 30 participants, only seven were tDCS responders.
We believe that this study reinforces the individuals evalua-
tion importance and that future studies evaluate the longi-
tudinal tDCS effects within the specific functions of each
sport.

However, it is necessary to note that brain stimulation
may be considered as a “neuro-doping” agent, as it can
improve physical and mental performance in sports. There-
fore, with the growing field of brain stimulation for perfor-
mance, this question may be one relevant point for debate.

Conclusion
We conclude that the tDCS session on the quadriceps cortical
motor area applied before the fatigue protocol does not

affect the central and peripheral fatigue in recreational run-
ners.

Conflicts of interest

The authors declare no conflicts of interest.



Brazilian Journal of Physical Therapy 28 (2024) 101088

Acknowledgments

We thank the foundation for Coordenacao de Aperfeicoa-
mento de Nivel Superior (Coordination for the Improvement
of Higher Education Personnel, CAPES, acronym in Portu-
guese), Conselho Nacional de Desenvolvimento Cientifico e
tecnolégico (the National Council for Scientific and Techno-
logical Development, CNPq, acronym in Portuguese), and
the Nove de Julho University for the support they provided.
Those providing financing had no role in the design of this
study, data collection, and analysis, decision to publish, or
preparation of the manuscript. We also thank the Transcra-
nial Electrical Stimulation Laboratory (TESLAB) and Correla-
tos Neurais do equilibrio e da marcha (Neural Correlates of
Balance and Gait, CONEM, acronym in Portuguese) of the
Federal University of ABC for their partnership.

References

1.

Kluitenberg B, van Middelkoop M, Diercks RL, et al. The NLstar-
t2run study: health effects of a running promotion program in
novice runners, design of a prospective cohort study. BMC Pub-
lic Health. 2013;13(1). https://doi.org/10.1186/1471-2458-13-
685.

. Moscatelli F, Valenzano A, Petito A, et al. Relationship between

blood lactate and cortical excitability between taekwondo ath-
letes and non-athletes after hand-grip exercise. Somatosens
Mot Res. 2016;33(2):137—144. https://doi.org/10.1080/
08990220.2016.1203305.

. Gandevia SC. Spinal and supraspinal factors in human muscle

fatigue. Physiol Rev. 2001;81(4):1725—1789. www.prv.org.

. Kellis E, Zafeiridis A, Amiridis 1G. Muscle coactivation before

and after the impact phase of running following isokinetic
fatigue. J Athl Train. 2011;46(11):11—-19. www.nata.org/jat.

. Taylor JL, Amann M, Duchateau J, Meeusen R, Rice CL. Neural

contributions to muscle fatigue: from the brain to the muscle
and back again. Med Sci Sports Exerc. 2016;48(11):2294—2306.
https://doi.org/10.1249/MSS.0000000000000923.

. Lefaucheur JP, Antal A, Ayache SS, et al. Evidence-based guide-

lines on the therapeutic use of transcranial direct current stim-
ulation (tDCS). Clin Neurophysiol. 2017;128(1):56—92. https://
doi.org/10.1016/j.clinph.2016.10.087.

. Zajac A, Chalimoniuk M, Gotas A, Lngfort J, Maszczyk A. Central

and peripheral fatigue during resistance exercise - A critical
review. J Hum Kinet. 2015;49(1):159—-169. https://doi.org/
10.1515/hukin-2015-0118.

. Schlickmann J, Caputo F. Etiologia da fadiga muscular e acao

dos alcaloides. Rev Brasil Nutr Esport. 2012;6(31):12—24.

. Oki K, Mahato NK, Nakazawa M, et al. Preliminary evidence that

excitatory transcranial direct current stimulation extends time
to task failure of a sustained, submaximal muscular contraction
in older adults. J Gerontol - Ser A Biol Sci Med Sci. 2016;71
(8):1109—1112. https://doi.org/10.1093/gerona/glw011.

