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Anodal transcranial direct current 
stimulation reduces motor slowing in athletes 
and non‑athletes
Oliver Seidel‑Marzi1,2*   and Patrick Ragert1,2

Abstract 

Background:  Motor fatigability describes a phenomenon that occurs when exhaustive exercise or physically 
demanding tasks are executed over an extended period of time. Concerning fast repetitive movements, it is noticea‑
ble by a reduction in movement speed (motor slowing, MoSlo) and occurs due to both central and peripheral factors. 
The aim of the present study was to examine the presence of MoSlo during hand- (HTT) and foot-tapping tasks (FTT) 
comparing trained football (FB) and handball players (HB) and non-athletes (NA). Furthermore, we were interested in 
how far anodal transcranial direct current stimulation (tDCS) might be capable of modulating MoSlo as compared to 
sham.

Methods:  A total number of 46 participants were enrolled in a sham-controlled, double-blinded, cross-over study. 
HTT and FTT were performed before, during, after as well as 30 min after 20 min of tDCS over the leg area of the 
primary motor cortex (M1).

Results:  We could demonstrate that MoSlo during HTT and FTT is a general phenomenon that is observed inde‑
pendent of the type of sports and/or training status. Furthermore, we were able to show a tDCS-induced reduction in 
MoSlo specifically during FTT in both trained athletes and NA. No such effects could be observed for HTT, indicating 
local specificity of tDCS-induced effects on a behavioral level.

Conclusion:  We could demonstrate that tDCS is capable of reducing motor fatigability during fast repetitive move‑
ments. These findings are of pivotal interest for many sports where fatigability resistance is a limiting factor in main‑
taining repetitive movement patterns.
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Background
Motor fatigability describes a phenomenon that occurs 
when exhaustive exercise or physically demanding tasks 
are executed over an extended period of time. There 
is compelling evidence that motor fatigability, that is 
defined as the exercise-dependent decrease in the ability 
of muscle fibers to generate force or power [1] and that 

is used to refer to objective changes in performance [2], 
occurs due to both central and peripheral factors [3]. 
While most fatigability occurs within the muscle (periph-
eral fatigue), some fatigability can also be attributed 
to voluntary activation of the muscle declines (central 
fatigue), or reflects suboptimal output from the motor 
cortex (supraspinal fatigue) [4–7]. According to a recent 
review [8], central and supraspinal fatigue might be 
related to a decrease in the central command, particularly 
during exercises of long duration and low intensity [5, 9]. 
More specifically, it is mediated by the activity of cerebral 
neurotransmitters and muscular afferent fibers [8, 10]. 
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Peripheral fatigue, however, is described as an impair-
ment of mechanisms from excitation to muscle contrac-
tion [8]. Here, phosphate accumulation, perturbation 
of calcium ion movements, and/or decreases of adeno-
sine triphosphate stores are potential triggers [8, 11]. 
Although the interaction between central and peripheral 
mechanisms is described as leading to a series of events 
that critically affect the muscle’s capacity of generating 
force [8], current knowledge of the neurophysiological 
mechanisms underlying motor fatigability still remains 
elusive.

Indeed, motor fatigability is a complex, multifactorial 
phenomenon whose mechanisms are influenced by the 
characteristics of the task being performed [12]. Con-
cerning muscle exercise, fatigability is defined as any 
exercise induced decrease in maximal voluntary force 
or power [13] and the inability to maintain the required 
level of strength [14]. Previous studies reported the pres-
ence of motor fatigability during isometric contraction of 
several muscles such as foot flexors [9], ankle dorsiflex-
ors [15, 16] or elbow flexors [4, 5] using different intensi-
ties of maximal voluntary contraction (MVC). Moreover, 
motor fatigability in quadriceps muscles has been investi-
gated in several previous studies since this muscle group 
is relevant especially for locomotor movements [17, 18]. 
Taken together, these studies suggest that motor fatiga-
bility appears to contribute significantly to the decrease 
in force generation during low-intensity exercise. Even 
more interestingly, brain stimulation techniques such as 
transcranial direct current stimulation (tDCS) seem to be 
capable of modulating motor fatigability by manipulating 
brain excitability of related motor cortical areas. tDCS 
produces a noninvasive electrical stimulus that promotes 
changes in the resting potential of the neuronal mem-
brane [19]. While anodal tDCS induces an increase of 
area-specific excitability, cathodal tDCS induces oppos-
ing effects [19], which can be observed by changes in the 
motor evoked potential (MEP) evoked by transcranial 
magnetic stimulation (TMS). For example, Cogiamanian 
et al. [20] investigated potential tDCS-induced effects on 
fatigability during a submaximal isometric contraction 
of left elbow flexors while stimulating the right primary 
motor cortex (M1). Their results indicate that anodal 
tDCS led to a reduction in muscle fatigability. These 
findings were confirmed by a recent systematic review 
and meta-analysis by Lattari et al. [21] concerning acute 
effects of single dose of tDCS on muscle strength, sug-
gesting that the use of tDCS may promote increases in 
maximal voluntary contraction and muscular endurance 
through isometric contractions in novice and advanced 
strength training. Taking this into account, Banissy and 
Muggleton [22] assume that it is possible to modulate fat-
igability to a large degree with tDCS stimulation. While 

there is some controversy about tDCS-induced effects 
on motor performance [23], recent reviews suggest that 
tDCS may have a moderate positive impact on perfor-
mance levels [24, 25].

Apart from isometric muscle exercise, knowledge 
about motor fatigability during fast repetitive movements 
is rather sparse. In this context, motor fatigability is often 
referred to as motor slowing (MoSlo). In finger tapping 
tasks, MoSlo has been observed as a characteristic reduc-
tion of movement speed. However, MoSlo also occurs 
during skilled motor tasks such as motor sequence tap-
ping involving multiple fingers [26], and during tapping 
at the maximal voluntary rate (MVR) for a short period 
of time [27–29]. These studies suggest that movement 
speed drops in a few seconds when tapping is performed 
at MVR. Using repetitive TMS (rTMS), findings of Jäncke 
et al. [30] indicate that M1 is essential for generating fast-
est finger movements. In detail, they demonstrated that 
rTMS of the left M1 slowed finger tapping speed of the 
right hand during tapping at MVR. Revealing this target 
region, tDCS delivered over M1, which has been demon-
strated to be capable of modulating the excitability of this 
region in several studies [19], seems to be a promising 
method to investigate possible effects on MoSlo. Trans-
ferred into a context of training and competitive sports, 
these findings might be of pivotal interest since fatigabil-
ity resistance is a limiting factor in many sports [31] with 
regards to repetitive movement patterns.

Hence, the primary aim of the present study was to 
examine the presence of MoSlo as a decline in tapping 
frequency during hand- (HTT) and foot-tapping (FTT) 
tasks. The focus was on the question whether MoSlo 
differs between trained athletes and non-athletes and 
to what extend the decline can be modulated by means 
of tDCS. First, we expected the tapping frequency to 
decrease in both upper and lower extremities [32], 
regardless of training status and sports. On an explora-
tory level, we aimed at revealing if athletes would show 
specific MoSlo patterns as compared to non-athletes 
[33], and, furthermore, if there are any differential effects 
between different kinds of sport. Therefore, we recruited 
athletes from predominantly hand- and foot-dominant 
sports (handball and football) to pursue this question. 
Furthermore, we hypothesized that anodal tDCS over 
M1 (leg area) might be capable of reducing MoSlo dur-
ing FTT (not HTT, since this can be considered as a kind 
of control condition) as compared to sham condition. 
This hypothesis was motivated by previous studies dem-
onstrating that anodal tDCS over M1 leg area enhances 
leg motor cortex excitability bilaterally [34–36]. On a 
behavioral level, Kaminski et al. [37] provided novel evi-
dence for the ability of anodal tDCS over M1 leg area to 
improve dynamic balance performance in the lower limb 
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and Tanaka et al. [38] were even able to demonstrate that 
anodal tDCS transiently enhanced the maximal leg pinch 
force without affecting hand pinch force, showing the 
spatial specificity of the effect of tDCS.

