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Recent studies provided compelling evidence that physical activity leads to specific
changes on a functional and structural level of brain organization. The observed neural
adaptions are specific to the sport and manifested in those brain regions which are
associated with neuronal processing of sport-specific skills. Techniques of non-invasive
brain stimulation have been shown to induce neuroplastic changes and thereby also
facilitate task performance. In the present study, we investigated the influence of
transcranial direct current stimulation (tDCS) over the leg area of the primary motor
cortex (M1) on simple reaction time tasks (RTT) and tapping tasks (TT) as a comparison
between trained football (FB) and handball players (HB) and non-athletes (NA). We
hypothesized that anodal tDCS over M1 (leg area) would lead to specific behavioral
gains in RTT and TT performance of the lower extremity as compared to sham condition.
On an exploratory level, we aimed at revealing if trained athletes would show stronger
tDCS-induced behavioral gains as compared to NA, and, furthermore, if there are any
differential effects between FB and HB. A total number of 46 participants were enrolled in
a sham-controlled, double-blinded, cross-over study. A test block consisting of RTT and
TT was performed before, during, after as well as 30 min after a 20-min tDCS application.
Additionally, the specificity of tDCS-induced changes was examined by testing upper
extremity using the same experimental design as a control condition. Our data showed
no group- or sport-specific tDCS-induced effects (online and offline) on RTT and TT
neither for lower nor upper extremities. These findings indicate that neither athletes nor
NA seems to benefit from a brief period of tDCS application in speed-related motor
tasks. However, more knowledge on neuronal processing of RTT and TT performance
in trained athletes, the influence of tDCS parameters including stimulation sites, and the
effect of inter-individual differences are required in order to draw a comprehensive picture
of whether tDCS can help to enhance motor abilities on a high-performance level.
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INTRODUCTION

A variety of studies suggest that physical exercise leads to
specific changes on a functional and structural level of brain
organization (Colcombe et al., 2006; Bullitt et al., 2009; Voss
et al., 2010; Erickson et al., 2012). In addition, it has been shown
that this neuroplasticity seems to be specific to the individual
exercise regime or sport (Jäncke et al., 2009; Park et al., 2009;
Schlaffke et al., 2014). On a functional level, the findings of Lulic
et al. (2017), using transcranial magnetic stimulation (TMS),
indicate that the propensity for exercise-induced functional
plasticity is different in high vs. low physically active individuals.
In this study, a single session of moderate intensity aerobic
exercise increased the amplitude of corticospinal output in the
HIGH (physically active) group, and, in contrast, did not alter
corticospinal output in the LOW (physically active) group.
Apart from the physical activity itself, also the exercise regime
leads to specific brain alterations and influences the amount of
structural plasticity (Schlaffke et al., 2014). Concerning brain
structure, a study by Meier et al. (2016), for example, showed
that handball players have an increased volume of gray matter
(GM) in the hand area of the primary motor cortex (M1),
while ballet dancers are characterized by an increased GM
volume in the foot area of M1. These results indicate that
the observed functional and structural adaptions are sport-
specific/ physical activity-dependent and seem to manifest in
those brain regions that are involved in the neural processing of
sport-specific skills.

It is well known that M1 is a key region involved in motor
control and functions in terms of precision, speed, strength,
endurance and execution of daily motor tasks (Levasseur-
Moreau et al., 2013). One opportunity to explore the function
of certain brain areas can be found in non-invasive brain
stimulation methods such as transcranial magnetic (TMS)
and/or direct current stimulation (tDCS). To investigate the
role of motor-related brain regions during the execution
of motor tasks, tDCS is a common method to modulate
brain function specifically and thereby induce a possible
behavioral change.

tDCS is a non-invasive method for modulating the excitability
of certain brain regions by applying a weak direct current
to the scalp. It has been proposed that tDCS modulates
neural firing rates during stimulation and synaptic strength
following long-term stimulation (Stagg and Nitsche, 2011).
Using this method, either an increase (by means of anodal
tDCS) or a reduction (by means of cathodal tDCS) of the
area-specific excitability is possible (Nitsche and Paulus, 2000),
as demonstrated by changes in themotor evoked potential (MEP)
elicited via TMS.

Although tDCS has been mainly used for patients with
neurologic disorders (Flöel, 2014; Lattari et al., 2017b) and
psychiatric disorders (Aparício et al., 2016), it has also been
highlighted as a valuable tool to enhance physical performance
in healthy individuals. Current reviews including studies
investigating healthy adults provided evidence that anodal tDCS
over motor-related brain regions can lead to positive behavioral
effects (Banissy and Muggleton, 2013; Machado et al., 2018).

For example, a tDCS-induced increase of isometric muscle
force has been found in both lower (Tanaka et al., 2009) and
upper extremities (Boggio et al., 2006; Hummel et al., 2006;
Stagg et al., 2011; Salimpour and Shadmehr, 2014). Further
studies have shown that endurance performance (Angius et al.,
2018) and both static and dynamic balance regulation (Dutta
et al., 2014; Kaminski et al., 2016) can be improved by anodal
tDCS. However, concerning anodal tDCS effects in speed-related
motor tasks, the current literature is inconsistent. Positive effects
have been demonstrated especially in serial and choice reaction
time tasks (RTT) with upper extremities (Nitsche et al., 2003b;
Verissimo et al., 2016; Drummond et al., 2017; Hupfeld et al.,
2017). In studies using simple RTT, the findings are rather
contradictory, since both improved reaction times (Carlsen
et al., 2015; Devanathan and Madhavan, 2016; Hupfeld et al.,
2017) and no effects (Tanaka et al., 2009; Stagg et al., 2011;
Horvath et al., 2016) are reported. Only a small number of
studies investigated the influence of anodal tDCS on tapping
tasks (TT), focusing mainly on (serial) finger TT. The results
showed either positive (Tecchio et al., 2010; Saimpont et al.,
2016) or null effects (Boehringer et al., 2013), while one reported
a significant impairment following anodal tDCS (Stagg et al.,
2011). However, concerning tDCS effects on frequency-oriented
hand or even foot TT, there is a clear lack of evidence in the
current literature.

