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Abstract
Cerebellar transcranial direct current stimulation (ctDCS) modulates the primary motor cortex (M1) via cerebellar brain 
inhibition (CBI), which affects motor control in humans. However, the effects of ctDCS on motor control are inconsistent 
because of an incomplete understanding of the real-time changes in the M1 excitability that occur during ctDCS, which 
determines motor output under regulation by the cerebellum. This study investigated changes in corticospinal excitability and 
motor control during ctDCS in healthy individuals. In total, 37 healthy individuals participated in three separate experiments. 
ctDCS (2 mA) was applied to the cerebellar hemisphere during the rest condition or a pinch force–tracking task. Motor-
evoked potential (MEP) amplitude and the F-wave were assessed before, during, and after ctDCS, and pinch force control 
was assessed before and during ctDCS. The MEP amplitudes were significantly decreased during anodal ctDCS from 13 min 
after the onset of stimulation, whereas the F-wave was not changed. No significant changes in MEP amplitudes were observed 
during cathodal and sham ctDCS conditions. The MEP amplitudes were decreased during anodal ctDCS when combined 
with the pinch force–tracking task, and pinch force control was impaired during anodal ctDCS relative to sham ctDCS. The 
MEP amplitudes were not significantly changed before and after all ctDCS conditions. Motor cortical excitability was sup-
pressed during anodal ctDCS, and motor control was unskilled during anodal ctDCS when combined with a motor task in 
healthy individuals. Our findings provided a basic understanding of the clinical application of ctDCS to neurorehabilitation.

Keywords  Transcranial direct current stimulation · Transcranial magnetic stimulation · Primary motor cortex · Cerebellar 
brain inhibition · Spinal excitability

Introduction

Cerebellar functions play a crucial role in motor con-
trol, contribute to timing and sensory acquisition, and are 
involved in the prediction of the sensory consequences 
of motor performance [1]. Dysfunction of the cerebellum 
and other relevant pathways results in a decreased ability 
to control the upper extremities (e.g., adjusting the pinch 
force during writing and grasping) in patients with stroke 
and neurodegenerative disorders [2]. These impairments 
cause poor abilities of daily living and reduce the quality of 
life of patients [3, 4]. Therefore, a more effective rehabilita-
tion approach is needed to improve motor control ability in 
patients with stroke and neurodegenerative disorders.

Cerebellar transcranial direct current stimulation (ctDCS) 
is a noninvasive approach that is able to alter cerebellar acti-
vation. Animal studies have shown that the current flowing 
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from the cortical surface of the cerebellum excites the cell 
bodies and proximal dendrites of Purkinje cells [5, 6]. This 
cerebellar activation induced by ctDCS modulates cerebel-
lar brain inhibition (CBI), which inhibits or disinhibits the 
primary motor cortex (M1) via the cerebellothalamocortical 
pathway in a polarity-specific manner [7]. Anodal ctDCS 
leads to neuronal membrane depolarization in Purkinje cells, 
resulting in enhanced CBI to the contralateral M1, whereas 
cathodal ctDCS decreases CBI via the hyperpolarization of 
Purkinje cells [7, 8]. CBI changes are associated with motor 
learning and skill acquisition [9, 10]. Thus, ctDCS may be 
an adjunctive tool to facilitate conventional rehabilitation in 
patients with impaired cerebellar function.

However, human studies of ctDCS for motor performance 
paint a mixed picture: some evidence suggests that ctDCS 
improves the maximum isometric voluntary contraction 
force in compound movements [11] and the motor learning 
of overhand throwing [12], whereas others have found that 
ctDCS impairs postural control learning [10] and the choice 
reaction time task [13]. There is increasing evidence that 
ctDCS changes the brain network after stimulation; however, 
the exact manner in which the neural signals are changed 
during ctDCS remains unknown. Understanding such real-
time changes in neural dynamics, in particular the excit-
ability of the M1, which determines the motor output under 
regulation from the cerebellum, is vital for understanding 
the mechanism underlying the effects of ctDCS on motor 
performance.