Materials and methods
Descriptions made below are based on a previously pub-
lished dataset we acquired [39]. While participants and 
the experimental design are equivalent to this previ-
ous work, the present study focused on a novel research 
question investigating the effects of tDCS-induced mod-
ulations of motor slowing. For further details on experi-
mental setup, please refer to Seidel and Ragert [39].

Ethical approval
The study was approved by the local ethics-committee of 
the Medical Faculty at the University of Leipzig. All par-
ticipants gave written informed consent to participate in 
the experiments according to the Declaration of Helsinki.

Participants
In the present study, a total number of 46 healthy, young 
adults were recruited from the database of the Max-
Planck-Institute for Human Cognitive and Brain Sci-
ences as well as through public advertisement. The 
investigated sample of this study consisted of 13 foot-
ball players (FB, three females, age = 24.00 ± 3.89  years 
(mean ± SD)), 12 handball players (HB, five females, 
age = 22.50 ± 4.32  years) and 21 non-athletes (NA, 11 
females, age = 26.95 ± 3.43  years). Inclusion criteria for 
FB and HB involved an individual training history of at 
least 2  years and regular practice and participations in 
competitions/matches in their respective sports dis-
cipline. NA were not allowed to do more than 2  h of 
combined sports activities (any specific physical activity 
outside of their daily routine) per week. 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. On the other hand, NA 
performed less than 2  h of combined sports activities 
per week (1.41 ± 1.32  h/week). All participants were 
right-handed (mean laterality quotient (LQ) ± SD, FB: 
84.02 ± 16.45; HB: 95.83 ± 8.14; NA: 90.15 ± 14.15) 
according to the Oldfield handedness inventory [40] and 
none of them had any history of playing musical instru-
ments. Additionally, all participants underwent a detailed 
neurological examination and were instructed to avoid 
alcohol and caffeine intake 24 h prior to testing [41].

Experimental design
We used a sham-controlled, double-blinded, cross-over 
design to apply two conditions of tDCS (anodal, sham) to 
the bilateral M1 leg area while participants performed a 
20-second tapping task either with their upper (HTT) or 
lower (FTT) extremities. The study was compromised of 
two sessions that were separated by at least 24 h to avoid 
confounding effects of central and peripheral fatigue on 
subsequent performances. Study procedure for both ses-
sions was identical (Fig. 1a), starting with an initial run 
of a test block of HTT and FTT. Afterwards, tDCS was 
applied for a period of 20  min. Participants received 
either the anodal tDCS condition or the control condi-
tion, where sham tDCS was applied. 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).

Hand‑ (HTT) and foot‑tapping (FTT) tasks
For our experimental task, all participants were 
instructed to maintain an upright position on a stool with 
both of their hands resting comfortably on and their feet 
resting under a table with a defined distance of 10  cm 
to four custom-made force plates. Further details of the 
experimental setup can be found elsewhere [39].

Participants performed four runs of a test block (ini-
tial, during, after and 30 min after tDCS), each consist-
ing of two runs of HTT for left (HL) and right (HR) hand 
and FTT for left (FL) and right (FR) foot, respectively 
(Fig.  1b). Before each run, the upcoming task appeared 
on the computer monitor followed by a countdown of 
3 s. Afterwards, participants started the run on their own 
with their first touch of the respective force plate. Subse-
quently, they had to touch the force plate as often as pos-
sible over a period of 20 s. Concerning HTT, participants 
were instructed to tap in the center of the force plate with 
a flat hand. For FTT, 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.

Transcranial direct current stimulation (tDCS)
tDCS was delivered by a battery driven-stimulator (neu-
roConn GmbH, Ilmenau, Germany) using a pair of sur-
face electrodes in saline-soaked (0.9% NaCl) synthetic 
sponges and flexible elastic straps to fixate the electrodes 
on the head. For each session, either anodal tDCS or 
sham tDCS was applied to the leg area of M1, stimulat-
ing both left and right M1 simultaneously (for tDCS 
current field modelling see Fig.  2). While the anode 
(7  cm × 5  cm, size = 35  cm2) was placed over Cz (M1 
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leg area target region), the cathode (reference electrode, 
10 cm × 10 cm, size = 100 cm2) was placed over the mid-
dle of the forehead (Fz). 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 [42, 43] 
and also ramped down for 30 s. During anodal and sham 
conditions the current was applied with an intensity of 
2  mA for 20  min, whereas during the sham condition 
stimulation lasted 30  s and subsequently ramped down 

to no stimulation. Researchers, as well as participants, 
were blinded during the experiments. Immediately after 
the electrodes were removed, participants were asked 
to report potential unpleasant side effects due to tDCS 
stimulation such as tingling sensations, burning, itching/
scratching sensations and headache/pain. Further details 
of the tDCS procedure can be found elsewhere [39].

To verify the selected tDCS setup for the stimula-
tion of M1 leg area, we performed a modelling of the 

Fig. 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 the test block MoSlo (motor slowing) containing hand tapping tasks (HTT) for left (HL) and right (HR) hand and foot tapping tasks (FTT) 
for left (FL) and right (FR) foot. 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, symbolized by the lightning. Participants were randomly assigned to one stimulation type, receiving either the 
anodal tDCS condition (red lightning) or the control condition (white lightning), where sham tDCS was applied (the other condition was applied 
in session 2, accordingly). Another run of HTT and FTT was performed after 10 min of stimulation (during tDCS, online) as well as directly after and 
30 min after stimulation has ended (offline). b Behavioral tasks. Participants were asked to perform four runs of the test block MoSlo (initial, during, 
after and 30 min after tDCS), each consisting of two runs of a 20-second HTT and FTT for each hand and foot separately. Tapping frequency was 
analyzed in 5-second bins
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electric field distribution of the mentioned electrode 
setup (Fig. 2) using SimNIBS 3.0.6 [44] and the included 
MNI head model. Current field modelling was con-
ducted using the standard SimNIBS pipeline and previ-
ously established conductivity values for each tissue type 
according to Opitz et al. [45]: white matter (WM, 0.126 
Siemans/meter (S/m)), gray matter (GM, 0.275 S/m), cer-
ebrospinal fluid (CSF, 1.654 S/m), bone (0.010 S/m) and 
skin (0.465 S/m). The anode (size = 35  cm2) was placed 
over Cz and the cathode (size = 100 cm2) was positioned 
over Fz, using positions based on the 10-20 system of a 
standard 64-channel electroencephalography (EEG) cap. 
Electrodes were modeled to represent those produced by 
neuroConn [46]. The electric field distribution model-
ling revealed that with the applied montage in fact both 
hemispheres were stimulated, presumably the leg area of 
M1 (among other regions such as SMA) and parts of M1 
hand area (for details see Fig. 2).

Analysis
Two runs of HTT and FTT were recorded for each test 
block for HL, HR, FL and FR, respectively. Tapping time 

of 20 s was divided into 4 bins of 5  s and averaged for 
both runs of one test block. This resulted in 4 frequency 
values (bin 1 = 0–5 s, bin 2 = 5–10 s, bin 3 = 10–15 s and 
bin 4 = 15–20 s) before (initial), during, after and 30 min 
after tDCS stimulation. Baseline differences were tested 
using a univariate ANOVA and revealed significant dif-
ferences between groups. Hence, values were normalized 
to the first bin of the first test block (initial0–5 = 100%). 
In a final step, the presence of MoSlo was defined as a 
reduction of tapping frequency (deltas) from the first to 
the last bin of the normalized data of each test block [32].