More recently, there has been great interest in the use of tDCS
to enhance sports performance (Davis, 2013; Reardon, 2016) and
to facilitate neuroplasticity and training adaptations (Bolognini
et al., 2009) in athletes. First, approaches can be found in recent
studies showing a tDCS-induced increase of isometric strength
of shoulder rotators muscles in handball players (Hazime et al.,
2017) and an increased isometric quadriceps strength after
stimulation in soccer players (Vargas et al., 2018). Similar results
were found by Lattari et al. (2017a) examining tDCS-induced
effects on muscle power in individuals with advanced resistance
training experience. Furthermore, anodal tDCS is capable to
have positive effects on the time of exhaustion in trained
individuals performing a cycling task (Vitor-Costa et al., 2015).
Beyond that, Okano et al. (2015) studied the effects of 20 min
of tDCS with the anode over the left temporal cortex on
trained cyclists during an incremental cycling test and found
significantly improved peak power, as well as reduced heart
rate and perception of effort at submaximal workloads. These
findings suggest that tDCS can potentially facilitate the athlete’s
performance under laboratory conditions. However, there is
no evidence that this could lead to positive transfer effects
under field conditions or even during competition. Further
risks, opportunities and potential approaches concerning the use
of tDCS at an elite sports level have already been discussed
by Banissy and Muggleton (2013) and Edwards et al. (2017).
It seems clear that more research is needed to clarify the
usefulness of tDCS in highly trained individuals (Colzato et al.,
2017; Edwards et al., 2017). As maximum performance in fine
motor control could not be further improved in elite pianists
(Furuya et al., 2013), it needs to be investigated whether similar
ceiling effects might apply to the performance of elite athletes
as well.

Frontiers in Human Neuroscience | www.frontiersin.org 2 April 2019 | Volume 13 | Article 103

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Seidel and Ragert tDCS-Effects in Athletes

The primary aim of the present study was to investigate
the influence of a 20-min anodal tDCS over leg area of the
M1 on the performance of trained athletes in simple speed-
related motor tasks, using simple reaction time and TT for
both upper and lower extremities. According to a systematic
review and meta-analysis by Machado et al. (2018) that assessed
the effect of tDCS on exercise performance enhancement in
healthy adults, no effect was found for cathodal tDCS for any
tasks (performance in isometric, isokinetic or dynamic strength
exercise and whole-body exercise). Similarly, Tanaka et al. (2009)
found no effect of cathodal tDCS over M1 leg area on simple
RTT for lower extremities. Hence, the application of cathodal
tDCS was waived in the present study. Therefore, the focus was
on the question of whether athletes would show stronger anodal
tDCS-induced performance gains compared to non-athletes and
if sport-specific differences could be determined. In general,
we first hypothesized that anodal tDCS over M1 (leg area)
would lead to specific behavioral gains in simple reaction
time and tapping performance of the foot (not hand, since
this can be considered as a kind of control condition) as
compared to sham condition (in accordance with Devanathan
and Madhavan, 2016; Saimpont et al., 2016). To demonstrate
that potential performance gains are in fact related to tDCS, we
tested a control group (CG) of participants performing exactly
the same procedure but without brain stimulation. Concerning
athletes, we expected football and handball players to show
superior initial performances as compared to non-athletes. This
hypothesis is based on previous studies showing better initial
performances in athletes in several motor abilities (Verburgh
et al., 2016; Seidel et al., 2017). On an exploratory level, we
aimed at revealing if athletes would show stronger tDCS-induced
behavioral gains as compared to non-athletes, and, furthermore,
if there are any differential effects between football and handball
players. Since there is barely evidence concerning tDCS-effects
at an elite sports level in speed-related motor tasks, we cannot
make direct inferences about the directionality of tDCS-induced
behavioral effects.

MATERIALS AND METHODS

Ethics Statement
The study was approved by the local ethics-committee of the
Medical Faculty at the University of Leipzig. All participants
gave written informed consent to participate in the experiments
according to the Declaration of Helsinki, and were compensated
for participation.

Participants
In the present study, a total of 46 healthy, young adults were
recruited, divided into three groups of football players (FB),
handball players (HB) and non-athletes (NA). To exclude the
presence of any neurological disease and/or contraindications,
all participants underwent a detailed neurological examination
prior to the testing phase. Inclusion criteria for FB and
HB consisted of an individual training history of at least
2 years as well as regular practice and regular participation
in competitions/matches in their respective sports discipline.

NA were not allowed to do more than 2 h of combined
sports activities per week. The investigated sample of this study
consisted of 13 FB (three females, mean age = 24.00± 3.89 years),
12 HB (five females, mean age = 22.50 ± 4.32 years) and 21 NA
(11 females, mean age = 26.95 ± 3.43 years). On average, FB
trained for 16.31 ± 5.02 years and currently 5.65 ± 2.15 h/week,
whereas HB trained for 13.17 ± 4.49 years and currently
8.54 ± 3.84 h/week in their respective sports disciplines. On
the other hand, NA performed an average of less than 2 h
of combined sports activities per week (1.41 ± 1.32 h/week).
Additionally, all participants (FB, HB and NA) with regular
practice ofmusical instruments were excluded from participation
in this study. This was motivated by the fact that recent
studies have shown that musical training induces functional
and structural plasticity in motor-related brain regions (Steele
et al., 2013; Vollmann et al., 2014) which in turn might affect
the amount of tDCS effect. As assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971), all participants were
right-handed [mean laterality quotient (LQ) of FB: 84.02± 16.45;
HB: 95.83 ± 8.14; NA: 90.15 ± 14.15].

