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Transcranial direct current stimulation (tDCS) has been reported to have bidirectional

influence on the amplitude of motor-evoked potentials (MEPs) in resting participants

in a polarity-specific manner: anodal tDCS increased and cathodal tDCS decreased

them. More recently, the effects of tDCS have been shown to depend on a number

of additional factors. We investigated whether a small variety of movements involving

target and non-target muscles could differentially modify the efficacy of tDCS. MEPs were

elicited from the right first dorsal interosseous muscle, defined as the target muscle, by

single pulse transcranial magnetic stimulation (TMS) over the primary motor cortex (M1).

During M1 tDCS, which lasted for 10 min applying anodal, cathodal, or sham condition,

the participants were instructed to squeeze a ball with their right hand (Task 1), to move

their right index finger only in the medial (Task 2), in the lateral direction (Task 3), or in

medial and lateral direction alternatively (Task 4). Anodal tDCS reduced MEP amplitudes

measured in Task 1 and Task 2, but to a lesser extent in the latter. In Task 3, anodal

tDCS led to greater MEP amplitudes than cathodal stimulation. Alternating movements

resulted in no effect of tDCS on MEP amplitude (Task 4). The results are congruent with

the current notion that the aftereffects of tDCS are highly variable relying on a number of

factors including the type of movements executed during stimulation.

Keywords: muscle activation, motor evoked potential, transcranial direct current stimulation, transcranial

magnetic stimulation

INTRODUCTION

Transcranial direct current stimulation (tDCS) was originally introduced as a powerful tool to
modulate cortical excitability bidirectionally, depending on the polarity with which it was applied.
The first studies reported that anodal tDCS increased the amplitude of the motor evoked potentials
(MEPs), probably by increasing the excitability of the primary motor cortex (M1) (Nitsche and
Paulus, 2000, 2001) while cathodal tDCS diminished it (Nitsche and Paulus, 2000; Nitsche et al.,
2003). The anodal-excitatory and cathodal-inhibitory association was reproduced in later studies
(for review, see Nitsche and Paulus, 2001; Nitsche et al., 2003, 2008). Pharmacological evidence
suggested that altered membrane potential and synaptic plasticity contributed to the polarity-
specific aftereffects of tDCS (Liebetanz et al., 2002; Nitsche et al., 2003a). The positive influence
of tDCS on learning (Nitsche et al., 2003b; Galea and Celnik, 2009; Reis et al., 2009) promoted its
therapeutic applications, including those for stroke rehabilitation (Kang et al., 2016; Meinzer et al.,
2016).
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Recently, however, the notion of constant, polarity-specific
bidirectional aftereffects has met considerable challenges. Non-
invasive brain stimulation in general is subject to a number of
determinants (Ridding and Ziemann, 2010), and tDCS is not
an exception. The aftereffects of tDCS can be altered by such
factors as stimulation parameters (Batsikadze et al., 2013; Monte-
Silva et al., 2013), concurrent peripheral stimulation (Schabrun
et al., 2013; Rizzo et al., 2014), or activities of the participants
during (Antal et al., 2007; Bortoletto et al., 2015) or after
(Thirugnanasambandam et al., 2011) stimulation. Furthermore,
they can differ simply due to the inter-individual variability
among participants (López-Alonso et al., 2014; Wiethoff et al.,
2014; Chew et al., 2015; Strube et al., 2016), for which anatomical,
physiological, genetic and other characteristics of the individuals
have been proposed to play different roles (Antal et al., 2010;
Wiethoff et al., 2014; Laakso et al., 2015; Opitz et al., 2015).
Because of the increasing use of this technique in research as well
as for clinical purposes it is important to determine the sources
or predictors of such variability (see e.g., Nuzum et al., 2016) that
can alter the aftereffects in a systematic way (Brunoni et al., 2012;
Hashemirad et al., 2016; Kang et al., 2016).

In this study, we investigated the influence of various motor
tasks on concurrent tDCS, as potential factors affecting the
polarity-specific efficacy of tDCS. These were chosen to allow
confirmation of previous findings (Antal et al., 2007). Among
various stimulation parameters, polarity can play a key role
in defining both direction and magnitude of tDCS effects on
neurons (Rahman et al., 2013; Lafon et al., 2017); thus we also
compared three different tDCS conditions (i.e., anodal, cathodal,
and sham) for each of the motor tasks.

METHODS

Participants
Twenty eight healthy volunteers (16 male, all right-handed) were
recruited for the study which conformed to the Declaration
of Helsinki, and was approved by the Ethics Committee of
the University of Göttingen. Inclusion criteria were an age
between 20 and 30 years, right-handedness according to the
Edinburgh Handedness Inventory (Oldfield, 1971), and written
informed consent. Exclusion criteria were any neurological or
psychological disorder, metallic implants or implanted electric
devices, or any regular medication.