. Sasada S, Endoh T, Ishii T, et al. Differential effects of transcra-

nial direct current stimulation on sprint and endurance cycling.
Transl Sports Med. 2020;3(3):204—212. https://doi.org/
10.1002/tsm2.129.

. Angius L, Mauger AR, Hopker J, Pascual-Leone A, Santarnecchi

E, Marcora SM. Bilateral extracephalic transcranial direct cur-
rent stimulation improves endurance performance in healthy
individuals. Brain Stimul. 2018;11(1):108—117. https://doi.
org/10.1016/j.brs.2017.09.017.

. Lattari E, Andrade ML, Filho AS, et al. Can transcranial

direct current stimulation improve the resistance strength
and decrease the rating perceived scale in recreational

20.

21.

22.

23.

24.

25.

26.

27.

weight-Training experience? J Strength Cond Res. 2016;30
(12):3381-3387. https://doi.org/10.1519/JSC.000000000000
1457.

. Grosprétre S, Grandperrin Y, Nicolier M, et al. Effect of trans-

cranial direct current stimulation on the psychomotor, cogni-
tive, and motor performances of power athletes. Sci Rep.
2021;11(1). https://doi.org/10.1038/541598-021-89159-7.

. Holgado D, Vadillo MA, Sanabria D. The effects of transcranial

direct current stimulation on objective and subjective indexes
of exercise performance: a systematic review and meta-analy-
sis. Brain Stimul. 2019;12(2):242—-250. https://doi.org/10.
1016/j.brs.2018.12.002.

. Davis NJ. Neurodoping: brain stimulation as a performance-

enhancing measure. Sports Med. 2013;43(8):649—653. https://
doi.org/10.1007/s40279-013-0027-z.

. Uehara L, Coelho D, Leal-Junior E, et al. Effects of transcranial

direct current stimulation on muscle fatigue in recreational
runners - randomized, sham-controlled, triple-blind, crossover
study-protocol study. Am J Phys Med Rehabil. 2022;101
(3):279-283.

. Loépez-Alonso V, Fernandez-del-Olmo M, Costantini A, Gonzalez-

Henriquez JJ, Cheeran B. Intra-individual variability in the
response to anodal transcranial direct current stimulation. Clin
Neurophysiol.  2015;126(12):2342—2347.  https://doi.org/
10.1016/j.clinph.2015.03.022.

. Schwendner Kl, Mikesky AE, Wigglesworth K, Wiggfesworth K,

Burr DB. Recovery of dynamic muscle function following
lsokinetic fatigue testing. Int J Sports Med. 1995;16
(3):185-189.

. Biabani M, Farrell M, Zoghi M, Egan G, Jaberzadeh S. The mini-

mal number of TMS trials required for the reliable assessment
of corticospinal excitability, short interval intracortical inhibi-
tion, and intracortical facilitation.  Neurosci  Lett.
2018;674:94—100. https://doi.org/10.1016/j.neulet.2018.03.
026.

Borg G, Hassmén P, Lagerstrém M. Perceived exertion related to
heart rate and blood lactate during arm and leg exercise. Eur J
Appl Physiol. 1987;65:679—685.

Fertonani A, Ferrari C, Miniussi C. What do you feel if | apply
transcranial electric stimulation? Safety, sensations and second-
ary induced effects. Clin Neurophysiol. 2015;126(11):2181—2188.
https://doi.org/10.1016/j.clinph.2015.03.015.

Antal A, Alekseichuk I, Bikson M, et al. Low intensity transcranial
electric stimulation: safety, ethical, legal regulatory and appli-
cation guidelines. Clin Neurophysiol. 2017;128(9):1774—1809.
https://doi.org/10.1016/j.clinph.2017.06.001.

Codella R, Alongi R, Filipas L, Luzi L. Ergogenic effects of bihe-
mispheric transcranial direct current stimulation on fitness: a
randomized cross-over trial. Int J Sports Med. 2021;42
(1):66—73. https://doi.org/10.1055/a-1198-8525.