Furthermore, a CG was tested to ensure that potential
behavioral changes in simple reaction time and tapping
frequency are in fact tDCS related and not a mere effect of
fatigue or learning. A total of six male and six female right-
handed (mean LQ: 80.4 ± 17.1) participants (n = 12) in this
group with an mean age of 21.25 ± 1.14 years and sports-
related activities of 4.85 ± 3.86 h/week had to perform the whole
procedure (see ‘‘Experimental Design’’ section for further details)
but without tDCS.

Experimental Design
A sham-controlled, double-blinded, cross-over design was
carried out. The study was compromised of two sessions that
were separated by at least 24 h in order to avoid task-related
impacts of cognitive or muscular fatigue. Study procedure for
both sessions was identical (see Figure 1A), starting with an
initial run of a test block consisting of RTT and TT for upper
and lower extremities (see ‘‘Motor Tasks’’ section for further
details). Afterward, tDCS was applied over the leg area of the
(M1 leg area) for a period of 20 min. Participants received either
the anodal tDCS condition or the control condition, where sham
tDCS was applied [see ‘‘Transcranial Direct Current Stimulation
(tDCS)’’ section for further details]. For each participant, the type
of stimulation was randomly assigned to either session 1 or 2.
Another run of the aforementioned test block was performed
after 10 min of stimulation (during tDCS, online) as well as
directly after and 30 min after stimulation has ended (offline).
The second test block was performed after 10 min of stimulation
because previous studies have demonstrated that a time of
9–13 min is required to obtain an increase in cortical excitability
for up to 1.5 h (Nitsche and Paulus, 2000). Participants were
instructed to avoid alcohol and caffeine 24 h prior to each
session because of their well-known influences on motor control
and central nervous system (CNS) functioning (Pesta et al.,
2013). Additionally, participants were asked to report their
daily activities 48 h before both sessions, their current levels of
attention, fatigue and discomfort on a visual analog scale (pre and
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FIGURE 1 | Study design and experimental setup. (A) Procedures for session 1 and 2. Study procedure for both sessions was identical, starting with an initial run of
a test block consisting of reaction time tasks (RTT) and tapping tasks (TT) for upper and lower extremities. Afterwards, transcranial direct current stimulation (tDCS)
was applied over the leg area of the primary motor cortex (M1 leg area) for a period of 20 min (indicated by the red frame). Participants received either the anodal
tDCS condition or the control condition, where sham tDCS was applied. Another run of the aforementioned test block was performed after 10 min of stimulation
(during tDCS, online) as well as directly after and 30 min after stimulation has ended (offline). (B) Experimental setup. Participants were seated 1 m away from a
computer monitor, upright on a stool (hips and knees at 90◦) with their hands resting on and their feet resting under a table in front of them. Next to each hand and
foot, with a defined distance of 10 cm, a custom made force plate (indicated as patterned boxes) was installed. Indicated by the red (anode) and blue (cathode)
boxes, the anode was placed over the M1 leg area target region, the cathode (reference electrode) was placed over the middle of the forehead.

post), as well as their individual amount of sleep the night before
the experimental sessions, to sufficiently control for this matter.

Transcranial Direct Current Stimulation
(tDCS)
For tDCS, a weak direct current of 2 mA was delivered for
20 min bymeans of two surface electrodes using a battery driven-
stimulator (neuroConn GmbH, Ilmenau, Germany). For each
session, either anodal tDCS or sham tDCS was applied to the
bilateral M1 leg area. While the anode (7 cm × 5 cm) was placed
over the M1 leg area target region, the cathode (10 cm × 10 cm,
reference electrode) was placed over the middle of the forehead.
The anatomical landmark for M1 leg area was chosen according
to the 10–20 system and the anode was placed over the vertex
(Cz) on the mid-sagittal line (Madhavan and Stinear, 2010;
Laczó et al., 2014). Cz was determined over the intersection of
the courses nasion to inion and left preauricular point to right
preauricular point according to Jurcak et al. (2007). tDCS was
applied using two saline-soaked (0.9%NaCl) sponges and flexible
elastic straps were used to fixate the electrodes on the head.
The current was ramped up for 30 s at the beginning of tDCS
eliciting a transient tingling sensation on the scalp that faded
over seconds (Nitsche et al., 2003a; Gandiga et al., 2006) and
also ramped down for 30 s. During sham tDCS, the current was
increased, maintained and decreased for 30 s each. According to

Gandiga et al. (2006), this is enough time to identify the presence
of the current with no effective brain stimulation. The electrical
resistance was constantly monitored on the stimulator’s display
within a range between 5 and 10 k�. The adverse effects were
evaluated after each application through spontaneous reports of
any unpleasant sensations such as burning, tingling, headache
or nausea.

Motor Tasks
During each session, participants were seated 1 m away from
a computer monitor, upright on a stool (hips and knees at
90◦) with their hands resting on and their feet resting under
a table in front of them (see Figure 1B). Next to each hand
and foot, with a defined distance of 10 cm, a custom made
force plate was installed. Participants were instructed to rest
and relax their inactive extremities in this position. Facing the
computer monitor, participants performed four runs of a test
block (initial, during, after and 30 min after tDCS) consisting
of speed-related motor tasks. Each block consisted of two
runs of a simple RTT and two runs of a TT for each hand
and foot separately. Therefore, a total amount of eight RTTs
and eight TTs had to be performed with a total duration of
approx. 8 min. The order of these tasks was randomized for
each block and the software avoided two or more tasks for
the same extremity in a row. Between each task was a short

Frontiers in Human Neuroscience | www.frontiersin.org 4 April 2019 | Volume 13 | Article 103

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Seidel and Ragert tDCS-Effects in Athletes

rest period of 3 s when the upcoming task appeared on the
computer monitor.