The participants were randomly allocated to perform
predefined tasks, which are described below. Each task group
consisted of 12 participants; 15 participants performed only one
task, seven took part in two, five in three, while one participated
in all four tasks.

Transcranial Direct Current Stimulation
(tDCS)
Direct current was delivered by a battery-driven, constant-
current stimulator (NeuroConn GmbH, Ilmenau, Germany)

Abbreviations: ANOVA, analysis of variance; EMG, electromyography; FDI, first

dorsal interosseous; M1, primary motor cortex; MEP, motor evoked potential;

tDCS, transcranial direct-current stimulation; TMS, transcranial magnetic

stimulation.

through conductive-rubber electrodes (5 × 7 cm) encased in
saline-soaked sponges. One of the electrodes was placed over
the representational field of the right first dorsal interosseous
muscle (FDI) as identified by TMS (see below), while the other
electrode was located contralaterally above the right eyebrow.
The type of stimulation (anodal or cathodal) refers to the polarity
of the electrode above the M1. The current was applied for 10
min with an intensity of 1.0 mA. The fade-in/fade-out time was
8 s. For sham stimulation the current was turned on for 15 s at
the beginning of the stimulation in order to achieve the slight
itching sensation under the electrode. Participants were blinded
for stimulation conditions in all of the experiments.

Transcranial Magnetic Stimulation (TMS)
To detect changes in motor cortical excitability, MEPs of the
right FDI were recorded following stimulation of its motor-
cortical representational field by single-pulse TMS delivered
by a Magstim 2002 stimulator (Magstim Company, Whiteland,
Wales, UK) and a figure-of-eight standard double magnetic coil
(diameter of one winding, 70 mm). The coil was held tangentially
to the skull, with the handle pointing posteriorly and laterally
at approximately 45◦ from the midline, resulting in a posterior–
anterior direction of current flow in the brain. The optimal
position was defined as the site where stimulation consistently
evoked the largest MEPs. The site was marked with a skin
marker to ensure that the coil was held in the correct position
throughout the experimental session. Surface electromyography
(EMG) was recorded from the right FDI using a pair of Ag/AgCl
electrodes in a belly-tendon montage. The signals were amplified
and filtered (2 Hz–3 kHz), digitized at five kHz with a micro 1401
AD converter (Cambridge Electronic Design, Cambridge, UK),
and stored using Signal software (Cambridge Electronic Design,
version 2.13). Data were analyzed offline on a personal computer.
Complete muscle relaxation was achieved using visual feedback
of the EMG activity. The intensity of the stimulator output was
adjusted at the baseline recording so that the stimulus led to an
MEP with an average peak-to-peak amplitude of approximately
one mV (SI1mV).

Experimental Sessions
Tasks

The participants were instructed to perform the following tasks:
squeeze an 8 cm-diameter ball with their right hand to half-
maximal contraction (Task 1; Antal et al., 2007), move their right
index finger either in the medial-agonist direction (Task 2), or in
the lateral-antagonist direction (Task 3), or move it alternately in
the medial and lateral direction (Task 4). Figure 1 shows each of
the tasks schematically. The finger was to bemoved at a frequency
of 1 Hz. The task performance during the tDCS was continuously
monitored by the experimenter through visual inspection to
check whether the movements of the participant were compatible
with the task assigned in that session. If it was necessary, the
participants were reminded to keep the magnitude of movement
as stable as possible. The stimulation mode for each task session
was randomly assigned. Only one task was performed during
each session with at least a 4-day interval between sessions. For
participants performing more than one task, each series of three
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FIGURE 1 | Schematic description of the tasks. In Task 1, a ball with 8-cm diameter (shown in blue) was squeezed with the entire hand. In the other tasks, the right

index finger was moved in a specified direction (Tasks 2–4).

sessions was completed before the next task series began. During
the sessions the participants were seated in a reclining chair.

Stimulation

After having identified the motor-cortical representational field
of the right FDI the resting and active motor thresholds
(RMT and AMT) were determined using the relative
frequency method (Rossini et al., 2015). The participants
then relaxed for at least 5 min after which period the baseline
was determined by recording 25 MEPs using a stimulus
intensity of SI1mV at an inter-stimulus interval of 4.0 ±

0.4 s. The tDCS electrodes were then placed as described
above.

At the end of stimulation with task performance, the
participants were allowed to relax for 5 min which previous
studies had shown to be necessary for adequate relaxation (Antal
et al., 2007; Terney et al., 2008). Following the rest, 25 MEPs were
recorded every 5 min for the first 30 min and then every 15 min
for the next 30 min.