The most straightforward question regarding the neural 
effect of ctDCS, i.e., whether the brain network is changed 
during ctDCS, remains largely unanswered. A single report 
showed that no changes in corticospinal excitability during 
ctDCS were observed at 5 min after the onset of ctDCS [14], 
whereas no investigation has been conducted beyond 5 min 
of ctDCS. The effects of ctDCS are strongly time depend-
ent [15, 16], as it induces membrane potential shifts via the 
modulation of voltage-dependent Na+ and Ca2+ channels 
over time. In this study, we explored the question of how 
neural signals and motor performance are affected during 
ctDCS as follows: (1) Do corticospinal and spinal excitabili-
ties change during ctDCS in the resting state? (2) How does 
motor control change during ctDCS?

Materials and Methods

Subjects

Thirty-seven healthy adults participated in this study, with 
15 participants in experiment 1, 10 participants in experi-
ment 2, and 30 participants in experiment 3. The sample 
size was determined on the basis of previous studies that 
investigated the effects of ctDCS on neurophysiological 

changes and motor learning [10, 17] via the application of 
G-power [18]. All participants gave written, informed con-
sent to participate in this study. This study was approved by 
the ethics committee of the Tokyo Bay Rehabilitation Hos-
pital (approval number: 251–3). This study was performed 
in accordance with the ethical standards established by the 
Declaration of Helsinki.

General Experimental Procedure

This study used a randomized, double-blind (participants 
and outcome assessor), sham-controlled experimental design 
to minimize the biased assessment of the ctDCS interven-
tion effects. Three experiments were conducted to investi-
gate the changes in cortical excitability, spinal excitability, 
and behavioral learning that occur during ctDCS. In the first 
experiment, we explored the changes in corticospinal excit-
ability using transcranial magnetic stimulation (TMS) to the 
M1 during ctDCS. In the second experiment, we investigated 
the changes in spinal excitability using electrical stimula-
tion of the ulnar nerve during anodal ctDCS. In the third 
experiment, we investigated the changes in skill acquisi-
tion on a pinch force–tracking task and cortical excitability 
during anodal ctDCS. Some subjects participated in two or 
three experiments. To prevent carryover effects from previ-
ous experiments, washout intervals of at least 2 weeks were 
scheduled between experiments. The methods used for each 
experiment are described in detail in the following sections.

Experiment 1: Changes in Corticospinal Excitability During 
ctDCS

Fifteen volunteers (seven women; 24 ± 1 years of age) partic-
ipated in the following three interventions: anodal, cathodal, 
and sham ctDCS for 20 min while resting in three different 
days. The order of the interventions was randomized across 
participants using a computer-generated list. The motor-
evoked potentials (MEPs) were assessed before the stimula-
tion (baseline); at 3 (T3) and 13 (T13) min after the onset of 
the stimulation (online effect); and at 3 min after the end of 
the stimulation (offline effect) (Fig. 1). To prevent carryover 
effects from the previous intervention, washout intervals of 
at least 3 days were applied between sessions.

Cerebellar Transcranial Direct Current Stimulation

ctDCS (2 mA, 20 min) was delivered by a Compact-DC 
Stimulator GD-800 (OG Wellness, Okayama, Japan) con-
nected to a pair of saline-soaked sponge-surface electrodes, 
which each had a surface area of 35 cm2 (5 cm × 7 cm). One 
electrode was placed on the skin over the right cerebellar 
hemisphere (3 cm lateral to the inion of the occipital bone) 
[19]. Another electrode was placed on the left supraorbital 
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region. Electrical field simulations (SimNIBS2 [20]: www.​
simni​bs.​org) with a current strength of 2 mA revealed that 

this electrode arrangement induced an electrical field cov-
ering the medial part of the right cerebellum (mean ± SD, 
0.36 ± 0.13 V/m), as assessed using T1- and T2-weighted 
magnetic resonance imaging brain images of 10 Japanese 
healthy subjects (five women; 28 ± 5 years of age) (Fig. 2). 
This mean electrical field value in the cerebellar region 
might exceed 0.2 V/m, which is necessary for the activation 
of neurons in the cerebellum [21]. The current was ramped 
up to 2 mA over a 15-s period, and a descending current 
ramp was used at the end of the stimulation period. For sham 
ctDCS, the current was turned off after 15 s, to mimic the 
transient skin sensation felt at the beginning of direct cur-
rent delivery.