Park SB, Jun Sung D, Kim B, Kim SJ, Han JK. Transcranial direct
current stimulation of motor cortex enhances running perfor-
mance. PLoS ONE. 2019;14(2). https://doi.org/10.1371/jour-
nal.pone.0211902.

Giboin LS, Gruber M. Anodal and cathodal transcranial direct
current stimulation can decrease force output of knee exten-
sors during an intermittent MVC fatiguing task in young healthy
male participants. J Neurosci Res. 2018;96(9):1600—1609.
https://doi.org/10.1002/jnr.24254.

Machado DG da S, Unal G, Andrade SM, et al. Effect of transcra-
nial direct current stimulation on exercise performance: a sys-
tematic review and meta-analysis. Brain Stimul. 2019;12
(3):593—605. https://doi.org/10.1016/j.brs.2018.12.227.
Chen CH, Chen YC, Jiang RS, Lo LY, Wang IL, Chiu CH. Transcra-
nial direct current stimulation decreases the decline of speed
during repeated sprinting in basketball athletes. Int J Environ
Res Public Health. 2021;18(13). https://doi.org/10.3390/
ijerph18136967.


https://doi.org/10.1186/1471-2458-13-685
https://doi.org/10.1186/1471-2458-13-685
https://doi.org/10.1080/08990220.2016.1203305
https://doi.org/10.1080/08990220.2016.1203305
http://www.prv.org
http://www.nata.org/jat
https://doi.org/10.1249/MSS.0000000000000923
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1515/hukin-2015-0118
https://doi.org/10.1515/hukin-2015-0118
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0008
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0008
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0008
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0008
https://doi.org/10.1093/gerona/glw011
https://doi.org/10.1002/tsm2.129
https://doi.org/10.1002/tsm2.129
https://doi.org/10.1016/j.brs.2017.09.017
https://doi.org/10.1016/j.brs.2017.09.017
https://doi.org/10.1519/JSC.0000000000001457
https://doi.org/10.1519/JSC.0000000000001457
https://doi.org/10.1038/s41598-021-89159-7
https://doi.org/10.1016/j.brs.2018.12.002
https://doi.org/10.1016/j.brs.2018.12.002
https://doi.org/10.1007/s40279-013-0027-z
https://doi.org/10.1007/s40279-013-0027-z
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0016
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0016
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0016
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0016
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0016
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0016
https://doi.org/10.1016/j.clinph.2015.03.022
https://doi.org/10.1016/j.clinph.2015.03.022
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0018
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0018
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0018
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0018
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0018
https://doi.org/10.1016/j.neulet.2018.03.026
https://doi.org/10.1016/j.neulet.2018.03.026
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0020
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0020
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0020
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0020
https://doi.org/10.1016/j.clinph.2015.03.015
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.1055/a-1198-8525
https://doi.org/10.1371/journal.pone.0211902
https://doi.org/10.1371/journal.pone.0211902
https://doi.org/10.1002/jnr.24254
https://doi.org/10.1016/j.brs.2018.12.227
https://doi.org/10.3390/ijerph18136967
https://doi.org/10.3390/ijerph18136967

L. Uehara, D.B. Coelho, A.F. Baptista et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Enoka RM, Duchateau J. Translating fatigue to human perfor-
mance. Med Sci Sports Exerc. 2016;48(11):2228—-2238. https://
doi.org/10.1249/MSS.0000000000000929.

Vitor-Costa M, Okuno NM, Bortolotti H, et al. Improving cycling
performance: transcranial direct current stimulation increases
time to exhaustion in cycling. PLoS ONE. 2015;10(12). https://
doi.org/10.1371/journal.pone.0144916.

Williams PS, Hoffman RL, Clark BC. Preliminary evidence that
anodal transcranial direct current stimulation enhances time to
task failure of a sustained submaximal contraction. PLoS ONE.
2013;8(12):1—11. https://doi.org/10.1371/journal.pone.
0081418.