Statistical Analysis
The RMT, AMT, SI1mV, and baseline MEP amplitudes were
compared between the stimulation conditions using one-way
analysis of variance (ANOVA), separately for each task.

As the index for the main analysis, mean MEP amplitude
was calculated for each of the time bins covering baseline
and post-stimulation values. Then, mean post-tDCS MEP
amplitudes were individually normalized to the baseline value.
An ANOVA model for repeated measures was calculated with
the normalized MEP amplitude as the dependent variable,
TASK as a between-subjects factor, and STIM (anodal, cathodal,
and sham) and TIME (5, 10, 15, 20, 25, 30, 45, and
60 min after tDCS) as within-subject factors. We chose
this to obtain greater power in determining the effects
of polarity on direction and magnitude of tDCS effects
(Rahman et al., 2013; Lafon et al., 2017). If a significant
interaction was found, we further performed the analysis
of simple main effects with the Bonferroni correction for
multiple comparisons. Effects were considered significant if
p < 0.05.

RESULTS

All of the participants tolerated tDCS, and none had severe
adverse-effects during or after the stimulation. One subject
in the Task 2 group reported a strong, uncomfortable skin
sensation during anodal stimulation, and the stimulation had to
be discontinued after 7 min. RMT, AMT, SI1mV, and baseline
MEP amplitudes were compared between anodal, cathodal and
sham conditions within each task. There were no significant
differences except for the RMT in Task 4 (see Table 1).

The three-way repeated measures ANOVA revealed a
significant main effect of STIM [F(2, 88) = 3.92; p= 0.023], TIME
[F(7, 308) = 8.57; p< 0.001], and TASK [F(3, 44) = 5.32; p= 0.003],
whereas the three-way interaction was not significant [F(42, 616)
= 1.01, p = 0.45]. More importantly, we found a significant
interaction between STIM and TASK [F(6, 88) = 3.02; p = 0.010],
as well as between STIM and TIME [F(14, 616) = 2.83; p < 0.001].
The significant interaction between STIM and TIME is probably
due to the fact that the MEP amplitudes returned to the baseline
over the course of 60 min (Figure 2). Given the significant
interaction between STIM and TASK (see Figure 2), which
implied that each task had a differential impact on different tDCS
polarities, we then conducted further analyses of simple main
effects. Individual time courses are presented in the Supporting
Information (Figure S1).

The simple main effects of STIM at each level of TASK
were calculated using the Bonferroni correction for multiple
comparisons. As shown in the pooled data relevant for these
analyses (Figure 3), the effect of anodal tDCS on MEP differed
significantly from that of sham tDCS in combination with the
ball-squeezing task (p = 0.013), and results from anodal and
cathodal tDCS differed significantly in the antagonist task (p =

0.003). Based on these results we further performed a one-way
ANOVA where the pooled data for the anodal condition was
compared across the four tasks. We found a significant effect
of TASK [F(3, 44) = 8.26, p < 0.001]. A following post-hoc test
with the Bonferroni correction indicated that the ball-squeezing
task resulted in significantly smaller MEPs than the antagonist
task (p < 0.001) and the alternating task (p = 0.011), and that
the agonist task resulted in smaller MEPs than the antagonist
task (p = 0.036). To test whether results of the sham and
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TABLE 1 | Baseline characteristics.

Anodal Cathodal Sham F-value p-value

RMT (%MSO)

Task 1 37.9 ± 4.87 40.8 ± 6.51 38.1 ± 4.66 1.100 0.345

Task 2 37.6 ± 7.01 40.0 ± 8.32 39.5 ± 7.23 0.283 0.755

Task 3 37.9 ± 6.40 39.6 ± 8.15 37.8 ± 6.89 0.227 0.798

Task 4 38.4 ± 2.54 41.6 ± 4.10 38.3 ± 2.39 4.268 0.022*

AMT (%MSO)

Task 1 31.2 ± 3.30 32.9 ± 5.96 31.5 ± 2.81 0.572 0.570

Task 2 29.4 ± 4.56 31.0 ± 6.38 30.8 ± 6.55 0.281 0.772

Task 3 30.0 ± 5.70 30.4 ± 6.84 29.3 ± 5.38 0.099 0.906

Task 4 31.5 ± 2.68 33.4 ± 4.31 31.3 ± 2.05 1.685 0.201

SI1mV (%MSO)

Task 1 50.1 ± 9.38 52.9 ± 9.23 50.3 ± 9.47 0.346 0.710

Task 2 47.9 ± 10.4 49.9 ± 11.6 49.9 ± 11.0 0.132 0.877

Task 3 48.3 ± 10.4 48.8 ± 10.8 47.6 ± 10.1 0.038 0.962

Task 4 49.8 ± 5.04 53.1 ± 5.68 50.2 ± 4.72 1.438 0.252

Baseline MEP (mV)