All statistical analyses were performed with the soft-
ware SPSS 25 (IBM, Armonk, NY, USA) using parametric 
tests since Shapiro–Wilk test revealed that HTT and FTT 
data were normally distributed. As already described 
above, baseline differences were examined using a uni-
variate ANOVA with factor group (FB vs. HB vs. NA) 
using Gabriel and Games-Howell post hoc tests, respec-
tively, to analyze the differences if necessary. First, the 
presence of MoSlo was examined using the initial test 
block in session 1 of each participant. Therefore, a 3 × 3 
repeated measures ANOVA was conducted to analyze 
the mean normalized frequency values of each group and 
each extremity for three bins of HTT and FTT (within-
subject factor), including group (FB vs. HB vs. NA) as 
between-subject factor. The first bin was not included 
since data were normalized and level 0–5 would not have 
any variance across participants since all of them would 
have a value of 100%. Second, in order to reveal tDCS-
induced effects on MoSlo, a 2 × 3 × 4 repeated measures 
ANOVA was conducted to analyze the mean delta val-
ues of each group and each extremity for four test blocks 
of HTT and FTT (first within-subject factor), includ-
ing stimulation condition (anodal vs. sham) as second 
within-subject factor and group (FB vs. HB vs. NA) as 
between-subject factor.

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 in all tests was set to p < 0.05 and Bonfer-
roni-adjusted for multiple comparisons. If necessary, data 
were corrected for sphericity using Greenhouse–Geis-
ser 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 [47], η2p ≥ 0.01 
is considered to be a small, η2p ≥ 0.06 a medium, and 
η
2
p ≥ 0.14 a large effect. Additionally, as recommended 

for tDCS studies by Biel and Friedrich [48], Bayes fac-
tors (BF), a useful tool for evaluating evidence both for 
the research hypothesis and for the null hypothesis [49, 
50], are reported for repeated measures ANOVAs using 
JASP (Jeffreys’s Amazing Statistics Program [51]). BFs 

Fig. 2  tDCS montage and electric field distribution modelling. Figure 
illustrates electric field distribution of the applied tDCS setup on the 
MNI head model using an intensity of 2 mA. The electrodes were 
placed according to the 10–20 system of a standard 64-channel 
electroencephalography (EEG) cap with the anode (7 cm × 5 cm, 
size = 35 cm2) positioned over Cz and the cathode (reference 
electrode, 10 cm x 10 cm, size = 100 cm2) over the middle of the 
forehead (Fz). Electrodes are indicated as a red (anode) or blue 
(cathode) shade. The left part of the figure provides lateral views of 
the brain from left (L) and right (R), while the right part displays the 
superior view (A anterior, P posterior)



Page 6 of 12Seidel‑Marzi and Ragert ﻿BMC Neurosci           (2020) 21:26 

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 hypoth-
esis compared to its competing hypothesis is regarded 
as noteworthy [52, 53]. Thus, BFs between 0.33 and 3 are 
considered as inconclusive, or only anecdotal evidence 
for any hypothesis.

Results
Baseline comparisons
Baseline comparisons of bin 1 revealed significant dif-
ferences between groups indicating higher values in 
FB and HB compared to NA. uANOVA showed a sig-
nificant main effect of group in HL (F(2,43) = 12.081, 
p = 0.000, η

2
p = 0.360), HR (F(2,43) = 11.268, p = 0.000, 

η
2
p = 0.344), FL (F(2,43) = 17.144, p = 0.000, η

2
p = 0.444) 

and FR (F(2,43) = 11.635, p = 0.000, η2p = 0.351). Post hoc 
analyses exposed 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), 
HR (padjusted = 0.033), FL (padjusted = 0.000) and FR 
(padjusted = 0.003). However, there were no significant 

differences between FB and HB (HL: padjusted = 0.987; HR: 
padjusted = 0.247; FL: padjusted = 0.631; FR: padjusted = 0.851).

MoSlo during HTT and FTT
Concerning the first test block of each participant, 
rmANOVA revealed non-significant time x group inter-
actions for HL (F(4,86) = 0.951, p = 0.439, η

2
p = 0.042, 

BF = 1.624), HR (F(4,86) = 1.378, p = 0.248, η
2
p = 0.060, 

BF = 0.239), FL (F(3.218,69.181) = 1.875, p = 0.138, η2p = 0.080, 
BF = 0.528) and FR (F(3.232,69.486) = 0.548, p = 0.664, 
η
2
p = 0.025, BF = 0.115). However, factor time was sig-

nificant for HL (F(2,86) = 93.420, p = 0.000, η2p = 0.685, 
BF = 1.114e + 20), HR (F(2,86) = 27.270, p = 0.000, 
η
2
p = 0.388, BF = 1.129e + 7), FL (F(1.609,69.181) = 137.343, 

p = 0.000, η
2
p = 0.762, BF = 9.852e + 24) and 

FR (F(1.616,69.486) = 83.089, p = 0.000, η
2
p = 0.659, 

BF = 9.264e + 18), indicating significant decreases in tap-
ping frequency from bin 1 to 4 (Fig.  3). Post hoc com-
parisons revealed significant differences between all bins 
(all padjusted ≤ 0.006). Moreover, we found a significant 
influence of factor group only for HR (F(2,43) = 4.058, 
p = 0.024, η2p = 0.159, BF = 3.229), indicating differences 
in MoSlo between FB and NA (padjusted = 0.030).

Fig. 3  Baseline comparison of motor slowing during HTT and FTT. Diagrams include normalized (% of bin 1) tapping frequency values (mean ± SE) 
of the initial test block of left hand (HL), right hand (HR), left foot (FL) and right foot (FR), respectively. Light gray lines represent football players 
(FB), medium gray lines represent handball players (HB) and dark gray lines represent non-athletes (NA). Results indicate a significant reduction in 
tapping frequency in all extremities
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tDCS‑induced effects on MoSlo
In a first step, the success of blinding was evaluated based 
on the participants’ reports regarding potential side 
effects due to tDCS procedure. Across all 46 participants, 
a total number of 32 participants (69.6%) reported mild 
sensations such as tingling, burning, itching/scratch-
ing or headache at the beginning and in the mid-phase 
of stimulation period for both anodal and sham session. 
Moreover, 5 participants (10.9%) reported such mild 
sensations only for anodal tDCS but not for sham con-
dition, whereas for only 2 participants (4.3%) it was vice 
versa, reporting mild sensations only for sham but not 
for anodal tDCS. The remaining 7 participants (15.2%) 
reported no sensations, neither for anodal nor for sham 
tDCS. Furthermore, no sensations were reported that 
persisted until the end of stimulation period, as well as no 
strong sensations or discomfort. Results indicate that the 
applied blinding procedures were successful.

Using the decline in tapping frequency of each test 
block (deltabin4-bin1) as an indicator of MoSlo, we inves-
tigated possible tDCS-induced effects before (initial), 
during, after and 30  min after stimulation. rmANOVA 
revealed non-significant time x group x condition inter-
actions for HL (F(5.176,111.292) = 0.682, p = 0.643, η2p = 0.031, 
BF = 0.061), HR (F(6,129) = 1.552, p = 0.167, η2p = 0.067, 
BF = 0.150), FL (F(6,129) = 0.895, p = 0.501, η

2
p = 0.040, 

BF = 0.086) and FR (F(6,129) = 0.320, p = 0.925, η2p = 0.015, 
BF = 0.036). However, we found significant time x con-
dition interactions for FL (F(3,129) = 30.517, p = 0.000, 
η
2
p = 0.415, BF = 7.077e + 11) and FR (F(3,129) = 36.106, 

p = 0.000, η2p = 0.456, BF = 4.669e + 13), indicating sig-
nificantly reduced MoSlo during anodal tDCS as com-
pared to sham condition (Fig.  4a, b). For FL, post hoc 
comparisons revealed significant differences between test 
blocks (initial vs. during: padjusted = 0.000, initial vs. after: 
padjusted = 0.000, during vs. 30  min after: padjusted = 0.000, 
after vs. 30  min after: padjusted = 0.001) and conditions 
(anodal vs. sham: padjusted = 0.000). Similar post hoc 
results were found for FR, showing significant differences 
between test blocks (initial vs during: padjusted = 0.000, 
initial vs. after: padjusted = 0.001, initial vs. 30  min after: 
padjusted = 0.013, during vs. after: padjusted = 0.000, during 
vs. 30 min after: padjusted = 0.000) and conditions (anodal 
vs. sham: padjusted = 0.000).