Simple Reaction Time Task (RTT)
For simple RTT, participants had to place their active hand
(respectively foot) at the defined spot 10 cm away from the
respective force plate. In this position, they were instructed
to face the computer monitor and read the upcoming task
carefully. After a countdown of 3 s, indicating the start of
the run, participants were asked to press the respective force
plate as quickly as possible in response to the appearance of
a visual stimulus (cross) on the computer monitor. During
one RTT, a total of 15 trials had to be responded in this
manner with a randomized inter-trial interval of 0.5–2.0 s
to avoid anticipation of trial onsets. Between each trial, the
active hand (respectively foot) had to be placed back to the
defined spot. For each trial, the time interval (ms) between the
onset of the trial (cross) and the response was recorded as an
outcome measure.

Tapping Task (TT)
For TT, participants were asked to take the same position
as previously described for RTT. After a countdown of 3 s,
participants started the run on their own with their first touch
of the respective force plate. Subsequently, they had to press the
force plate as often as possible over a period of 20 s. Concerning
upper extremity TT, participants were instructed to tap in the
center of the force plate with a flat hand. For the lower extremity
counterpart, they were asked to keep the heel up in the air
and to tap with their forefoot. As an outcome measure, tapping
frequency (Hz) was recorded.

Analysis
For each test block, two runs of 15 trials were recorded for
the left hand (HL), right hand (HR), left foot (FL) and right
foot (FR), respectively. Afterward, these 30 reaction times of
one block were averaged for each extremity separately. Outliers
were defined as values <100 ms and >1,000 ms (Geiger
et al., 2018) of each participant and were excluded from the
averages. The lower limit was determined since all reaction
times <100 ms are considered to be unphysiological and only
in very few cases have been measured so far for the much faster
auditory reaction times (Pain and Hibbs, 2007). After averaging
all valid reaction times, this resulted in one value for RTT
before (initial), during, after and 30 min after tDCS stimulation.
Baseline differences were tested using a univariate ANOVA and
revealed significant differences between groups (see ‘‘Results’’
section for further details). Hence, all values were normalized to
initial (= 100%).

Concerning TT, two runs of 20 s were recorded for each test
block for HL, HR, FL and FR, respectively. First, the total amount
of taps during one run resulted in an average tapping frequency
over 20 s that was averaged for both runs for each extremity
(TT20). Second, the total amount of taps during the first 3 s
was considered, extracting the tapping frequency of the fastest
second (TTmax). According to RTT, this resulted in one value
for TT20 and TTmax before (initial), during, after and 30 min
after tDCS stimulation. Due to baseline differences (see ‘‘Results’’

section for further details), values were also normalized to
initial (= 100%).

All statistical analyses were performed with the software
SPSS 22 (IBM, Armonk, NY, USA) using parametric tests
since Shapiro-Wilk test revealed that RTT and TT data were
normally distributed. As already described above, baseline
differences were examined using an univariate ANOVA with
factor group (FB vs. HB vs. NA) using Gabriel and Games-
Howell post hoc tests, respectively to analyze the differences
if necessary. A 2 × 3 × 3 repeated measures ANOVA was
conducted to analyze the mean normalized values of RTT, TTmax
and TT20 of each group and each extremity for three test blocks
of the tasks (first within-subject factor), including stimulation
condition (anodal vs. sham) as second within-subject factor and
group (FB vs. HB vs. NA) as between-subject factor. Regarding
the first within-subject factor, initial was not included since
data were normalized and level initial would not have any
variance across participants since all of them would have a value
of 100%.

For the CG (without tDCS), a repeated measures ANOVA
with factor test block (within-subjects factor) was conducted.
Additionally, we computed the test-retest reliability using an
intraclass correlation coefficient (ICC) to examine whether
potential performance gains are in fact tDCS related or an effect
of fatigue or learning.

When the respective interactions were significant, also Gabriel
and Games-Howell post hoc tests, respectively were applied to
analyze the differences. The critical level of significance for
RTT and TT differences in all tests was set to p < 0.05 and
Bonferroni adjusted for multiple comparisons. If necessary,
data were corrected for sphericity using Greenhouse-Geisser
correction. Partial eta-squared (η2p) for ANOVAs are provided
as measures of effect size and used to aid in the interpretation
of inferential statistics. As a rule of thumb, introduced by Miles
and Shevlin (2000), η2p ≥ 0.01 is considered to be a small, η2p
≥ 0.06 a medium, and η2p ≥ 0.14 a large effect. Additionally,
as recommended for tDCS studies by Biel and Friedrich (2018),
Bayes factors (BF), a useful tool for evaluating evidence both for
the research hypothesis and for the null hypothesis (Dienes, 2011;
Kruschke, 2011), are reported for repeated measures ANOVAs
using JASP (Jeffreys’s Amazing Statistics Program, Marsman and
Wagenmakers, 2017). BFs above 1 indicate evidence for H1 over
H0, whereas BFs below 1 suggest the exact opposite. If BFs are
above 3 or below 0.33, the strength of evidence for one hypothesis
compared to its competing hypothesis is regarded as noteworthy
(Jeffreys, 1961; Lee andWagenmakers, 2013). Thus, BFs between
0.33 and 3 are considered as inconclusive, or only anecdotal
evidence for any hypothesis.