Electromyography (EMG)

Participants sat comfortably in a chair with their forearms 
and hands relaxed on a pillow that was placed on their thigh. 
EMG was recorded via Ag/AgCl-plated surface electrodes 
(diameter, 1 cm). The active electrode was positioned on 
the muscle belly of the right first dorsal interosseous (FDI) 
muscle. The reference electrode was placed on the first 
metacarpophalangeal joint. EMG signals were recorded at 
a sampling rate of 5 kHz using a Neuropack MEB-2200 
instrument (Nihon Kohden, Tokyo, Japan) through filters set 
at 10 Hz and 1 kHz. EMG signals were stored on a computer 
for later analysis using the LabVIEW software (National 
Instruments Inc., Austin, TX, USA).

TMS

TMS was delivered through a figure-eight-shaped coil (9-cm 
diameter loops) connected to a Magstim 200 stimulator 
(Magstim Company, Whitland, Dyfed, UK). The TMS coil 

Fig. 1   Procedure used in experiments 1, 2, and 3. The motor-evoked 
potential (MEP) amplitudes in experiment 1 and F-waves in experi-
ment 2 were measured a total of four times; before ctDCS (baseline), 
at 3 (T3) and 13 (T13)  min after the onset of stimulation during 
20 min of ctDCS, and at 3 min after the end of the stimulation (post), 
respectively. In experiment 3, the participants perform a tracking task 
(TASK) using controlled pinch force during ctDCS. MEP amplitudes 
and root mean square error (RMSE) were measured. MEP amplitudes 
were assessed six times: before ctDCS (baseline); at 3 (T3), 8 (T8), 
13 (T13), and 18 (T18) min after the onset of stimulation during the 
20 min of ctDCS; and at 3 min after the end of the stimulation (post). 
RMSE was assessed before ctDCS (baseline) and at 0 (T0), 5 (T5), 10 
(T10), and 15 (T15) min after the onset of the stimulation during the 
20 min of ctDCS

Fig. 2   a: Position of the elec-
trode attachment. One electrode 
was placed on the skin over 
the right cerebellar hemisphere 
(3 cm lateral to the inion of the 
occipital bone), and another 
electrode was placed on the left 
supraorbital region. b: Repre-
sentative diagram of the electric 
field simulation

http://www.simnibs.org
http://www.simnibs.org
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was positioned over the right FDI hotspot, at 45° away from 
the midline, to induce a posterior-to-anterior-directed cur-
rent in the underlying M1. The hotspot was determined on 
the basis of the induction of the largest MEP amplitudes in 
the right FDI at rest. The stimulus intensity was set to pro-
duce 1-mV MEP amplitudes during the resting condition 
at the beginning of the experiment [7]. This intensity was 
maintained throughout the experiment. Fifteen stimuli were 
delivered every 5 ± 0.5 s at each testing time point.

Experiment 2: Changes in Spinal Excitability During Anodal 
ctDCS

Ten volunteers (five women; 24 ± 2 years of age), four of 
whom had participated in experiment 1, participated in both 
the anodal and sham ctDCS intervention for 20 min while 
resting on two different days. The order of the interventions 
was randomly decided across participants using a computer-
generated list. The parameters for ctDCS applied to the cer-
ebellum were the same as those described in experiment 1. 
The F-wave was assessed before the stimulation (baseline), 
at 3 (T3) and 13 (T13) min after the onset of the stimulation 
(online effect), and at 3 min after the end of the stimula-
tion (offline effect), which was the same protocol as that 
described in experiment 1 (Fig. 1).

F‑wave

Electrical stimulation (0.1 ms) was delivered to the ulnar 
nerve on the wrist via a pair of disk electrodes [22]. The 
cathode electrode was placed proximally [23]. The stimu-
lus intensity was adjusted to 120% of the maximal muscle 
response (M-max) of the FDI muscle [22]. Twenty stimuli 
were delivered every 1 s at each time point. To normalize 
the amplitude of the F-wave, the F/M amplitude ratio was 
calculated by dividing by the peak-to-peak amplitude of the 
M wave when the maximal stimulation was delivered to the 
motor nerve [24, 25]. F-wave persistence, which represents 
the percentage of F-wave responses out of 20 stimulations, 
was also calculated. The F-wave was considered present 
when the response had a peak-to-peak amplitude of at least 
20 μV [26]. Electrical stimulation and recording and the 
analysis of the F-wave were conducted using a Neuropack 
MEB-2200 instrument.