Task 1 0.95 ± 0.11 0.94 ± 0.15 1.04 ± 0.16 2.044 0.146

Task 2 0.92 ± 0.17 0.99 ± 0.14 1.00 ± 0.13 0.865 0.430

Task 3 0.98 ± 0.17 0.97 ± 0.14 1.01 ± 0.11 0.256 0.776

Task 4 0.98 ± 0.13 0.95 ± 0.08 1.03 ± 0.15 1.291 0.289

Values are given as mean ± standard deviation. Each Task condition contains different set of participants. Task 1, ball-squeezing; Task 2, agonist movements; Task 3, antagonist

movements; Task 4, alternating movements. *Pair-wise comparison indicated significant difference between cathodal and sham condition (p = 0.045 with the Bonferroni correction).

The italic value means statistical significance (p < 0.05), as also indicated by the asterisks.

FIGURE 2 | Effect of 10 min anodal, cathodal and sham tDCS on MEP amplitudes with different motor tasks. Each graph shows time course of the normalized MEP

amplitude after 10 min of anodal (red filled circles with a solid line), cathodal (blue open triangles with a solid line), and sham (black diamonds with a dashed line) tDCS.

The X-axis represents time after tDCS in minutes, and Y-axis the normalized MEP amplitude. Error bars indicate standard error of the mean.

cathodal tDCS were different among the tasks, additional one-
way ANOVAs were performed, revealing a non-significant result
[F(3, 44) = 0.44, p= 0.73] for the sham condition and significance
for the cathodal condition [F(3, 44) = 4.24, p = 0.011]. Post-hoc

analysis for the latter showed that the normalizedMEP amplitude
in the alternating task was significantly different from that in the
ball-squeezing task (p= 0.02 with the Bonferroni correction) and
the antagonist task (p = 0.033 with the Bonferroni correction),

Frontiers in Behavioral Neuroscience | www.frontiersin.org 4 September 2017 | Volume 11 | Article 169

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Shirota et al. Concurrent Finger Movements during tDCS

FIGURE 3 | Normalized MEP amplitudes pooled across 60 min after intervention. Based on the time course shown in Figure 2, normalized MEP amplitudes were

pooled for the 60 min in each participant and averaged for each task and polarity. As in Figure 1, red bars indicate anodal, blue cathodal, and black sham tDCS. Error

bars represent standard errors of the mean. Asterisks denote significant simple main effects in pair-wise comparisons.

which were probably due to unchangedMEP after the alternating
task and decreased MEP after the other two.

DISCUSSION

In this study we found that different hand and finger movements
during tDCS resulted in different modulations of mean MEP
amplitudes, indicating that the brain status during tDCS is one
of the key factors in determining its effect. Interaction between
brain states and type of stimulations has been reported using
divers brain stimulation techniques including tDCS (Feurra et al.,
2013; Bortoletto et al., 2015). Importantly, the interactions of
anodal and cathodal tDCS with the concurrent motor tasks
were different, supporting the assumption that polarity is a basic
parameter in determining tDCS effects (Rahman et al., 2013;
Lafon et al., 2017). Results from the sham stimulation across the
tasks, on the other hand, revealed that the motor tasks alone
did not significantly increase or decrease the MEP amplitude.
Results from the Task 1 (ball-squeezing) confirm previous results,
which demonstrated a decrease in the MEP amplitude after
anodal tDCS combined with the task (Antal et al., 2007). Some
of the movements (i.e., the agonist movements in Task 2) yielded
similar results, while others did not.

The effects of tDCS with the agonist movements (Task 2)
were similar, albeit non-significant, to those with ball-squeezing
whereMEP decreased with anodal tDCS. Since the ball-squeezing
in Task 1 requires simultaneous activation of the FDI, which is
the main effector in Task 2, together with other muscles, this
discrepancy between the Task 1 and Task 2 might have stemmed
from synergistic recruitment of motor circuits involving FDI
(Smith and Fetz, 2009).