RESULTS

Test-Retest Reliability of RTT and TT
To exclude that the pure repetition of RTT and TT would
lead to significant behavioral alterations, we performed
a test-retest analysis using a CG (n = 12). We found no
statistically significant alterations neither in RTT performance
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(rmANOVA, main effect of test block, HL: F(3,33) = 0.363,
p = 0.780, η2p = 0.032; HR: F(3,33) = 0.215, p = 0.886,
η2p = 0.019; FL: F(2.139,23.531) = 2.002, p = 0.155, η2p = 0.154;
FR: F(3,33) = 0.290, p = 0.832, η2p = 0.026) nor in TT performance
(rmANOVA, main effect of test block, HL: F(1.914,21.055) = 2.227,
p = 0.134, η2p = 0.168; HR: F(1.379,15.172) = 2.622, p = 0.118,
η2p = 0.192; FL: F(1.600,17.598) = 1.695, p = 0.214, η2p = 0.133; FR:
F(1.525,16.770) = 2.103, p = 0.160, η2p = 0.160) performance.
These findings were confirmed by good intrasession
reliabilities according to Larsson et al. (1999) for RTT
(ICCHL (33,11) = 0.908; ICCHR (33,11) = 0.884; ICCFL
(33,11) = 0.845; ICCFR (33,11) = 0.897) and TT (ICCHL
(33,11) = 0.974; ICCHR (33,11) = 0.952; ICCFL (33,11) = 0.947;
ICCFR (33,11) = 0.940).

Initial Group Comparisons of RTT and TT
Initial RTT Performance
Initial RTT values differed significantly between groups
indicating superior RTT performances in FB and HB as
compared to NA (see Figure 2A). uANOVA revealed a
significant main effect of group in HL (F(2,43) = 4.752, p = 0.014,
η2p = 0.181), HR (F(2,43) = 7.910, p = 0.001, η2p = 0.269), FL
(F(2,43) = 9.272, p = 0.000, η2p = 0.301) and FR (F(2,43) = 6.863,
p = 0.003, η2p = 0.242). Post hoc analyses showed significant
differences between FB and NA in HR (padjusted = 0.018), FL
(padjusted = 0.004) and FR (padjusted = 0.040) as well as between
HB and NA in HL (padjusted = 0.023), HR (padjusted = 0.002),
FL (padjusted = 0.002) and FR (padjusted = 0.003). However,
there were no significant differences between FB and HB (HL:
padjusted = 0.950; HR: padjusted = 0.839; FL: padjusted = 0.983; FR:
padjusted = 0.770).

Initial TTmax Performance
Initial maximum tapping frequency (TTmax) differed
significantly between groups indicating superior TTmax
performances in FB and HB as compared to NA (see Figure 2B).
uANOVA revealed a significant main effect of group in HL
(F(2,43) = 10.729, p = 0.000, η2p = 0.333), HR (F(2,43) = 8.525,
p = 0.001, η2p = 0.284), FL (F(2,43) = 14.231, p = 0.000, η2p = 0.398)
and FR (F(2,43) = 7.501, p = 0.002, η2p = 0.259). Post hoc analyses

showed significant differences between FB and NA in HL
(padjusted = 0.002), HR (padjusted = 0.001), FL (padjusted = 0.000)
and FR (padjusted = 0.008) as well as between HB and NA in HL
(padjusted = 0.001), FL (padjusted = 0.003) and FR (padjusted = 0.006).
However, there were no significant differences between FB
and HB (HL: padjusted = 0.973; HR: padjusted = 0.292; FL:
padjusted = 0.536; FR: padjusted = 0.999).

Initial TT20 Performance
Initial average tapping frequency over 20 s (TT20) differed
significantly between groups indicating superior TT20
performances in FB and HB as compared to NA (see Figure 2C).
uANOVA revealed a significant main effect of group in HL
(F(2,43) = 13.081, p = 0.000, η2p = 0.378), HR (F(2,43) = 9.995,
p = 0.000, η2p = 0.317), FL (F(2,43) = 15.682, p = 0.000, η2p = 0.422)
and FR (F(2,43) = 11.426, p = 0.000, η2p = 0.347). Post hoc analyses
showed significant differences between FB and NA in HL
(padjusted = 0.000), HR (padjusted = 0.000), FL (padjusted = 0.000)
and FR (padjusted = 0.000) as well as between HB and NA in HL
(padjusted = 0.001), FL (padjusted = 0.000) and FR (padjusted = 0.004).
However, there were no significant differences between FB
and HB (HL: padjusted = 0.988; HR: padjusted = 0.282; FL:
padjusted = 0.963; FR: padjusted = 0.815).

tDCS-Induced Effects on RTT and TT
Performance
tDCS-Induced Effects on RTT Performance
Regarding tDCS-induced effects on RTT performance in the
upper extremities (see Figure 3), rmANOVA revealed a
non-significant time × group × condition interaction (HL:
F(4,86) = 0.741, p = 0.566, η2p = 0.033, BF = 0.077; HR:
F(4,86) = 0.321, p = 0.863, η2p = 0.015, BF = 0.064). Only factor
time showed a significant influence on RTT performance (HL:
F(2,86) = 9.228, p = 0.000, η2p = 0.177; HR: F(2,86) = 4.622,
p = 0.012, η2p = 0.097). Moreover, post hoc tests revealed a
significant influence of factor group in HR directly after tDCS
(F(2,43) = 4.267, padjusted = 0.020, η2p = 0.166).