Discussion
The present study aimed at investigating the presence of 
MoSlo as a decline in tapping frequency during HTT and 
FTT, comparing athletes and NA. Moreover, the focus 
was on the question to what extend MoSlo can be mod-
ulated by means of tDCS. In line with previous studies, 
we could demonstrate that tapping frequency declines in 

both upper [27] and lower extremities [22]. More inter-
estingly, our findings indicate that anodal tDCS applied 
over M1 leg area is capable of reducing MoSlo specifi-
cally during FTT. Future studies can use these findings to 
reveal neurophysiological mechanisms underlying MoSlo 
during fast repetitive movements in order to transfer this 
knowledge into a sport-specific context.

MoSlo during HTT and FTT
We hypothesized that tapping frequency decreases 
in both upper and lower extremities during a 20-sec-
ond tapping task, independent from training status and 
sports. In line with previous studies investigating finger 
tapping at MVR, we can extend these findings by showing 
that tapping frequency also slowed down during a HTT. 
Similar to our findings, Rodrigues et  al. [27] observed 
a performance deterioration after the early phase of a 
20-second index finger tapping. Using additional electro-
myography (EMG) recordings, results indicated no loss 
of force-generating ability related to electrical stimula-
tion of the muscle [29, 54, 55], leading to the assumption 
that a breakdown of motor control rather than failure of 
muscle force generation occurs during tapping. Missen-
ard et  al. [56] also emphasize the significant role of the 
central nervous system (CNS) in order to cope with high 
levels of fatigability, using a strategy to preserve task suc-
cess in the presence of acute changes in the neuromus-
cular system. Therefore, the mechanisms underlying the 
early decline in tapping frequency seem to be central in 
origin [29], including a reduction in central motor drive.

Regarding the lower extremities, our findings go in 
line with previous investigations by Bächinger et al. [32], 
revealing MoSlo during a 30-second alternating FTT. 
Performing additional analysis concerning the influence 
of recovery, authors suggest that the mechanism which 
causes MoSlo appears to fully recover during the subse-
quent break. The same paradigm was performed while 
functional magnetic resonance imaging (fMRI) and EMG 
were assessed during finger tapping. Surprisingly, results 
revealed that a reduction in tapping frequency was asso-
ciated on the one hand with an increased coactivation 
between the agonistic and antagonistic muscle and on the 
other hand with an increased activation of the motor net-
work (primary sensorimotor cortex (SM1), dorsal premo-
tor cortex (PMd), supplementary motor area (SMA), [57, 
58]) which gradually normalized during the subsequent 
recovery period. According to the authors, the observed 
increase in excitability in the motor system might be dys-
functional and indicate a breakdown of surround inhibi-
tion [59], causing an increase of the excitation-inhibition 
ratio at the level of M1 towards more net excitation, and 
thus, leading to a performance deterioration. Therefore, 
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Fig. 4  tDCS-induced effects on motor slowing. a Decline in tapping frequency for each test block. Values (mean ± SE) are deltas between bin 1 
and bin 4 frequency (motor slowing) 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 application which is indicated by the red box. Light gray bars represent football players (FB), medium gray bars 
represent handball players (HB) and dark gray bars represent non-athletes (NA). Solid bars define values for anodal tDCS, corresponding dashed 
bars indicate values for sham tDCS. Results indicate a significant reduction in motor slowing for left and right FTT during anodal tDCS as compared 
to sham tDCS. No effect was found for HTT. b tDCS-induced effect on FTT during stimulation. Diagrams include normalized (% of bin 1) tapping 
frequency values (mean ± SE) of the test block during anodal/sham stimulation of left foot (FL) and right foot (FR), respectively. Light gray lines 
represent football players (FB), medium gray lines represent handball players (HB) and dark gray lines represent non-athletes (NA). Results indicate a 
significant reduction in motor slowing for left and right FTT during anodal tDCS as compared to sham tDCS
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authors suggest that this form of motor fatigability is 
largely mediated by central mechanisms.

tDCS‑induced reduction of MoSlo during FTT
We expected anodal tDCS over M1 leg area to be capa-
ble of reducing MoSlo specifically during FTT. Our 
results indicate an effecter-specificity of tDCS meaning 
that tDCS induces changes in leg motor function with-
out affecting hand motor function. According to Tanaka 
et  al. [38], this spatial specificity is presumably possible 
because the hand motor cortex is about 3–4  cm apart 
from the leg motor cortex. While tDCS electric field 
modelling revealed that M1 leg area was not exclusively 
stimulated in our study (Fig.  2), the behavioral specific-
ity of tDCS effects as shown by Tanaka et al. [38] and in 
the present study seems to be surprising. While we can-
not make direct inferences about the lack of effects for 
HTT, it seems reasonable to assume that, even though 
M1 hand area was at least partially stimulated via tDCS 
over M1 leg area, this modulation did not translate into 
overt behavioral changes in HTT performance/MoSlo. 
Hence, future studies should investigate the underlying 
neural mechanisms of tDCS-induced changes in MoSlo 
more thoroughly.

There are various reasons for the positive tDCS effects 
on lower limb function, starting with the ability of anodal 
tDCS to increase motor cortical excitability [19, 60, 61]. 
Furthermore, it has been speculated that this could also 
lead to an increase in supraspinal drive by inducing a 
prolonged facilitation of corticospinal neurons [20]. In 
the upper extremity, results of Cogiamanian et  al. [20] 
support this potential mechanism by demonstrating 
that anodal tDCS applied over the right M1 prolonged 
endurance time for contralateral elbow flexors in a sub-
maximal isometric task, showing that brain stimulation 
can modulate motor fatigability. However, other studies 
also contrast this finding as they found that improvement 
in motor performance appears not to rely on changes in 
corticospinal response [62, 63]. Apart from an increased 
motor cortical excitability, authors assumed further 
explanations such as widespread tDCS-induced activa-
tion changes [64, 65], a decreased fatigue-related mus-
cle pain [66] or an improved synergist muscle coupling 
[67]. Further explanations would be purely speculative 
due to the current state of knowledge. However, the 
exact mechanism is clearly important when attempting 
to induce benefits of tDCS while minimizing any poten-
tial drawbacks [22]. Nevertheless, previous investigations 
and the present study have demonstrated the possibility 
to modulate motor fatigability/slowing to a large degree 
by means of tDCS.

What still remains unsolved is the question in how 
far tDCS has a beneficial effect in highly trained ath-
letes. While there is convincing evidence that not only 
training shapes the brain [68–72] but also expertise in 
a specific sports discipline leads to selective neuroplas-
tic changes on a functional and structural level [73–75], 
it still remains elusive if athletes are susceptible for 
tDCS-induced effects [22, 24, 25, 31, 76–78]. Therefore, 
the aim of the present study was to investigate whether 
tDCS is capable of evoking changes in motor fatigabil-
ity in athletes. In fact, it might be reasonable to assume 
that athletes per se show a kind of ceiling effect in their 
performance levels which might potentially lead to no 
detectable tDCS effects on MoSlo. The present findings, 
however, highlight that motor fatigability can be modu-
lated by tDCS even in trained athletes. Furthermore, we 
provide preliminary evidence that tDCS-induced effects 
do not depend on a specific sports discipline since both 
FB and HB show comparable effects for FTT only.