Experiment 3: Changes in Skill Acquisition on a Pinch 
Force–Tracking Task and Cortical Excitability During Anodal 
ctDCS

Thirty volunteers (15 women; 24 ± 2 years of age; eight 
of whom had participated in experiment 1 only, three of 
whom had participated in experiment 2 only, and three 
of whom had participated in experiments 1 and 2) were 

randomly allocated to the anodal or sham ctDCS group using 
a computer-generated list. The settings of ctDCS were the 
same as those described in experiments 1 and 2. The par-
ticipants performed the tracking task during anodal or sham 
ctDCS. Moreover, they were instructed to perform a 2-min 
trial tracking task (total of five sets) before the stimulation 
(baseline) and at 0 (T0), 5 (T5), 10 (T10), and 15 (T15) min 
after the onset of the stimulation. In the assessment of corti-
cal excitability, we increased the testing time point com-
pared with that in experiment 1 because we predicted that 
the changes in MEP amplitudes would occur earlier when a 
motor skill task was combined with ctDCS [27, 28]. Thus, 
MEP amplitudes were assessed while resting before the 
stimulation (baseline); at 3 (T3), 8 (T8), 13 (T13), and 18 
(T18) min after the onset of the stimulation (online effect); 
and at 3 min after the end of the stimulation (offline effect) 
(Fig. 1).

Tracking Task

Participants were comfortably seated on a chair with their 
forearms relaxed on a pillow that was placed on their thigh. 
They performed a pinch force–tracking task using the thumb 
and index finger [29–32]. The participants were instructed to 
adjust the pinch force to match the cursor (a dot) with sinu-
soidal waves displayed on the monitor as accurately as pos-
sible by changing the pinch force (Fig. 3). The cursor moved 
automatically from left to right in the monitor. Moreover, 
the cursor moved upward on the monitor when the pinch 
force was increased and downward when the pinch force 
was decreased. The amplitude of the sinusoidal waves is set 
to a range from 0 to 10% of the maximal pinch force. It took 
40 s for the cursor to move from the left to the right edge 
of the monitor (one set). The participants were instructed 
to perform three consecutive sets in a trial (total of 2 min). 
The pattern of sinusoidal waves displayed on the monitor 
was the same in all trials. The participants were provided 
with visual feedback showing their accuracy rates promptly 
after the completion of a trial. The root mean square error 
(RMSE) was used as an accuracy index corresponding to 
the differences between the target-tracking waveform and 
the position of the dot. To compare changes in the accuracy 
rates, the RMSE recorded during ctDCS was divided by the 
RMSE recorded at the baseline. A decrease in the RMSE 
ratio implies that the task was performed more accurately. 
The tracking tasks were performed using a custom-writ-
ten computer program in the LabVIEW software ver. 7.1 
(National Instruments Corp., Austin, TX, USA).

Statistical Analysis

The Shapiro–Wilk test was used to assess whether all data 
were normally distributed.
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For experiment 1, a two-way repeated-measures analy-
sis of variance (ANOVA) using the factors of polarity of 
the stimulus (anodal, cathodal, or sham ctDCS) and time 
points (baseline, T3, and T13) was performed to investi-
gate the real-time changes in MEP amplitudes during each 
polarity type of the stimulus. A two-way repeated-meas-
ures ANOVA using the factors of polarity of the stimulus 
(anodal, cathodal, or sham ctDCS) and time points (base-
line and 3 min after the onset of the stimulation) was also 
performed to assess the after-effects of the polarity of the 
stimulus on MEP amplitudes.

For experiment 2, a two-way repeated-measures ANOVA 
using the factors of polarity of the stimulus (anodal or sham 
ctDCS) and time points (baseline, T3, and T13) was per-
formed to investigate the changes in F/M amplitude ratio 
and F-wave persistence during each polarity of the stimulus. 
A two-way repeated-measures ANOVA using the factors of 
polarity of the stimulus (anodal or sham ctDCS) and time 
points (baseline and 3 min after the onset of the stimulation) 
was also performed to assess the after-effects of the polarity 
of the stimulus on two indicators of the F-wave.