For FL, rmANOVA examined a significant influence of factor
group (F(2,43) = 3.564, p = 0.037, η2p = 0.142) indicating significant
differences between HB and NA (padjusted = 0.045), although

FIGURE 2 | Initial RTT and TT results. Values are mean ± SE of left hand (HL), right hand (HR), left foot (FL) and right foot (FR), respectively. Light gray bars
represent football players (FB), medium gray bars represent handball players (HB) and dark gray bars represent non-athletes (NA). ∗(p < 0.05) indicates significant
differences between groups in their initial performances. Initial simple RTT values (A), TTmax values (B) and TT20 values (C) differed significantly between groups
indicating superior performances in FB and HB as compared to NA.
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FIGURE 3 | tDCS-induced effects on simple RTT performance. Diagrams include normalized (% of initial values) simple reaction time values (mean ± SE) of left
hand (HL), right hand (HR), left foot (FL) and right foot (FR), respectively for before (initial), during, after as well as 30 min after a 20-min tDCS which is indicated by the
red box. Light gray lines represent football players (FB), medium gray lines represent handball players (HB) and dark gray lines represent non-athletes (NA). The solid
lines define values for anodal tDCS and the corresponding dashed lines indicate values for sham tDCS.

there was no significant time × group × condition interaction
(F(3.311,71.190) = 0.788, p = 0.516, η2p = 0.035, BF = 0.078).
For FR, results showed a significant time × group interaction
(F(4,86) = 2.504, p = 0.048, η2p = 0.104) and a significant
influence of factor group (F(2,43) = 4.434, p = 0.018, η2p = 0.171)
indicating differences between FB vs. HB (padjusted = 0.037) and
HB vs. NA (padjusted = 0.029). The highest influence of factor
group has been found 30 min after tDCS (padjusted = 0.001).
However, there was no significant influence of tDCS condition
(time × group × condition: F(4,86) = 1.061, p = 0.381, η2p = 0.047,
BF = 0.088). On a group level, RTT performance in FB
differed significantly between anodal and sham (padjusted = 0.022)
indicating a tDCS-induced RTT performance gain of 3.21%.

tDCS-Induced Effects on TTmax Performance
rmANOVA revealed no significant time × group × condition
interaction for TTmax performance (see Figure 4), neither in
upper (HL: F(3.272,70.351) = 1.114, p = 0.352, η2p = 0.049, BF = 0.091;
HR: F(4,86) = 1.485, p = 0.214, η2p = 0.065, BF = 0.123) nor in
lower extremities (FL: F(3.334,71.682) = 2.039, p = 0.110, η2p = 0.087,
BF = 0.153; FR: F(3.009,64.689) = 1.553, p = 0.209, η2p = 0.067,
BF = 0.210). The same applies to all post hoc tests, which also
showed no significant results.

tDCS-Induced Effects on TT20 Performance
Regarding the upper extremities, rmANOVA revealed a
non-significant time × group × condition interaction for TT20
performance (see Figure 5) in HL (F(4,86) = 0.672, p = 0.613,
η2p = 0.030, BF = 0.070) and HR (F(4,86) = 0.945, p = 0.442,
η2p = 0.042, BF = 0.095). However, findings in HL showed
a significant time × condition interaction (F(2,86) = 4.540,
p = 0.013, η2p = 0.095) indicating a significant influence
of tDCS condition directly after stimulation (post hoc test:
padjusted = 0.011). Moreover, subsequent comparisons on group
level for HL revealed a significant difference between anodal
and sham condition in FB (padjusted = 0.033) indicating a
tDCS-induced performance gain of 4.06% in TT20.

However, regarding the lower extremities, TT20 findings
showed no significant results (see also Figure 5) neither in
rmANOVA (FL: F(3.090,66.440) = 1.019, p = 0.392, η2p = 0.045,
BF = 0.097; FR: F(3.239,69.633) = 1.061, p = 0.375, η2p = 0.047,
BF = 0.120) nor in all post hoc tests.

DISCUSSION

The present study aimed to investigate whether 20 min of anodal
tDCS over the leg area of the M1 is capable to affect motor
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FIGURE 4 | tDCS-induced effects on maximum tapping frequency (TTmax). Diagrams include normalized (% of initial values) TTmax values (mean ± SE) of left hand
(HL), right hand (HR), left foot (FL) and right foot (FR), respectively for before (initial), during, after as well as 30 min after a 20-min tDCS which is indicated by the red
box. Light gray lines represent football players (FB), medium gray lines represent handball players (HB) and dark gray lines represent non-athletes (NA). The solid lines
define values for anodal tDCS and the corresponding dashed lines indicate values for sham tDCS.

performance in a simple reaction time (RTT) and tapping task
(TT) for both upper and lower extremities. Here, trained athletes
of different sports disciplines [football players (FB) and handball
players (HB)] were tested to investigate possible tDCS-induced
behavioral gains using speed-related motor tasks. The study
focused on the question of whether athletes would differ in their
behavioral response to tDCS compared to non-athletes (NA) and
if sport-specific differences could be determined. In line with
previous findings, we revealed no differences between anodal
and sham tDCS conditions neither on RTT (Tanaka et al., 2009;
Stagg et al., 2011; Horvath et al., 2016) nor on TT (Boehringer
et al., 2013) performance. Thus, our results indicate that the
application of tDCS over M1 leg area did not elicit performance
enhancement neither in athletes nor in NA. Future studies can
use this knowledge to identify valid and suitable conditions that
could lead to tDCS-induced performance gains on speed-related
motor tasks with regard to different sports and other responsible
brain regions such as cerebellum.