Study limitations
In the present study, we used anodal tDCS to modu-
late the effect of MoSlo in athletes and NA during fast 
repetitive movements. We were able to demonstrate 
the presence of MoSlo during HTT and FTT and that 
anodal tDCS applied over M1 leg area can have spe-
cific behavioral effects on FTT. After electric field dis-
tribution modelling, we found that tDCS was not as 
locally specific as expected. Hence, we put into per-
spective that although M1 hand area was most likely 
modulated via tDCS, this modulation obviously did not 
translate into overt behavioral changes in HTT perfor-
mance. Instead only FTT was altered, a phenomenon 
that needs to be investigated further in future stud-
ies by direct excitability measures using TMS and/or 
EEG. Moreover, this study was not designed to reveal 
the neurophysiological mechanisms underlying MoSlo. 
Therefore, further studies that combine neurophysi-
ological assessments in central (i.e. fMRI, EEG) and 
peripheral (i.e. EMG) regions with behavioral outcome 
measures are needed. Additionally, the role of other 
key regions such as the cerebellum or SMA, which are 
known to be important for movement sequencing [79], 
need to be further investigated. Furthermore, the varia-
bility and individual responses to tDCS treatment need 
to be considered as another limiting factor, which has 
been reported recently [80, 81]. Although our results 
indicate that tDCS-induced effects on MoSlo are tran-
sient, we did not investigate the role of multiple tDCS-
sessions on MoSlo. It is known that tDCS also affects 
consolidation [82] and, it is worth considering that mul-
tiple tDCS applications might induce effects that could 
be more persistent. Clearly, as a further limitation, our 
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study was not designed to disentangle central from 
peripheral factors on MoSlo. Here, we only showed that 
modulating brain regions such as M1 by means of tDCS 
is capable of evoking alterations in MoSlo. However, we 
cannot exclude the fact that tDCS over M1 leg area also 
modulated adjacent motor areas and networks which 
in turn led to a modulation in MoSlo. Additionally, 
the question remains if such a modulation in MoSlo is 
primarily driven by supraspinal or central fatigue and 
should therefore be investigated in future studies.

Conclusion
We could demonstrate that MoSlo during fast repeti-
tive movements is a general phenomenon that is 
observed independent of training status and sports and 
of the extremities involved. Furthermore, we provided 
novel evidence that MoSlo can be modulated by means 
of anodal tDCS over M1 leg area in both trained ath-
letes and NA. More precisely, we were able to induce 
a reduction in MoSlo specifically during FTT. These 
findings might be of interest for many sports where 
fatigability resistance is a limiting factor in maintaining 
repetitive movement patterns. Future studies should 
aim at transferring this knowledge into a context of 
sport-specific training and examine long-term tDCS-
effects on sports performance.

Abbreviations
ANOVA: Analysis of variance; BF: Bayes factor; CNS: Central nervous system; 
CSF: Cerebrospinal fluid; EEG: Electroencephalography; EMG: Electromyogra‑
phy; FB: Football players; FL: Foot left; fMRI: Functional magnetic resonance 
imaging; FR: Foot right; FTT: Foot tapping task; GM: Gray matter; HB: Handball 
players; HL: Hand left; HR: Hand right; HTT: Hand tapping task; JASP: Jeffreys’s 
Amazing Statistics Program; LQ: Laterality quotient; M1: Primary motor 
cortex; MEP: Motor evoked potential; MoSlo: Motor slowing; MVC: Maximal 
voluntary contraction; MVR: Maximal voluntary rate; NA: Non-athletes; PMC: 
Premotor cortex; PMd: Dorsal premotor cortex; SD: Standard deviation; SE: 
Standard error; SM1: Primary sensorimotor cortex; SMA: Supplementary motor 
area; tDCS: Transcranial direct current stimulation; TMS: Transcranial magnetic 
stimulation; WM: White matter; η2p: Partial eta-squared.

Acknowledgements
We acknowledge all participants of this study for their contribution. We also 
thank Ramona Menger, Christin Ihle, Fabian Piecha, Rouven Kenville, Tom 
Maudrich, Nobuaki Mizuguchi, Dennis Maudrich and Hartmut Domröse for 
their organizational and technical support.

Authors’ contributions
All experiments were conducted at the Max Planck Institute for Human 
Cognitive and Brain Sciences Leipzig. OSM and PR designed the study and 
experimental set-up. Participants were recruited and tested by OSM. OSM ana‑
lyzed the data. All authors interpreted the data, contributed to the manuscript, 
reviewed it, approved the final version content and agree to be account‑
able for all aspects of the work. All persons designated as authors qualify for 
authorship, and all those who qualified for authorship are listed. All authors 
read and approved the final manuscript.

Funding
This work was organizationally and technically supported (the premises and 
the participant database of the Max Planck Institute for Human Cognitive and 
Brain Sciences Leipzig were made available for this study) by the Max Planck 
Society. The funder had no involvement in the design of the study and collec‑
tion, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are kept in the 
Institute for General Kinesiology and Exercise Science, University of Leipzig 
and are available from the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the local ethics-committee of the Medical Faculty 
at the University of Leipzig (137/17-ek). All participants gave written informed 
consent to participate in the experiments according to the Declaration of 
Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute for General Kinesiology and Exercise Science, Faculty of Sport Sci‑
ence, University of Leipzig, Jahnallee 59, 04109 Leipzig, Germany. 2 Depart‑
ment of Neurology, Max Planck Institute for Human Cognitive and Brain 
Sciences, Stephanstraße 1a, 04103 Leipzig, Germany. 

Received: 15 October 2019   Accepted: 20 May 2020

References
	1.	 Bigland-Ritchie B, Woods JJ. Changes in muscle contractile proper‑

ties and neural control during human muscular fatigue. Muscle Nerve. 
1984;7:691–9. https​://doi.org/10.1002/mus.88007​0902.

	2.	 Kluger BM, Krupp LB, Enoka RM. Fatigue and fatigability in neurologic 
illnesses: proposal for a unified taxonomy. Neurology. 2013;80:409–16. 
https​://doi.org/10.1212/WNL.0b013​e3182​7f07b​e.

	3.	 Gandevia SC. Spinal and supraspinal factors in human muscle 
fatigue. Physiol Rev. 2001;81:1725–89. https​://doi.org/10.1152/physr​
ev.2001.81.4.1725.

	4.	 Smith JL, Martin PG, Gandevia SC, Taylor JL. Sustained contraction at very 
low forces produces prominent supraspinal fatigue in human elbow 
flexor muscles. J Appl Physiol. 2007;103:560–8. https​://doi.org/10.1152/
jappl​physi​ol.00220​.2007.

	5.	 Søgaard K, Gandevia SC, Todd G, Petersen NT, Taylor JL. The effect of sus‑
tained low-intensity contractions on supraspinal fatigue in human elbow 
flexor muscles. J Physiol. 2006;573:511–23. https​://doi.org/10.1113/jphys​
iol.2005.10359​8.

	6.	 Gandevia SC, Allen GM, Butler JE, Taylor JL. Supraspinal factors in human 
muscle fatigue: evidence for suboptimal output from the motor cortex. J 
Physiol. 1996;490:529–36.

	7.	 Taylor JL, Todd G, Gandevia SC. Evidence for a supraspinal contribution to 
human muscle fatigue. Clin Exp Pharmacol Physiol. 2006;33:400–5. https​
://doi.org/10.1111/j.1440-1681.2006.04363​.x.

	8.	 Boyas S, Guével A. Neuromuscular fatigue in healthy muscle: underlying 
factors and adaptation mechanisms. Ann Phys Rehabil Med. 2011;54:88–
108. https​://doi.org/10.1016/j.rehab​.2011.01.001.

	9.	 Löscher WN, Cresswell AG, Thorstensson A. Central fatigue during a 
long-lasting submaximal contraction of the triceps surae. Exp Brain Res. 
1996;108:305–14.

	10.	 Gandevia SC, Allen GM, McKenzie DK. Central fatigue. Critical 
issues, quantification and practical implications. Adv Exp Med Biol. 
1995;384:281–94.