For experiment 3, to investigate whether anodal ctDCS 
and the motor skill task affect the changes in MEP ampli-
tudes that occur during the stimulation, a two-way ANOVA 
with a split-plot factorial design, including the factor of 
groups (anodal or sham ctDCS group) and time points (base-
line, T3, T8, T13, and T18), was used. A two-way ANOVA 
with a split-plot factorial design to analyze the effects of 
group (anodal or sham ctDCS group) and time points (base-
line and 3 min after the end of the stimulation) was also used 
to assess the after-effects of anodal ctDCS and the motor 
skill task on MEP amplitudes. To confirm the occurrence of 

motor learning after the tracking task (the change in RMSE 
ratio), a two-way ANOVA with a split-plot factorial design, 
including the groups (anodal or sham ctDCS group) and 
time points (T0, T5, T10, an T15), was used.

For post hoc comparisons, t-tests with Bonferroni adjust-
ments for multiple comparisons were performed to analyze 
the results of all data gathered in experiments 1, 2, and 3. 
Results with P values < 0.05 were considered statistically 
significant for all analyses. Statistical analyses were per-
formed using IBM SPSS 27.0 for Windows (IBM Corp., 
New York, NY, USA).

Results

Experiment 1: Changes in Corticospinal Excitability 
During ctDCS

The baseline values of the MEP amplitudes did not dif-
fer significantly among the conditions [F(2, 28) = 0.374, 
P = 0.691].

Anodal ctDCS decreased the MEP amplitudes during 
the stimulation, whereas cathodal and sham ctDCS had no 
effect on the MEP amplitudes (Fig. 4). These results were 
supported by a statistically significant interaction between 
polarity and time [F(4, 56) = 2.59, P = 0.046]. No significant 
main effect of polarity [F(2, 28) = 0.933, P = 0.405] and time 
[F(2, 28) = 0.248, P = 0.782] was observed. Post hoc analyses 
revealed that anodal ctDCS significantly decreased MEP 
amplitudes at T13 compared with the baseline (P = 0.008). 
Regarding the comparison between before and after 
the stimulation, no significant interaction was observed 

Fig. 3   Pinch force–tracking 
task. Participants performed the 
task of matching the automati-
cally moving cursor from left to 
right against the sigmoid curve 
using a pinch force transducer. 
They were instructed to control 
the vertical movement of the 
cursor by adjusting the pinch 
force. The tracking tasks con-
sisted of five sets of 2-min trials 
(one time before ctDCS and 
four times during ctDCS)
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between polarity and time [F(2, 28) = 2.635, P = 0.089]. 
Moreover, there was no significant main effect of polar-
ity [F(2, 28) = 0.712, P = 0.499] and time [F(1, 14) = 0.079, 
P = 0.783].

Experiment 2: Changes in Spinal Excitability During 
Anodal ctDCS

Anodal and sham ctDCS had no effect on the F/M ampli-
tude ratio and F-wave persistence (Table 1). No significant 
interactions [F/M amplitude ratio: F(2, 18) = 1.116, P = 0.349; 
F-wave persistence: F(2, 18) = 0.612, P = 0.553] were observed 
during the stimulation. There were no significant main 
effects of polarity [F/M amplitudes: F(1, 9) = 0.486, P = 0.503; 
F-wave persistence: F(1, 9) = 0.357, P = 0.565] and time [F/M 
amplitude: F(2, 18) = 3.278, P = 0.061; F-wave persistence: 
F(2, 18) = 0.055, P = 0.946] during the stimulation.

Regarding the comparison between before and after 
the stimulation, we did not find significant interactions 
between the F/M amplitude ratio [F(1, 9) = 0.493, P = 0.500] 

and the F-wave persistence [F(1, 9) = 0.086, P = 0.777]. 
Moreover, there were no significant main effects of polarity 
[F/M amplitude: F(1, 9) = 0.388, P = 0.549; F-wave persis-
tence: F(1, 9) = 0.433, P = 0.527] and time [F/M amplitude: 
F(1, 9) = 2.919, P = 0.122] before and after the stimulation. 
A significant main effect of time was found on the F-wave 
persistence [F(1, 9) = 9.553, P = 0.013].

Experiment 3: Changes in Cortical Excitability 
and Skill Acquisition on the Pinch Force–Tracking 
Task During Anodal ctDCS

No significant difference between the anodal and sham 
ctDCS groups was observed regarding the MEP amplitudes 
at the baseline (P = 0.255).