Results from Task 3 were in contrast with those from Tasks
1 and 2; the MEP amplitude was greater after anodal tDCS
than after cathodal. Such results seem to have something in
common with the classical observation of anodal-excitatory and
cathodal-inhibitory effects of tDCS (Nitsche and Paulus, 2001;
Nitsche et al., 2003, 2008). This resemblance led us to conjecture
that a resting target muscle, or a lack of intention to contract
it, during tDCS would be one of the prerequisites for the
anodal tDCS to increase and cathodal tDCS to decrease MEP
amplitude. Depolarization and hyperpolarization of the resting

membrane potential have been considered as a key neuronal
mechanism for the anodal and cathodal tDCS to have an impact
on cortical excitability (Rahman et al., 2013).While simultaneous
activation of the target muscle (as in Tasks 1 and 2) obviously
disturbs the resting state of it, activation of antagonistic muscles
apparently did not, so that the aftereffects of the stimulation
might have been more similar to the classical pattern, which
could be more explicitly tested by including the resting condition
as discussed below. Furthermore, possible modulating effects of
concurrent activation of the antagonist muscle should be further
investigated.

Interestingly, neither anodal nor cathodal tDCS changed the
MEP amplitude when combined with the alternating activation
of agonist and antagonist muscles (Task 4). This cannot be
simply explained as a summation of the agonist and antagonist
activations. Differences in the RMT among tDCS conditions
might have been related to the results, but we believe that such
an effect, if any, was marginal, given the non-significance in
the other baseline values including SI1mV and MEP amplitude
(see Table 1). Here we argue that loss of resistance or increase
in conductance, which would be provoked by neural activation,
might be of central importance in interpreting the results. Since
electrical fields can induce larger changes in transmembrane
voltage in resting neurons with low membrane conductance than
in active neurons with high conductance, both the immediate
effects and the aftereffects of brain stimulation are smaller during
voluntary activity compared to the resting condition (Paulus and
Rothwell, 2016). The loss of resistance might have also played a
role in the other tasks so that any effects of tDCS would have been
diminished, especially when the target muscle was involved (i.e.,
Tasks 1 and 2). Although speculative, the mixed nature of Task 4
that involved both the target and non-target muscles could have a
different impact on the interaction between external stimulation
and membrane potential and other cellular parameters subject
to tDCS. Alternatively, repetitive activation of the target muscle
might have had some additional influence that altered a net
change in the MEP amplitude, resulting in a tendency toward
decreased MEP amplitude after anodal tDCS.

Inter-individual variabilities in the aftereffects of tDCS have
been repeatedly reported (López-Alonso et al., 2014; Wiethoff
et al., 2014; Chew et al., 2015; Nuzum et al., 2016; Strube et al.,
2016). Such variabilities could have resulted in different tDCS
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effects in combination with different motor tasks, since not
all the participants were involved in multiple tasks. Inclusion
of “tDCS in rest” condition would have revealed individual
responses to tDCS more explicitly and thus could have been
used to normalize inter-individual differences. However, we
were specifically interested in polarity-specific influence of
tDCS and wanted to compare anodal, cathodal, and sham
tDCS in combination with the same motor task using a
within-subject design. Including another within-subject factor,
namely of motor task with four levels, would have resulted
in more than 10 sessions for each participant, which we
thought was too demanding. It can be an interesting future
direction, however, to apply tDCS with a chosen polarity
during different motor tasks (including “no task” for the effect
of tDCS alone), i.e., using tDCS as a between-subject factor
and motor task as a within-subject factor. Such a comparison
should further reveal influence of the concurrent motor tasks
on tDCS. Monitoring kinematic parameters associated with
each task providing immediate feed-back could also provide
additional quantitative information to estimate task-related
inter-individual variability, which would constitute another
study as an interesting future direction. Another measure
to be taken in order to reduce source of variability would
be a neuronavigation system to make sure that the TMS
coil is exactly over the representational area of the target
muscle.

A more recent study intriguingly reported a consistent
increase in motor cortical excitability after anodal tDCS across
four repeated sessions in spite of huge intra-individual variations
(Dyke et al., 2016). This observation suggests that there is a
fairly good test-retest reproducibility, at least at the group level.
The results indicate that the tDCS mode is the factor primarily
responsible for the main effects observed in the present study
(Figures 2, 3). Therefore, even though it might be difficult to
completely explain themechanistic differences in the interactions
of themotor tasks with tDCS, our study design indicates polarity-
specific effects of tDCS with regard to a particular motor task.

One of the limitations of this study is that movement
parameters, such as force, velocity, and acceleration, were not
quantitatively recorded. Such recordings would be useful to infer

correlation between the movements and the aftereffects of tDCS.
The chance is that some of the movement parameters might turn
out to be more important than the type of the movements as
a whole in determining the tDCS aftereffects. Also, quantitative
measurements of the movement parameters could help us
elucidate the source of variability in tDCS aftereffects through
a search for correlation between marginal differences in the
execution of the task and the tDCS aftereffects, especially on an
inter-individual basis. Therefore, it would be an interesting future
direction to include quantitative measurements of movement
parameters with a similar study design.