Superior Initial Performances in Athletes
Compared to Non-athletes
We hypothesized that athletes would show better RTT and TT
performances as compared to NA which was confirmed in both
tasks. As well known, physical training has a positive effect on
both reaction time (Davranche et al., 2006) and speed (Little and

Williams, 2005). Since FB and HB usually integrate speed-related
tasks for upper and lower extremities into their practice routine,
it is reasonable to assume that this translates into superior
performance in RTT and TT compared to performance of NA.
Even an acute short-term physical exercise is capable to improve
motor time in a simple and choice RTT as it has been shown
by Davranche et al. (2006) and Kashihara and Nakahara (2005).
Furthermore, it has been reported by several studies that the
dynamic visual acuity of athletes was superior to that of NA
(Ishigaki and Miyao, 1993) and that athletes were faster in RTTs
than NA (Yandell and Spirduso, 1981; Ando et al., 2001; Akarsu
et al., 2009; Atan and Akyol, 2014; Kuan et al., 2018). These
findings can be explained by the fact that hand-eye coordination
plays an important role especially in sports that require high
motor hand skills such as team sports and racket sports (Paul
et al., 2011; Laby et al., 2018). Moreover, this is also reasonable
for sports depending on high motor foot skills such as football.
In a recent study by Atan and Akyol (2014), a large number of
athletes from different sports branches (football, basketball, judo,
track and field, taekwondo) performed a simple RTT of left and
right hand in comparison to NA. As a conclusion they found that
NA’s reaction time parameters were worse than the most branch
athletes. In addition to that, reaction time parameters of athletes
did not differ between sports branches (except judokas) which
could be confirmed by the present study.
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FIGURE 5 | tDCS-induced effects on average tapping frequency over 20 s (TT20). Diagrams include normalized (% of initial values) TT20 values (mean ± SE) of left
hand (HL), right hand (HR), left foot (FL) and right foot (FR), respectively for before (initial), during, after as well as 30 min after a 20-min tDCS which is indicated by the
red box. Light gray lines represent football players (FB), medium gray lines represent handball players (HB) and dark gray lines represent non-athletes (NA). The solid
lines define values for anodal tDCS and the corresponding dashed lines indicate values for sham tDCS.

No Effect of tDCS on RTT and TT
Performance
We further hypothesized that anodal tDCS over M1 leg area
would lead to specific behavioral gains in simple reaction time
and tapping performance of the foot as compared to sham
condition. Using common tDCS parameters [see ‘‘Transcranial
Direct Current Stimulation (tDCS)’’ section for further details],
our results showed no effect of anodal tDCS on RTT and TT
performance neither as online gains nor offline.

Concerning RTT results, our findings go in line with a
previous study by Tanaka et al. (2009). In this cross-over study,
a total number of 10 participants performed hand and foot RTTs
before and during as well as 10, 30 and 60 min after anodal,
cathodal or sham tDCS, respectively. Stimulation was applied for
10 min over the left leg representation of the right motor cortex
with an intensity of 2 mA (for anodal and cathodal condition).
The authors stated that the anodal tDCS over the leg motor
cortex did not change the leg RTT performance contralateral
to the stimulation. From their point of view, that might be due
to performance ceiling, task sensitivity or stimulation strength
and/or duration. With regard to our results, we could show
that even doubling the stimulation duration did not lead to a
significant enhancement on the behavioral level. Concerning task

sensitivity, some studies suggest that tDCS effects depend upon
task-difficulty and individual level of task performance (Kwon
et al., 2015; Mizuguchi et al., 2018). Hence, the complexity and
sensitivity of simple speed-related motor tasks that were used
in the present study might be too low to induce a modulatory
tDCS effect on a behavioral level. Using a choice RTT as a
more complex task, Drummond et al. (2017) were able to
demonstrate enhanced choice reaction times in left and right
hand after stimulating M1 for 10 min with an intensity of 1 mA.
Furthermore, Hupfeld et al. (2017) provide evidence that a choice
RTT is more sensitive to benefit from tDCS.

In contrast, the simple reaction time in hand motor tasks
has been reported to be facilitated by anodal tDCS (Hummel
and Cohen, 2005; Hummel et al., 2006). Tanaka et al. (2009)
assume that, because of low spatial focality of tDCS, anodal
tDCS in the previous studies stimulated not only the hand motor
cortex but also parts of the premotor cortex. Since this specific
brain region is responsible for externally triggered movements
(Goldberg, 1985; Wessel et al., 1997; Crosson et al., 2001), it
would be reasonable to suppose that RTT performance might
be facilitated by tDCS over this area. This clearly elucidates
that M1 is only one of several brain regions that is eligible to
induce behavioral changes by tDCS in a huge variety of motor
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tasks. Several studies show that also the cerebellum might play
an important role in speed-related motor tasks. In a study by
Martin et al. (2006), magnetoencephalography (MEG) was used
to measure brain activity while participants performed a simple
RTT. The cerebellar results may reflect a number of possible
factors, including a role in timing, response readiness, prediction
and attention. This is confirmed by an investigation by Théoret
et al. (2001), showing no effect of repetitive TMS (rTMS) of the
lateral cerebellum or motor cortex, and sham stimulation, on
performance of a paced-finger-tapping task (PFT) but following
a 5 min train of 1 Hz rTMS to the medial cerebellum.

Concerning TT performance, we hypothesized to elucidate
tDCS-induced effects at least on tapping frequency over 20 s since
this task is mainly influenced by neuromuscular fatigue (Arias
et al., 2012). There is compelling evidence that neuromuscular
fatigue, that is defined as the exercise-dependent decrease
in the ability of muscle fibers to generate force, occurs
due to both central and peripheral factors (Gandevia, 2001).
In a previous study, Cogiamanian et al. (2007) investigated
whether tDCS delivered over motor cortex would have any
effect on fatigue in normal volunteers assessing the endurance
time for a submaximal isometric contraction of left elbow
flexors. Their findings indicate that anodal stimulation had
effects consistent with a reduction in fatigue in comparison
to both no stimulation and cathodal stimulation. According
to Banissy and Muggleton (2013), these results lead to the
assumption that it is possible to modulate fatigue to a
large degree with tDCS stimulation. Contrarily, in our case,
neither tapping performance over 20 s nor maximum tapping
frequency were influenced by anodal tDCS. Therefore, it is
absolutely essential to reveal the underlying neural mechanisms
of maximum fast movements andmovements that are influenced
by neuromuscular fatigue in order to use possible tDCS benefits
in any sports training.