Cogiamanian F, Marceglia S, Ardolino G, Barbieri S, Priori A.
Improved isometric force endurance after transcranial direct
current stimulation over the human motor cortical areas. Eur J
Neurosci.  2007;26(1):242—249.  https://doi.org/10.1111/
j.1460-9568.2007.05633.x.

Williamson JW. The relevance of central command for the neu-
ral cardiovascular control of exercise. Exp Physiol. 2010;95
(11):1043—-1048. https://doi.org/10.1113/expphysiol.2009.
051870.

Angius L, Pageaux B, Hopker J, Marcora SM, Mauger AR. Trans-
cranial direct current stimulation improves isometric time to
exhaustion of the knee extensors. Neuroscience. 2016;
339:363-375. https://doi.org/10.1016/j.neuroscience.2016.
10.028.

Romero-Arenas S, Calderén G, Calderén-Nadal C, et al. Trans-
cranial direct current stimulation does not improve counter-
movement jump performance in young healthy men. J Strength
Cond Res. 2019;1:1—4. www.nsca.com.

Workman CD, Fietsam AC, Rudroff T. Different effects of 2 mA
and 4 mA transcranial direct current stimulation on muscle
activity and torque in a maximal isokinetic fatigue task. Front
Hum  Neurosci.  2020;14:240.  https://doi.org/10.3389/
fnhum.2020.00240.

Cairns SP. Current opinion lactic acid and exercise performance
culprit or friend? Sports Med. 2006;36(4):279—291.

Gladden LB. Lactate metabolism: a new paradigm for the third
millennium. J Physiol. 2004;558(1):5—30. https://doi.org/
10.1113/jphysiol.2003.058701.

Valenzuela PL, Amo C, Sanchez-Martinez G, et al. Enhance-
ment of mood but not performance in elite athletes with
transcranial direct-current stimulation. Int J Sports Physiol
Perform. 2019;14(3):310—316. https://doi.org/10.1123/
ijspp.2018-0473.

39.

40.

1.

42.

43.

44,

45.

46.

47.

48.

Baldari C, Buzzachera CF, Vitor-Costa M, et al. Effects of trans-
cranial direct current stimulation on psychophysiological
responses to maximal incremental exercise test in recreational
endurance runners. Front Psychol. 2018;9(OCT). https://doi.
org/10.3389/fpsyg.2018.01867.

Kristiansen M, Thomsen MJ, Ngrgaard J, Aaes J, Knudsen D,
Voigt M. Anodal transcranial direct current stimulation
increases corticospinal excitability, while performance is
unchanged. PLoS OnE. 2021;16(7 July). https://doi.org/
10.1371/journal.pone.0254888.

Stagg CJ, Antal A, Nitsche MA. Physiology of transcranial direct
current stimulation. Journal of ECT. 2018;34(3):144—152.
https://doi.org/10.1097/YCT.0000000000000510.

Ammann C, Lindquist MA, Celnik PA. Response variability of dif-
ferent anodal transcranial direct current stimulation intensities
across multiple sessions. Brain Stimul. 2017;10(4):757—-763.
https://doi.org/10.1016/j.brs.2017.04.003.

Liu X, Yang X, Hou Z, et al. Increased interhemispheric syn-
chrony underlying the improved athletic performance of rowing
athletes by transcranial direct current stimulation. Brain Imag-
ing Behav. 2019;13(5):1324—1332. https://doi.org/10.1007/
s11682-018-9948-3.

Esteves GJ, Motoyama YL, Pereira PEA, Elcadi GH, Pereira R,
Azevedo PHSM. Effect of transcranial direct current stimulation
on supramaximal intermittent exercise performance. Motriz:
Revista de Educagao Fisica. 2019;25(4). https://doi.org/
10.1590/51980-6574201900040215.

da Silva Machado DG, Bikson M, Datta A, et al. Acute effect of
high-definition and conventional tDCS on exercise performance
and psychophysiological responses in endurance athletes: a ran-
domized controlled trial. Sci Rep. 2021;11(1). https://doi.org/
10.1038/s41598-021-92670-6.