In conclusion, the results are congruent with the current
notion that the aftereffects of tDCS are highly variable relying on
a number of factors including the type of movements executed
during stimulation. The implementation of tDCS research or
rehabilitation should take such concurrent activities into account
to improve the efficacy of tDCS.

AUTHOR CONTRIBUTIONS

The experiments were planned by AA, WP, and YS. The data was
collected by DT and YS. The analysis were done by AA, DT, and
YS. All of the authors contributed in writing the manuscript.

ACKNOWLEDGMENTS

This study was funded by the DFG (PA 419/15-1) awarded to
WP. YS is a research fellow of the Alexander von Humboldt
Foundation. We acknowledge support by the German Research
Foundation and the Open Access Publication Funds of the
University of Göttingen. The authors thank Ms. Christine
Crozier for English corrections.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnbeh.
2017.00169/full#supplementary-material

Figure S1 | Individual time courses of normalized MEP amplitude. Each

individual’s response is illustrated in a similar way as in Figure 2.

REFERENCES

Antal, A., Chaieb, L., Moliadze, V., Monte-Silva, K., Poreisz, C.,

Thirugnanasambandam, N., et al. (2010). Brain-derived neurotrophic

factor (BDNF) gene polymorphisms shape cortical plasticity in humans. Brain

Stimulat. 3, 230–237. doi: 10.1016/j.brs.2009.12.003

Antal, A., Terney, D., Poreisz, C., and Paulus, W. (2007). Towards unravelling

task-related modulations of neuroplastic changes induced in the human motor

cortex. Eur. J. Neurosci. 26, 2687–2691. doi: 10.1111/j.1460-9568.2007.05896.x

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M. F., and Nitsche, M. A. (2013).

Partially non-linear stimulation intensity-dependent effects of direct current

stimulation on motor cortex excitability in humans. J. Physiol. 591, 1987–2000.

doi: 10.1113/jphysiol.2012.249730

Bortoletto, M., Pellicciari, M. C., Rodella, C., and Miniussi, C. (2015). The

interaction with task-induced activity is more important than polarization: a

tDCS study. Brain Stimulat. 8, 269–276. doi: 10.1016/j.brs.2014.11.006

Brunoni, A. R., Nitsche, M. A., Bolognini, N., Bikson, M., Wagner, T.,

Merabet, L., et al. (2012). Clinical research with transcranial direct current

stimulation (tDCS): challenges and future directions. Brain Stimulat. 5,

175–195. doi: 10.1016/j.brs.2011.03.002

Chew, T., Ho, K. A., and Loo, C. K. (2015). Inter and Intra-individual variability

in response to transcranial direct current stimulation (tDCS) at varying

current intensities. Brain Stimulat. 8, 1130–1137. doi: 10.1016/j.brs.2015.

07.031

Dyke, K., Kim, S., Jackson, G. M., and Jackson, S. R. (2016). Intra-subject

consistency and reliability of response following 2mA transcranial direct

current stimulation. Brain Stimulat. 9, 819–825. doi: 10.1016/j.brs.2016.

06.052

Feurra, M., Pasqualetti, P., Bianco, G., Santarnecchi, E., Rossi, A., and Rossi,

S. (2013). State-dependent effects of transcranial oscillatory currents on

the motor system: what you think matters. J. Neurosci. 33, 17483–17489.

doi: 10.1523/JNEUROSCI.1414-13.2013

Frontiers in Behavioral Neuroscience | www.frontiersin.org 6 September 2017 | Volume 11 | Article 169

http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00169/full#supplementary-material
https://doi.org/10.1016/j.brs.2009.12.003
https://doi.org/10.1111/j.1460-9568.2007.05896.x
https://doi.org/10.1113/jphysiol.2012.249730
https://doi.org/10.1016/j.brs.2014.11.006
https://doi.org/10.1016/j.brs.2011.03.002
https://doi.org/10.1016/j.brs.2015.07.031
https://doi.org/10.1016/j.brs.2016.06.052
https://doi.org/10.1523/JNEUROSCI.1414-13.2013
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Shirota et al. Concurrent Finger Movements during tDCS

Galea, J. M., and Celnik, P. (2009). Brain polarization enhances the formation

and retention of motor memories. J. Neurophysiol. 102, 294–301.

doi: 10.1152/jn.00184.2009

Hashemirad, F., Zoghi, M., Fitzgerald, P. B., and Jaberzadeh, S. (2016). The effect

of anodal transcranial direct current stimulation on motor sequence learning

in healthy individuals: a systematic review and meta-analysis. Brain Cogn. 102,

1–12. doi: 10.1016/j.bandc.2015.11.005

Kang, N., Summers, J. J., and Cauraugh, J. H. (2016). Transcranial direct

current stimulation facilitates motor learning post-stroke: a systematic

review and meta-analysis. J. Neurol. Neurosurg. Psychiatr. 87, 345–355.