	11.	 Allen DG, Westerblad H, Lee JA, Lännergren J. Role of excitation-contrac‑
tion coupling in muscle fatigue. Sports Med. 1992;13:116–26. https​://doi.
org/10.2165/00007​256-19921​3020-00007​.

https://doi.org/10.1002/mus.880070902
https://doi.org/10.1212/WNL.0b013e31827f07be
https://doi.org/10.1152/physrev.2001.81.4.1725
https://doi.org/10.1152/physrev.2001.81.4.1725
https://doi.org/10.1152/japplphysiol.00220.2007
https://doi.org/10.1152/japplphysiol.00220.2007
https://doi.org/10.1113/jphysiol.2005.103598
https://doi.org/10.1113/jphysiol.2005.103598
https://doi.org/10.1111/j.1440-1681.2006.04363.x
https://doi.org/10.1111/j.1440-1681.2006.04363.x
https://doi.org/10.1016/j.rehab.2011.01.001
https://doi.org/10.2165/00007256-199213020-00007
https://doi.org/10.2165/00007256-199213020-00007


Page 11 of 12Seidel‑Marzi and Ragert ﻿BMC Neurosci           (2020) 21:26 	

	12.	 Enoka RM, Stuart DG. Neurobiology of muscle fatigue. J Appl Physiol. 
1992;72:1631–48. https​://doi.org/10.1152/jappl​.1992.72.5.1631.

	13.	 Wan J-J, Qin Z, Wang P-Y, Sun Y, Liu X. Muscle fatigue: general understand‑
ing and treatment. Exp Mol Med. 2017;49:e384. https​://doi.org/10.1038/
emm.2017.194.

	14.	 Edwards RH. Human muscle function and fatigue. Ciba Found Symp. 
1981;82:1–18.

	15.	 Kent-Braun JA. Central and peripheral contributions to muscle fatigue 
in humans during sustained maximal effort. Eur J Appl Physiol Occup 
Physiol. 1999;80:57–63. https​://doi.org/10.1007/s0042​10050​558.

	16.	 Schillings ML, Hoefsloot W, Stegeman DF, Zwarts MJ. Relative contribu‑
tions of central and peripheral factors to fatigue during a maximal sus‑
tained effort. Eur J Appl Physiol. 2003;90:562–8. https​://doi.org/10.1007/
s0042​1-003-0913-4.

	17.	 Ballantyne BT, Shields RK. Quadriceps fatigue alters human muscle 
performance during a novel weight bearing task. Med Sci Sports Exerc. 
2010;42:1712–22. https​://doi.org/10.1249/MSS.0b013​e3181​d8552​7.

	18.	 Dominelli PB, Molgat-Seon Y, Griesdale DEG, Peters CM, Blouin J-S, 
Sekhon M, et al. Exercise-induced quadriceps muscle fatigue in men and 
women: effects of arterial oxygen content and respiratory muscle work. J 
Physiol. 2017;595:5227–44. https​://doi.org/10.1113/JP274​068.

	19.	 Nitsche MA, Paulus W. Excitability changes induced in the human 
motor cortex by weak transcranial direct current stimulation. J Physiol. 
2000;527(Pt 3):633–9. https​://doi.org/10.1111/j.1469-7793.2000.t01-1-
00633​.x.

	20.	 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;26:242–9. https​
://doi.org/10.1111/j.1460-9568.2007.05633​.x.

	21.	 Lattari E, Oliveira BRR, Monteiro Júnior RS, Marques Neto SR, Oliveira AJ, 
Maranhão Neto GA, et al. Acute effects of single dose transcranial direct 
current stimulation on muscle strength: a systematic review and meta-
analysis. PLoS ONE. 2018;13:e0209513. https​://doi.org/10.1371/journ​
al.pone.02095​13.

	22.	 Banissy MJ, Muggleton NG. Transcranial direct current stimulation in 
sports training: potential approaches. Front Hum Neurosci. 2013;7:129. 
https​://doi.org/10.3389/fnhum​.2013.00129​.

	23.	 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-analysis. Brain Stimul. 
2019;12:242–50. https​://doi.org/10.1016/j.brs.2018.12.002.

	24.	 Machado DG, Unal G, Andrade SM, Moreira A, Altimari LR, Brunoni AR, 
et al. Effect of transcranial direct current stimulation on exercise perfor‑
mance: A systematic review and meta-analysis. Brain Stimul. 2019;12:593–
605. https​://doi.org/10.1016/j.brs.2018.12.227.

	25.	 Angius L, Pascual-Leone A, Santarnecchi E. Brain stimulation and physical 
performance. Prog Brain Res. 2018;240:317–39. https​://doi.org/10.1016/
bs.pbr.2018.07.010.

	26.	 Brawn TP, Fenn KM, Nusbaum HC, Margoliash D. Consolidating the 
effects of waking and sleep on motor-sequence learning. J Neurosci. 
2010;30:13977–82. https​://doi.org/10.1523/JNEUR​OSCI.3295-10.2010.

	27.	 Rodrigues JP, Mastaglia FL, Thickbroom GW. Rapid slowing of maximal 
finger movement rate: fatigue of central motor control? Exp Brain Res. 
2009;196:557–63. https​://doi.org/10.1007/s0022​1-009-1886-2.

	28.	 Aoki T, Francis PR, Kinoshita H. Differences in the abilities of individual fin‑
gers during the performance of fast, repetitive tapping movements. Exp 
Brain Res. 2003;152:270–80. https​://doi.org/10.1007/s0022​1-003-1552-z.

	29.	 Arias P, Robles-García V, Corral-Bergantiños Y, Madrid A, Espinosa N, Valls-
Solé J, et al. Central fatigue induced by short-lasting finger tapping and 
isometric tasks: a study of silent periods evoked at spinal and supraspinal 
levels. Neuroscience. 2015;305:316–27. https​://doi.org/10.1016/j.neuro​
scien​ce.2015.07.081.

	30.	 Jäncke L, Steinmetz H, Benilow S, Ziemann U. Slowing fastest finger 
movements of the dominant hand with low-frequency rTMS of the hand 
area of the primary motor cortex. Exp Brain Res. 2004;155:196–203. https​
://doi.org/10.1007/s0022​1-003-1719-7.

	31.	 Edwards DJ, Cortes M, Wortman-Jutt S, Putrino D, Bikson M, Thickbroom 
G, Pascual-Leone A. Transcranial Direct Current Stimulation and Sports 
Performance. Front Hum Neurosci. 2017;11:243. https​://doi.org/10.3389/
fnhum​.2017.00243​.

	32.	 Bächinger M, Lehner R, Thomas F, Hanimann S, Balsters JH, Wenderoth 
N. Motor fatigability as evoked by repetitive movements results from a 
gradual breakdown of surround inhibition. eLife. 2019;8:e46750.

	33.	 Bogdanis GC. Effects of physical activity and inactivity on muscle fatigue. 
Front Physiol. 2012;3:142. https​://doi.org/10.3389/fphys​.2012.00142​.

	34.	 Kim CR, Kim D-Y, Kim LS, Chun MH, Kim SJ, Park CH. Modulation of cortical 
activity after anodal transcranial direct current stimulation of the lower 
limb motor cortex: a functional MRI study. Brain Stimul. 2012;5:462–7. 
https​://doi.org/10.1016/j.brs.2011.08.002.

	35.	 Madhavan S, Stinear JW. Focal and bi-directional modulation of lower 
limb motor cortex using anodal transcranial direct current stimulation. 
Brain Stimul. 2010;3:42. https​://doi.org/10.1016/j.brs.2009.06.005.

	36.	 Ghosh S, Hathorn D, Eisenhauer J, Dixon J, Cooper ID. Anodal transcranial 
direct current stimulation over the vertex enhances leg motor cortex 
excitability bilaterally. Brain Sci. 2019. https​://doi.org/10.3390/brain​sci90​
50098​.

	37.	 Kaminski E, Steele CJ, Hoff M, Gundlach C, Rjosk V, Sehm B, et al. Tran‑
scranial direct current stimulation (tDCS) over primary motor cortex leg 
area promotes dynamic balance task performance. Clin Neurophysiol. 
2016;127:2455–62. https​://doi.org/10.1016/j.clinp​h.2016.03.018.

	38.	 Tanaka S, Hanakawa T, Honda M, Watanabe K. Enhancement of pinch 
force in the lower leg by anodal transcranial direct current stimula‑
tion. Exp Brain Res. 2009;196:459–65. https​://doi.org/10.1007/s0022​
1-009-1863-9.