Anodal ctDCS decreased the MEP amplitudes rela-
tive to sham ctDCS during the stimulation (Fig. 5). These 
results were qualified by a statistically significant interac-
tion between group and time [F(4, 112) = 3.356, P = 0.012]. A 
significant main effect of group was found [F(1, 28) = 11.197, 
P = 0.002], whereas no main effect of time was observed 
[F(4, 112) = 0.054, P = 0.994]. Post hoc analyses revealed 
that the MEP amplitudes in the anodal ctDCS group were 
significantly lower at T8, T13, and T18 compared with 
those in the sham ctDCS group (P = 0.018, P = 0.007, and 
P < 0.001, respectively). Regarding the MEP amplitude 
changes observed before and after the stimulation, no signifi-
cant interactions [F(1, 28) = 0.314, P = 0.580] or main effects 
[group: F(1, 28) = 1.368, P = 0.252; time: F(1, 28) = 1.046, 
P = 0.315] were detected.

There was no significant difference in RMSE between the 
two groups at the baseline (P = 0.362). Regarding the change 
in the RMSE ratio, no significant interactions between group 

Fig. 4   Individual plots of MEP amplitudes before (baseline) and dur-
ing anodal, cathodal, and sham ctDCS (T3, T13) in experiment 1. 
The horizontal lines represent the mean. The open circles indicate the 
anodal ctDCS condition, the filled circles indicate the cathodal ctDCS 
condition, and the filled triangles indicate the sham ctDCS condition. 
The asterisks indicate significant differences between time courses 
(P < 0.05)

Table 1   Changes in the F/M amplitude ratio and F-wave persistence 
over time in both conditions (anodal and sham ctDCS)

Data are presented as the mean ± standard deviation. No interaction 
effects were observed during and after ctDCS regarding both the F/M 
amplitude ratio and F-wave persistence

F/M amplitude ratio [%] F-wave persistence [%]

Anode Sham Anode Sham

Baseline 0.76 ± 0.4 0.78 ± 0.4 40.0 ± 12 43.5 ± 11
T3 1.03 ± 0.5 0.84 ± 0.5 40.0 ± 17 44.0 ± 19
T13 0.92 ± 0.3 0.87 ± 0.6 42.0 ± 13 40.0 ± 19
Post 0.90 ± 0.5 1.03 ± 0.8 46.5 ± 14 48.0 ± 17

Fig. 5   Individual plots of MEP amplitudes before (baseline) and dur-
ing anodal and sham ctDCS with a tracking task (T3, T8, T13, and 
T18) in experiment 3. The MEP amplitudes were recorded at rest. 
The horizontal lines represent the mean. The open circles indicate the 
anodal ctDCS group, and the filled triangles indicate the sham ctDCS 
group. The asterisks indicate significant differences between two 
groups (P < 0.05)
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and time were observed [F(3, 84) = 0.250, P = 0.861]. Con-
versely, significant main effects of group [F(1, 28) = 7.421, 
P = 0.011] and time [F(3, 84) = 50.749, P < 0.001] were iden-
tified. These results indicated that the skill acquisition on 
the pinch force–tracking task was decreased during anodal 
ctDCS, because no difference in RMSE was observed 
between the two groups at the baseline, whereas a significant 
main effect of the group on the RMSE ratio was detected 
(Fig. 6).

To elucidate the relationship between motor control abil-
ity changes and physiological changes in each group, Pear-
son correlation analysis was employed to analyze the rela-
tionship between the RMSE ratio at T15 and the change in 
MEP amplitude (T18/baseline); however, no significant cor-
relations between RMSE ratio and changes in MEP ampli-
tudes were observed in the anodal ctDCS group (r =  − 0.25, 
P = 0.37) or sham ctDCS group (r =  − 0.18, P = 0.51).

Discussion

The present study was the first to reveal changes in cor-
ticospinal excitability and motor control during ctDCS in 
healthy persons. Our main findings were as follows: (1) cor-
ticospinal excitability was decreased during anodal ctDCS, 
whereas spinal excitability was not changed; (2) corti-
cospinal excitability was decreased during anodal ctDCS 
combined with a motor task, and motor control ability was 
unskilled during anodal ctDCS relative to sham ctDCS; 
and (3) no changes in corticospinal and spinal excitabili-
ties were observed after ctDCS. These results indicate that 
anodal ctDCS enhances the inhibition from the cerebellum 
to the M1 and of an unskilled motor control task during the 

simulation. Our findings provided important fundamental 
insights into the understanding of the mechanism and clini-
cal application of ctDCS for neurorehabilitation.