doi: 10.1136/jnnp-2015-311242

Laakso, I., Tanaka, S., Koyama, S., De Santis, V., andHirata, A. (2015). Inter-subject

variability in electric fields of motor cortical tDCS. Brain Stimul. 8, 906–913.

doi: 10.1016/j.brs.2015.05.002

Lafon, B., Rahman, A., Bikson, M., and Parra, L. C. (2017). Direct current

stimulation alters neuronal input/output function. Brain Stimulat. 10, 36–45.

doi: 10.1016/j.brs.2016.08.014

Liebetanz, D., Nitsche, M. A., Tergau, F., and Paulus, W. (2002). Pharmacological

approach to the mechanisms of transcranial DC-stimulation-induced

after-effects of human motor cortex excitability. Brain 125, 2238–2247.

doi: 10.1093/brain/awf238

López-Alonso, V., Cheeran, B., Río-Rodríguez, D., and Fernández-del-

Olmo, M. (2014). Inter-individual variability in response to non-

invasive brain stimulation paradigms. Brain Stimulat. 7, 372–380.

doi: 10.1016/j.brs.2014.02.004

Meinzer, M., Darkow, R., Lindenberg, R., and Flöel, A. (2016). Electrical

stimulation of the motor cortex enhances treatment outcome in post-stroke

aphasia. Brain 139, 1152–1163. doi: 10.1093/brain/aww002

Monte-Silva, K., Kuo, M. F., Hessenthaler, S., Fresnoza, S., Liebetanz, D., Paulus,

W., et al. (2013). Induction of late LTP-like plasticity in the human motor

cortex by repeated non-invasive brain stimulation. Brain Stimulat. 6, 424–432.

doi: 10.1016/j.brs.2012.04.011

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A.,

et al. (2008). Transcranial direct current stimulation: state of the art 2008. Brain

Stimul. 1, 206–223. doi: 10.1016/j.brs.2008.06.004

Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang, N.,

et al. (2003a). Pharmacological modulation of cortical excitability shifts induced

by transcranial direct current stimulation in humans. J. Physiol. 553, 293–301.

doi: 10.1113/jphysiol.2003.049916

Nitsche, M. A., Nitsche, M. S., Klein, C. C., Tergau, F., Rothwell, J. C., and

Paulus, W. (2003). Level of action of cathodal DC polarisation induced

inhibition of the human motor cortex. Clin. Neurophysiol. 114, 600–604.

doi: 10.1016/S1388-2457(02)00412-1

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human

motor cortex by weak transcranial direct current stimulation. J. Physiol. 527,

633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

Nitsche, M. A., and Paulus, W. (2001). Sustained excitability elevations induced by

transcranial DCmotor cortex stimulation in humans.Neurology 57, 1899–1901.

doi: 10.1212/WNL.57.10.1899

Nitsche, M. A., Schauenburg, A., Lang, N., Liebetanz, D., Exner, C., Paulus,

W., et al. (2003b). Facilitation of implicit motor learning by weak

transcranial direct current stimulation of the primary motor cortex in

the human. J. Cogn. Neurosci. 15, 619–626. doi: 10.1162/089892903321

662994

Nuzum, N. D., Hendy, A. M., Russell, A. P., and Teo, W. P. (2016).

Measures to predict the individual variability of corticospinal responses

following transcranial direct current stimulation. Front. Hum. Neurosci. 10:487.

doi: 10.3389/fnhum.2016.00487

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh

inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

Opitz, A., Paulus, W., Will, S., Antunes, A., and Thielscher, A. (2015).

Determinants of the electric field during transcranial direct current stimulation.

Neuroimage 109, 140–150. doi: 10.1016/j.neuroimage.2015.01.033

Paulus, W., and Rothwell, J. C. (2016). Membrane resistance and shunting

inhibition: where biophysics meets state-dependent human neurophysiology.

J. Physiol. 594, 2719–2728. doi: 10.1113/JP271452

Rahman, A., Reato, D., Arlotti, M., Gasca, F., Datta, A., Parra, L. C., et al.

(2013). Cellular effects of acute direct current stimulation: somatic and synaptic

terminal effects. J. Physiol. 591, 2563–2578. doi: 10.1113/jphysiol.2012.247171

Reis, J., Schambra, H. M., Cohen, L. G., Buch, E. R., Fritsch, B., Zarahn, E., et al.

(2009). Noninvasive cortical stimulation enhances motor skill acquisition over

multiple days through an effect on consolidation. Proc. Natl. Acad. Sci. U.S.A.