	39.	 Seidel O, Ragert P. Effects of transcranial direct current stimulation of 
primary motor cortex on reaction time and tapping performance: a 
comparison between athletes and non-athletes. Front Hum Neurosci. 
2019;13:103. https​://doi.org/10.3389/fnhum​.2019.00103​.

	40.	 Oldfield RC. The assessment and analysis of handedness: the Edin‑
burgh inventory. Neuropsychologia. 1971;9:97–113. https​://doi.
org/10.1016/0028-3932(71)90067​-4.

	41.	 Pesta DH, Angadi SS, Burtscher M, Roberts CK. The effects of caffeine, 
nicotine, ethanol, and tetrahydrocannabinol on exercise performance. 
Nutr Metab. 2013;10:71. https​://doi.org/10.1186/1743-7075-10-71.

	42.	 Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): a 
tool for double-blind sham-controlled clinical studies in brain stimula‑
tion. Clin Neurophysiol. 2006;117:845–50. https​://doi.org/10.1016/j.clinp​
h.2005.12.003.

	43.	 Nitsche MA, Liebetanz D, Lang N, Antal A, Tergau F, Paulus W. Safety 
criteria for transcranial direct current stimulation (tDCS) in humans. Clin 
Neurophysiol. 2003;114:2220–2.

	44.	 Thielscher A, Antunes A, Saturnino GB. Field modeling for transcranial 
magnetic stimulation: a useful tool to understand the physiological 
effects of TMS? Conf Proc IEEE Eng Med Biol Soc. 2015;2015:222–5. https​
://doi.org/10.1109/EMBC.2015.73183​40.

	45.	 Opitz A, Paulus W, Will S, Antunes A, Thielscher A. Determinants of the 
electric field during transcranial direct current stimulation. Neuroimage. 
2015;109:140–50. https​://doi.org/10.1016/j.neuro​image​.2015.01.033.

	46.	 Ciechanski P, Carlson HL, Yu SS, Kirton A. Modeling transcranial direct-
current stimulation-induced electric fields in children and adults. Front 
Hum Neurosci. 2018;12:268. https​://doi.org/10.3389/fnhum​.2018.00268​.

	47.	 Miles J, Shevlin M. Applying regression and correlation: a guide for stu‑
dents and researchers. London: Sage publications Ltd; 2000.

	48.	 Biel AL, Friedrich EVC. Why you should report bayes factors in your tran‑
scranial brain stimulation studies. Front Psychol. 2018;9:1125. https​://doi.
org/10.3389/fpsyg​.2018.01125​.

	49.	 Dienes Z. Bayesian versus orthodox statistics: which side are you on? 
Perspect Psychol Sci. 2011;6:274–90. https​://doi.org/10.1177/17456​91611​
40692​0.

	50.	 Kruschke JK. Bayesian assessment of null values via parameter estimation 
and model comparison. Perspect Psychol Sci. 2011;6:299–312. https​://doi.
org/10.1177/17456​91611​40692​5.

	51.	 Marsman M, Wagenmakers E-J. Bayesian benefits with JASP. Eur J Dev 
Psychol. 2017;14:545–55. https​://doi.org/10.1080/17405​629.2016.12596​
14.

	52.	 Jeffreys H. The Theory of Probability. Oxford: University Press; 1961.
	53.	 Lee MD, Wagenmakers E-J. Bayesian cognitive modeling: A practical 

course. Cambridge: University Press; 2013.
	54.	 Madrid A, Madinabeitia-Mancebo E, Cudeiro J, Arias P. Effects of a finger 

tapping fatiguing task on M1-intracortical inhibition and central drive to 

https://doi.org/10.1152/jappl.1992.72.5.1631
https://doi.org/10.1038/emm.2017.194
https://doi.org/10.1038/emm.2017.194
https://doi.org/10.1007/s004210050558
https://doi.org/10.1007/s00421-003-0913-4
https://doi.org/10.1007/s00421-003-0913-4
https://doi.org/10.1249/MSS.0b013e3181d85527
https://doi.org/10.1113/JP274068
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
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/10.1371/journal.pone.0209513
https://doi.org/10.1371/journal.pone.0209513
https://doi.org/10.3389/fnhum.2013.00129
https://doi.org/10.1016/j.brs.2018.12.002
https://doi.org/10.1016/j.brs.2018.12.227
https://doi.org/10.1016/bs.pbr.2018.07.010
https://doi.org/10.1016/bs.pbr.2018.07.010
https://doi.org/10.1523/JNEUROSCI.3295-10.2010
https://doi.org/10.1007/s00221-009-1886-2
https://doi.org/10.1007/s00221-003-1552-z
https://doi.org/10.1016/j.neuroscience.2015.07.081
https://doi.org/10.1016/j.neuroscience.2015.07.081
https://doi.org/10.1007/s00221-003-1719-7
https://doi.org/10.1007/s00221-003-1719-7
https://doi.org/10.3389/fnhum.2017.00243
https://doi.org/10.3389/fnhum.2017.00243
https://doi.org/10.3389/fphys.2012.00142
https://doi.org/10.1016/j.brs.2011.08.002
https://doi.org/10.1016/j.brs.2009.06.005
https://doi.org/10.3390/brainsci9050098
https://doi.org/10.3390/brainsci9050098
https://doi.org/10.1016/j.clinph.2016.03.018
https://doi.org/10.1007/s00221-009-1863-9
https://doi.org/10.1007/s00221-009-1863-9
https://doi.org/10.3389/fnhum.2019.00103
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1186/1743-7075-10-71
https://doi.org/10.1016/j.clinph.2005.12.003
https://doi.org/10.1016/j.clinph.2005.12.003
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1016/j.neuroimage.2015.01.033
https://doi.org/10.3389/fnhum.2018.00268
https://doi.org/10.3389/fpsyg.2018.01125
https://doi.org/10.3389/fpsyg.2018.01125
https://doi.org/10.1177/1745691611406920
https://doi.org/10.1177/1745691611406920
https://doi.org/10.1177/1745691611406925
https://doi.org/10.1177/1745691611406925
https://doi.org/10.1080/17405629.2016.1259614
https://doi.org/10.1080/17405629.2016.1259614


Page 12 of 12Seidel‑Marzi and Ragert ﻿BMC Neurosci           (2020) 21:26 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

the muscle. Sci Rep. 2018;8:9326. https​://doi.org/10.1038/s4159​8-018-
27691​-9.

	55.	 Miller RG, Moussavi RS, Green AT, Carson PJ, Weiner MW. The fatigue of 
rapid repetitive movements. Neurology. 1993;43:755–61.

	56.	 Missenard O, Mottet D, Perrey S. Adaptation of motor behavior to 
preserve task success in the presence of muscle fatigue. Neuroscience. 
2009;161:773–86. https​://doi.org/10.1016/j.neuro​scien​ce.2009.03.062.

	57.	 Post M, Steens A, Renken R, Maurits NM, Zijdewind I. Voluntary activation 
and cortical activity during a sustained maximal contraction: an fMRI 
study. Hum Brain Mapp. 2009;30:1014–27. https​://doi.org/10.1002/
hbm.20562​.

	58.	 van Duinen H, Renken R, Maurits N, Zijdewind I. Effects of motor fatigue 
on human brain activity, an fMRI study. Neuroimage. 2007;35:1438–49. 
https​://doi.org/10.1016/j.neuro​image​.2007.02.008.

	59.	 Beck S, Hallett M. Surround inhibition in the motor system. Exp Brain Res. 
2011;210:165–72. https​://doi.org/10.1007/s0022​1-011-2610-6.

	60.	 Priori A. Brain polarization in humans: a reappraisal of an old tool for pro‑
longed non-invasive modulation of brain excitability. Clin Neurophysiol. 
2003;114:589–95.

	61.	 Nitsche MA, Paulus W. Sustained excitability elevations induced by 
transcranial DC motor cortex stimulation in humans. Neurology. 
2001;57:1899–901. https​://doi.org/10.1212/wnl.57.10.1899.