tDCS can modify neuronal membrane polarity and, thus, 
the action potential generation through the activation of 
voltage-gated presynaptic and postsynaptic Na+ and Ca2+ 
channels, which causes increased presynaptic release of 
excitatory neurotransmitters and postsynaptic calcium influx 
[33, 34]. Thus, in this study, depolarization of the resting 
membrane potential of Purkinje cells in the cerebellum 
might have enhanced the inhibition from the cerebellum to 
the M1 via the CBI pathway [7, 8, 10, 35–38], whereas cor-
ticospinal excitability was decreased during anodal ctDCS. 
However, the activation of other brain regions (e.g., sen-
sorimotor and dorsal attention networks) by anodal ctDCS 
may also be involved [39]. Conversely, our results showed 
that spinal excitability was not altered during anodal ctDCS. 
These results emphasize the contention that anodal ctDCS 
strongly modulates the corticospinal tract via cortical excit-
ability changes afforded by the enhancement of the CBI 
pathway, rather than other pathways, such as the reticulo-
spinal or rubrospinal tract or both.

No significant changes in corticospinal excitability were 
observed during cathodal ctDCS. The reason for this may be 
that the strength of the electric field generated in the brain 
varies with polarity [40–42]. It has been reported that anodal 
tDCS produces stronger electric fields around the stimula-
tion site than cathodal tDCS [41, 42]. In fact, previous stud-
ies reported that anodal ctDCS, but not cathodal ctDCS, 
changes corticospinal excitability [10], pain threshold [43], 
and motor skill learning [44]. Therefore, it is possible that 
the electric field might not have been sufficient to modulate 
Purkinje cells during cathodal ctDCS in this study. Further 
studies are warranted to examine the effect of stimulus inten-
sity on corticospinal excitability during ctDCS [45].

A decrease in cortical excitability was observed from 
13 min after the onset of anodal ctDCS in experiment 1. This 
change in excitability over time may be time-dependent [15]. 
This may be induced by increased membrane potential shifts 
during anodal tDCS, which cause increased modulation of 
voltage-dependent Na+ and Ca2+ channels over time [15, 16, 
27, 46, 47]. In contrast, a previous study reported that no 
significant change in corticospinal excitability was observed 
at 5 min after the onset of anodal ctDCS (online effect) 
[14]. Thus, the change in corticospinal excitability during 
observed ctDCS was induced at least 13 min after the onset 
of the stimulation. In contrast, no changes in corticospinal 
excitability were observed after anodal ctDCS. It has been 
reported that tDCS induces synaptic plasticity because of 
increased neurotransmitter efficiency by the modulation of 
glutamatergic and GABAergic neuron receptors [33, 48, 49]. 
In the present study, however, synaptic plasticity in the cer-
ebellum might have been enhanced by anodal ctDCS, with 

Fig. 6   Individual plots of the RMSE ratio during the tracking task 
in experiment 3. The RMSE ratio was calculated using the RMSE 
recorded during ctDCS at T0, T5, T10, and T15 divided by the 
RMSE recorded at the baseline. The horizontal lines represent the 
mean. The open circles indicate the anodal ctDCS group, and the 
filled triangles indicate the sham ctDCS group. A main effect of 
polarity was observed (P < 0.05)
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no synaptic plasticity occurring in the CBI pathway [7, 8, 
46]. Previous studies have found an increase in CBI without 
changes in corticospinal excitability after anodal ctDCS [7, 
8]. Those results support our findings and speculations that 
M1 excitability was strongly modulated via CBI only during 
anodal ctDCS.

The modulation effect of ctDCS on physiological changes 
after an onset time of 13 min is a novel finding. A previ-
ous study examining changes in CBI after ctDCS reported 
that the CBI pathway was modulated by 15 min of ctDCS 
[8]. However, there are no existing reports on the effects 
of ctDCS on physiological changes with stimulation less 
than 15 min. In experiment 1 of the present study, MEP 
amplitudes were only assessed at 3 min and 13 min after the 
onset of ctDCS; thus, we cannot rule out that MEP ampli-
tude changes might occur before 13 min. Future studies are 
thus needed to investigate the effects of ctDCS duration on 
physiological changes.