106, 1590–1595. doi: 10.1073/pnas.0805413106

Ridding, M. C., and Ziemann, U. (2010). Determinants of the induction of cortical

plasticity by non-invasive brain stimulation in healthy subjects. J. Physiol. 588,

2291–2304. doi: 10.1113/jphysiol.2010.190314

Rizzo, V., Terranova, C., Crupi, D., Santangelo, A., Girlanda, P., and Quartarone,

A. (2014). Increased transcranial direct current stimulation after effects during

concurrent peripheral electrical nerve stimulation. Brain Stimulat. 7, 113–121.

doi: 10.1016/j.brs.2013.10.002

Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di

Iorio, R., et al. (2015). Non-invasive electrical and magnetic stimulation

of the brain, spinal cord, roots and peripheral nerves: basic principles

and procedures for routine clinical and research application. an updated

report from an I.F.C.N. committee. Clin. Neurophysiol. 126, 1071–1107.

doi: 10.1016/j.clinph.2015.02.001

Schabrun, S. M., Chipchase, L. S., Zipf, N., Thickbroom, G. W., and

Hodges, P. W. (2013). Interaction between simultaneously applied

neuromodulatory interventions in humans. Brain Stimulat. 6, 624–630.

doi: 10.1016/j.brs.2012.09.009

Smith, W. S., and Fetz, E. E. (2009). Synaptic linkages between

corticomotoneuronal cells affecting forelimb muscles in behaving primates. J.

Neurophysiol. 102, 1040–1048. doi: 10.1152/jn.91052.2008

Strube, W., Bunse, T., Nitsche, M. A., Nikolaeva, A., Palm, U., Padberg, F.,

et al. (2016). Bidirectional variability in motor cortex excitability modulation

following 1 mA transcranial direct current stimulation in healthy participants.

Physiol. Rep. 4:e12884. doi: 10.14814/phy2.12884

Terney, D., Chaieb, L., Moliadze, V., Antal, A., and Paulus, W.

(2008). Increasing human brain excitability by transcranial high-

frequency random noise stimulation. J. Neurosci. 28, 14147–14155.

doi: 10.1523/JNEUROSCI.4248-08.2008

Thirugnanasambandam, N., Sparing, R., Dafotakis, M., Meister, I. G., Paulus,

W., Nitsche, M. A., et al. (2011). Isometric contraction interferes with

transcranial direct current stimulation (tDCS) induced plasticity: evidence

of state-dependent neuromodulation in human motor cortex. Restor. Neurol.

Neurosci. 29, 311–320. doi: 10.3233/RNN-2011-0601

Wiethoff, S., Hamada, M., and Rothwell, J. C. (2014). Variability in response to

transcranial direct current stimulation of the motor cortex. Brain Stimulat. 7,

468–475. doi: 10.1016/j.brs.2014.02.003

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Shirota, Terney, Antal and Paulus. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 7 September 2017 | Volume 11 | Article 169

https://doi.org/10.1152/jn.00184.2009
https://doi.org/10.1016/j.bandc.2015.11.005
https://doi.org/10.1136/jnnp-2015-311242
https://doi.org/10.1016/j.brs.2015.05.002
https://doi.org/10.1016/j.brs.2016.08.014
https://doi.org/10.1093/brain/awf238
https://doi.org/10.1016/j.brs.2014.02.004
https://doi.org/10.1093/brain/aww002
https://doi.org/10.1016/j.brs.2012.04.011
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1016/S1388-2457(02)00412-1
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1212/WNL.57.10.1899
https://doi.org/10.1162/089892903321662994
https://doi.org/10.3389/fnhum.2016.00487
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.neuroimage.2015.01.033
https://doi.org/10.1113/JP271452
https://doi.org/10.1113/jphysiol.2012.247171
https://doi.org/10.1073/pnas.0805413106
https://doi.org/10.1113/jphysiol.2010.190314
https://doi.org/10.1016/j.brs.2013.10.002
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1016/j.brs.2012.09.009
https://doi.org/10.1152/jn.91052.2008
https://doi.org/10.14814/phy2.12884
https://doi.org/10.1523/JNEUROSCI.4248-08.2008
https://doi.org/10.3233/RNN-2011-0601
https://doi.org/10.1016/j.brs.2014.02.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Influence of Concurrent Finger Movements on Transcranial Direct Current Stimulation (tDCS)-Induced Aftereffects
	Introduction
	Methods
	Participants
	Transcranial Direct Current Stimulation (tDCS)
	Transcranial Magnetic Stimulation (TMS)
	Experimental Sessions
	Tasks
	Stimulation

	Statistical Analysis

	Results
	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