	62.	 Abdelmoula A, Baudry S, Duchateau J. Anodal transcranial direct current 
stimulation enhances time to task failure of a submaximal contraction of 
elbow flexors without changing corticospinal excitability. Neuroscience. 
2016;322:94–103. https​://doi.org/10.1016/j.neuro​scien​ce.2016.02.025.

	63.	 Angius L, Pageaux B, Hopker J, Marcora SM, Mauger AR. Transcranial 
direct current stimulation improves isometric time to exhaustion 
of the knee extensors. Neuroscience. 2016;339:363–75. https​://doi.
org/10.1016/j.neuro​scien​ce.2016.10.028.

	64.	 Baudewig J, Nitsche MA, Paulus W, Frahm J. Regional modulation of BOLD 
MRI responses to human sensorimotor activation by transcranial direct 
current stimulation. Magn Reson Med. 2001;45:196–201.

	65.	 Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA, Paulus W, et al. How does 
transcranial DC stimulation of the primary motor cortex alter regional 
neuronal activity in the human brain? Eur J Neurosci. 2005;22:495–504. 
https​://doi.org/10.1111/j.1460-9568.2005.04233​.x.

	66.	 Fregni F, Boggio PS, Lima MC, Ferreira MJL, Wagner T, Rigonatti SP, et al. 
A sham-controlled, phase II trial of transcranial direct current stimulation 
for the treatment of central pain in traumatic spinal cord injury. Pain. 
2006;122:197–209. https​://doi.org/10.1016/j.pain.2006.02.023.

	67.	 Power HA, Norton JA, Porter CL, Doyle Z, Hui I, Chan KM. Transcranial 
direct current stimulation of the primary motor cortex affects cortical 
drive to human musculature as assessed by intermuscular coherence. J 
Physiol. 2006;577:795–803. https​://doi.org/10.1113/jphys​iol.2006.11693​9.

	68.	 Kwon YH, Nam KS, Park JW. Identification of cortical activation and white 
matter architecture according to short-term motor learning in the human 
brain: functional MRI and diffusion tensor tractography study. Neurosci 
Lett. 2012;520:11–5. https​://doi.org/10.1016/j.neule​t.2012.05.005.

	69.	 Floyer-Lea A, Matthews PM. Distinguishable brain activation networks for 
short- and long-term motor skill learning. J Neurophysiol. 2005;94:512–8. 
https​://doi.org/10.1152/jn.00717​.2004.

	70.	 Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Neuroplas‑
ticity: changes in grey matter induced by training. Nature. 2004;427:311–
2. https​://doi.org/10.1038/42731​1a.

	71.	 Jacini WFS, Cannonieri GC, Fernandes PT, Bonilha L, Cendes F, Li LM. Can 
exercise shape your brain? Cortical differences associated with judo 
practice. J Sci Med Sport. 2009;12:688–90. https​://doi.org/10.1016/j.jsams​
.2008.11.004.

	72.	 McNamara A, Tegenthoff M, Dinse H, Büchel C, Binkofski F, Ragert P. 
Increased functional connectivity is crucial for learning novel muscle 
synergies. Neuroimage. 2007;35:1211–8. https​://doi.org/10.1016/j.neuro​
image​.2007.01.009.

	73.	 Guo Z, Li A, Yu L. “Neural efficiency” of athletes’ brain during visuo-
spatial task: an fMRI study on table tennis players. Front Behav Neurosci. 
2017;11:72. https​://doi.org/10.3389/fnbeh​.2017.00072​.

	74.	 Meier J, Topka MS, Hänggi J. Differences in cortical representation and 
structural connectivity of hands and feet between professional handball 
players and ballet dancers. Neural Plast. 2016;2016:6817397. https​://doi.
org/10.1155/2016/68173​97.

	75.	 Naito E, Hirose S. Efficient foot motor control by Neymar’s brain. Front 
Hum Neurosci. 2014;8:594. https​://doi.org/10.3389/fnhum​.2014.00594​.

	76.	 Bolognini N, Pascual-Leone A, Fregni F. Using non-invasive brain stimula‑
tion to augment motor training-induced plasticity. J Neuroeng Rehabil. 
2009;6:8. https​://doi.org/10.1186/1743-0003-6-8.

	77.	 Davis NJ. Neurodoping: brain stimulation as a performance-enhancing 
measure. Sports Med. 2013;43:649–53. https​://doi.org/10.1007/s4027​
9-013-0027-z.

	78.	 Reardon S. ‘Brain doping’ may improve athletes’ performance. Nature. 
2016;531:283–4. https​://doi.org/10.1038/natur​e.2016.19534​.

	79.	 Lüders HO. The supplementary sensorimotor area. An overview. Adv 
Neurol. 1996;70:1–16.

	80.	 Ammann C, Lindquist MA, Celnik PA. Response variability of different 
anodal transcranial direct current stimulation intensities across multiple 
sessions. Brain Stimul. 2017;10:757–63. https​://doi.org/10.1016/j.
brs.2017.04.003.

	81.	 Wiethoff S, Hamada M, Rothwell JC. Variability in response to transcranial 
direct current stimulation of the motor cortex. Brain Stimul. 2014;7:468–
75. https​://doi.org/10.1016/j.brs.2014.02.003.

	82.	 Reis J, Schambra HM, Cohen LG, Buch ER, Fritsch B, Zarahn E, et al. 
Noninvasive cortical stimulation enhances motor skill acquisition over 
multiple days through an effect on consolidation. Proc Natl Acad Sci USA. 
2009;106:1590–5. https​://doi.org/10.1073/pnas.08054​13106​.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1038/s41598-018-27691-9
https://doi.org/10.1038/s41598-018-27691-9
https://doi.org/10.1016/j.neuroscience.2009.03.062
https://doi.org/10.1002/hbm.20562
https://doi.org/10.1002/hbm.20562
https://doi.org/10.1016/j.neuroimage.2007.02.008
https://doi.org/10.1007/s00221-011-2610-6
https://doi.org/10.1212/wnl.57.10.1899
https://doi.org/10.1016/j.neuroscience.2016.02.025
https://doi.org/10.1016/j.neuroscience.2016.10.028
https://doi.org/10.1016/j.neuroscience.2016.10.028
https://doi.org/10.1111/j.1460-9568.2005.04233.x
https://doi.org/10.1016/j.pain.2006.02.023
https://doi.org/10.1113/jphysiol.2006.116939
https://doi.org/10.1016/j.neulet.2012.05.005
https://doi.org/10.1152/jn.00717.2004
https://doi.org/10.1038/427311a
https://doi.org/10.1016/j.jsams.2008.11.004
https://doi.org/10.1016/j.jsams.2008.11.004
https://doi.org/10.1016/j.neuroimage.2007.01.009
https://doi.org/10.1016/j.neuroimage.2007.01.009
https://doi.org/10.3389/fnbeh.2017.00072
https://doi.org/10.1155/2016/6817397
https://doi.org/10.1155/2016/6817397
https://doi.org/10.3389/fnhum.2014.00594
https://doi.org/10.1186/1743-0003-6-8
https://doi.org/10.1007/s40279-013-0027-z
https://doi.org/10.1007/s40279-013-0027-z
https://doi.org/10.1038/nature.2016.19534
https://doi.org/10.1016/j.brs.2017.04.003
https://doi.org/10.1016/j.brs.2017.04.003
https://doi.org/10.1016/j.brs.2014.02.003
https://doi.org/10.1073/pnas.0805413106

	Anodal transcranial direct current stimulation reduces motor slowing in athletes and non-athletes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Ethical approval
	Participants
	Experimental design
	Hand- (HTT) and foot-tapping (FTT) tasks
	Transcranial direct current stimulation (tDCS)
	Analysis

	Results
	Baseline comparisons
	MoSlo during HTT and FTT
	tDCS-induced effects on MoSlo

	Discussion
	MoSlo during HTT and FTT
	tDCS-induced reduction of MoSlo during FTT
	Study limitations

	Conclusion
	Acknowledgements
	References