Maudrich T, Ragert P, Perrey S, Kenville R. Single-session anodal
transcranial direct current stimulation to enhance sport-spe-
cific performance in athletes: a systematic review and meta-
analysis. Brain Stimul. 2022;15(6):1517—1529. https://doi.
org/10.1016/j.brs.2022.11.007.

Li LM, Uehara K, Hanakawa T. The contribution of interindivid-
ual factors to variability of response in transcranial direct cur-
rent stimulation studies. Front Cell Neurosci. 2015;9(MAY).
https://doi.org/10.3389/fncel.2015.00181.

Mellow ML, Goldsworthy MR, Coussens S, Smith AE. Acute aero-
bic exercise and neuroplasticity of the motor cortex: a system-
atic review. J Sci Med Sport. 2020;23(4):408—414. https://doi.
org/10.1016/j.jsams.2019.10.015.


https://doi.org/10.1249/MSS.0000000000000929
https://doi.org/10.1249/MSS.0000000000000929
https://doi.org/10.1371/journal.pone.0144916
https://doi.org/10.1371/journal.pone.0144916
https://doi.org/10.1371/journal.pone.0081418
https://doi.org/10.1371/journal.pone.0081418
https://doi.org/10.1111/j.1460-9568.2007.05633.x
https://doi.org/10.1111/j.1460-9568.2007.05633.x
https://doi.org/10.1113/expphysiol.2009.051870
https://doi.org/10.1113/expphysiol.2009.051870
https://doi.org/10.1016/j.neuroscience.2016.10.028
https://doi.org/10.1016/j.neuroscience.2016.10.028
http://www.nsca.com
https://doi.org/10.3389/fnhum.2020.00240
https://doi.org/10.3389/fnhum.2020.00240
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0036
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0036
http://refhub.elsevier.com/S1413-3555(24)00498-2/sbref0036
https://doi.org/10.1113/jphysiol.2003.058701
https://doi.org/10.1113/jphysiol.2003.058701
https://doi.org/10.1123/ijspp.2018-0473
https://doi.org/10.1123/ijspp.2018-0473
https://doi.org/10.3389/fpsyg.2018.01867
https://doi.org/10.3389/fpsyg.2018.01867
https://doi.org/10.1371/journal.pone.0254888
https://doi.org/10.1371/journal.pone.0254888
https://doi.org/10.1097/YCT.0000000000000510
https://doi.org/10.1016/j.brs.2017.04.003
https://doi.org/10.1007/s11682-018-9948-3
https://doi.org/10.1007/s11682-018-9948-3
https://doi.org/10.1590/s1980-6574201900040215
https://doi.org/10.1590/s1980-6574201900040215
https://doi.org/10.1038/s41598-021-92670-6
https://doi.org/10.1038/s41598-021-92670-6
https://doi.org/10.1016/j.brs.2022.11.007
https://doi.org/10.1016/j.brs.2022.11.007
https://doi.org/10.3389/fncel.2015.00181
https://doi.org/10.1016/j.jsams.2019.10.015
https://doi.org/10.1016/j.jsams.2019.10.015

	Does Transcranial Direct Current Stimulation reduce central and peripheral muscle fatigue in recreational runners? A triple-blind, sham-controlled, randomized, crossover clinical study
	Introduction
	Methods
	Trial design
	Participants
	Interventions
	Fatigue protocol
	Measurements
	Primary outcome
	Secondary outcomes
	Side effects

	Sample size
	Randomization
	Blinding
	Statistical analysis

	Results
	Discussion
	Peripheral fatigue
	Central fatigue
	Limitations of this study and future perspectives

	Conclusion
	Conflicts of interest
	Acknowledgments
	References