Taken together, we showed that tDCS is not capable of
evoking enhanced performance in speed-related motor tasks.
As argued above, the outcome of tDCS seems to be affected
by multiple factors involving task characteristics and individual
determinants (Ridding and Ziemann, 2010). Furthermore, little
is known about neuronal correlates of RTT and TT performance.
Therefore, more research is needed to draw a comprehensive
picture on speed-related motor abilities in healthy adults and
how non-invasive brain stimulation techniquesmay interact with
such complex coordinative behavior.

tDCS-Effects in Athletes
On an exploratory level, we hypothesized that athletes would
show stronger tDCS-induced behavioral gains as compared to
NA, and, furthermore, if there are any differential effects between
FB and HB. This is based on the assumption that tDCS is
capable to broadly modulate brain activity, but, as pointed
out by Edwards et al. (2017), it remains to be conclusively
determined whether it can improve sports performance at an
elite level. Our results indicate that athletes also did not benefit
from tDCS stimulation on a behavioral level as did NA. This is
partly due to the ceiling effect that may have occurred in RTT
and TT, but is also due to the high specificity of the brain of

trained athletes. According to the ‘‘neural efficiency’’ hypothesis
(Dunst et al., 2014), the athlete’s brain works differently when
performing a task compared to NA. More precisely, it consumes
less neural resources for the same task. Another peculiarity
is based on the concept of ‘‘homeostatic plasticity’’ in human
subjects, suggesting that homeostatic mechanisms operating
across hemispheric boundaries contribute to regulating motor
cortical function in the M1 as previously shown by Ragert
et al. (2009). In terms of the present study, this means that
a high level of performance in a specific task in combination
with an external stimulation can lead to a decline in physical
performance. Consequently, anodal tDCS over M1 can induce
inhibition of cortical excitability or a null effect on a behavioral
level in trained athletes.

However, it is not legitimate to claim that tDCS has no effect
on trained athletes per se. The reviews of Banissy and Muggleton
(2013) and Edwards et al. (2017) include a number of studies
showing positive tDCS-induced effects on motor abilities like
muscle power and endurance in athletes. Nevertheless, Banissy
and Muggleton (2013) draw attention to the point that currently
much of the evidence supporting this is theoretical, having
been obtained from individuals not involved in a high standard
of sport. While this does not apply to the present study, the
investigation of more homogeneous groups of athletes might also
lead to different results. Although the level of FB and HB was
high, they differed quite in their individual training history or in
their current training effort.

Study Limitations
In the present study, we used anodal tDCS to induce a possible
behavioral change in the performance of athletes and NA
in speed-related motor tasks. To get a better understanding
of the neuronal correlates of RTT and TT performance and
potential tDCS effects on neuronal networks, further studies
that combine neurophysiological assessments of brain activation
with behavioral outcome measures are needed. Our findings
indicate that the target region (M1 leg area) seems to be
less responsible for RTT and TT performance in the lower
extremities. Therefore, in future studies, the role of other key
regions such as cerebellum or supplementary motor area (SMA)
needs to be further investigated. Even though we did not detect
any tDCS-induced effects on RTT and TT performance in
our study population, it has been previously shown that tDCS
affects other motor abilities in athletes. Additionally, we did
not investigate the role of multiple tDCS-sessions on RTT and
TT performance and did not test for any long-term effects. It
is worth considering that multiple tDCS application sessions
may have induced stronger behavioral effects that could be
more persistent. Following up on this, future studies should
also address the problem of optimal stimulation duration and
intensity. Concerning polarity, the chance to obtain a different
result using cathodal tDCS over M1 leg area is very little
since previous findings suggest that it is more difficult to
suppress the excitability of the leg motor cortex with cathodal
tDCS than the hand area of the motor cortex (Jeffery et al.,
2007). This might be due to the leg motor cortex having
fewer inhibitory circuits than the hand motor cortex, or
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cathodal current might be less effective in M1 leg area because
of the different orientation and position of the leg motor
cortex relative to the scalp (Jeffery et al., 2007; Tanaka et al.,
2009). However, this study was the first step in understanding
the effect of a single tDCS session on the performance in
simple speed-related motor tasks in trained athletes. For future
studies, it is conceivable that a more sensitive motor task, as
well as a homogeneous study group at a high performance
level, can nevertheless lead to a positive tDCS-induced effect
in athletes.

CONCLUSION

Previous research provides evidence that the application of tDCS
is capable to affect the performance in various motor abilities.
This is not only true for patients or healthy adults, but also
for trained athletes who represent a highly specific group of
experts regarding their neuronal adaptions on long-term physical
activity. The present study contributes to current approaches
to increase sports performance using non-invasive stimulation
methods. Our results provide novel quantitative evidence that
neither athletes nor NA seems to benefit from a brief period
of tDCS application in speed-related motor tasks. However, it
is not legitimate to claim that tDCS has no effect on trained
athletes per se. More knowledge on neuronal processing of
RTT and TT performance in trained athletes, the influence of
tDCS parameters, and the effect of inter-individual differences

are required in order to draw a comprehensive picture of
whether tDCS can help to enhance motor abilities on a high
performance level.
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