On the basis of the results of experiment 1, we hypoth-
esized that the decrease in M1 during anodal ctDCS impairs 
fine motor skill training. In fact, the motor skill on the visu-
omotor force–tracking task was diminished in the anodal 
ctDCS group. The M1 excitability increases during the 
initial process of the motor skill learning of distal control 
[50–52]. In this process, motor skill learning proceeds by 
controlling the M1 overactivity via CBI [53, 54]. The results 
of experiment 3 showed that the corticospinal excitability 
was reduced in the anodal ctDCS combined with motor 
task group compared with the sham ctDCS group. There-
fore, the excessive suppression of M1 excitability during 
anodal ctDCS might impair fine motor skill in young healthy 
individuals.

No significant correlations were observed between motor 
performance changes and M1 excitability changes in the 
anodal or sham ctDCS group. A previous study reported 
that motor control ability changes in postural control after 
ctDCS were positively correlated with changes in CBI [10]. 
Thus, changes in CBI may be related to motor performance, 
whereas changes in M1 excitability, which is an indirect 
indicator of ctDCS effects, might not be directly related to 
motor performance.

Considering our findings of suppressed motor cortical 
excitability, anodal ctDCS could be used to improve the 
symptoms of dystonia. Dystonia is a neurological disor-
der in which involuntary muscle contractions occur due to 
M1 overexcitability caused by impairment of CBI [55]. A 
previous study showed that anodal ctDCS improved CBI 
and motor control of the hands in patients with dystonia 
[37]. Therefore, our findings led us to speculate that anodal 
ctDCS during motor training could improve motor dysfunc-
tion in patients with dystonia. Similarly, other patients with 
impaired CBI (e.g., patients with spinocerebellar degenera-
tion or cerebellar infarction) may benefit from anodal ctDCS.

Another widely used noninvasive brain stimulation tech-
nique termed repetitive TMS (rTMS) has been shown to 
modulate the cerebellum and CBI pathway. Although rTMS 
has better spatial and temporal resolution, ctDCS has some 
advantages over rTMS, such as longer-lasting modulatory 
effects on cortical excitability induced by the membrane 
potential shift [56]. In addition, ctDCS is cheaper, safer, and 
simpler to apply as a part of rehabilitation. Thus, ctDCS may 
serve as a potential tool to facilitate neurorehabilitation.

This study had several limitations. First, it was lim-
ited by its small sample size, even though the sample size 
was determined using a power analysis. Some less robust 
results should be interpreted carefully, especially within 
the boundaries of our small sample size. Second, it was 
unclear whether our findings on the disturbance of motor 
performance by ctDCS can be extended to other types of 
motor performance. Previous studies have reported that 
anodal ctDCS improves the adaptation of whole-arm reach 
movements in a visuomotor rotation task [17], whereas that 
of hand and finger movements was disrupted [13, 57] or 
unchanged [17, 58–60]. Thus, it is necessary to investigate 
the type of motor tasks that would be effective in combi-
nation with anodal ctDCS. Third, other ctDCS parameters 
(e.g., stimulus intensity) could make the results of this study 
more powerful. It was previously reported that 2 mA ctDCS, 
rather than 1 mA ctDCS, induced long-lasting plasticity in 
the CBI pathway [7]. Therefore, future studies are needed to 
investigate different ctDCS parameters (e.g., higher stimu-
lus intensity). Fourth, the present study only investigated 
the effects observed during and immediately after a single 
session of ctDCS. It was reported that a single session of 
ctDCS with motor tasks enhances the transfer learning of 
fine motor sequences after 24 h in healthy individuals [61], 
and it was also noted that repeated sessions of ctDCS might 
yield greater and clinically relevant benefits. Thus, ctDCS 
combined with motor practice might produce long-term 
clinically relevant results. Further studies are necessary to 
identify the long-term effects of a single session or repeated 
sessions of ctDCS.

Conclusion

The present study showed that motor cortical excitability 
was decreased during anodal ctDCS and that the motor con-
trol ability was unskilled during anodal ctDCS when com-
bined with a motor task. These results suggest that anodal 
ctDCS enhances the inhibition from the cerebellum to the 
M1 and affects the motor control ability during the simula-
tion in healthy individuals. Our findings provide the basic 
understanding that is necessary for the clinical application of 
ctDCS to neurorehabilitation. Further studies are warranted 
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to clarify the clinical application of ctDCS in the context of 
neurological disorders.
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