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Recent non-invasive brain stimulation techniques in combination with motor training
can enhance neuroplasticity and learning. It is reasonable to assume that such
neuroplasticity-based interventions constitute a useful rehabilitative tool for patients with
Parkinson’s Disease (PD). Regarding motor skill training, many kinds of tasks that do not
involve real motor movements have been applied to PD patients. The purpose of this
study is to elucidate whether motor skill training using mirror visual feedback (MVF) is
useful to patients with PD in order to improve untrained hand performance dependent
on the time course of training; and whether MVF combined with anodal transcranial
direct current stimulation (tDCS) over primary motor cortex (M1) causes an additional
effect based on increased motor cortical excitability. Eighteen right-handed patients with
PD in the off-medication state and 10 age-matched healthy subjects (HS) performed
four sessions of right-hand ball rotation using MVF (intervention) on two separate
days, 1 week apart (day 1 and day 2). HS subjects received only sham stimulation.
The intervention included four sessions of motor-skill training using MVF for 20 min
comprised of four sets of training for 30 s each. PD patients were randomly divided
into two intervention groups without or with anodal tDCS over the right M1 contralateral
to the untrained hand. As the behavior evaluation, the number of ball rotations of the
left hand was counted before (pre) and immediately after (post) intervention on both
days (pre day 1, post day 1, pre day 2, and post day 2). Motor evoked potential (MEP),
input-output function, and cortical silent period were recorded to evaluate the motor
cortical excitatory and inhibitory system in M1 pre day 1 and post day 2. The number of
ball rotations of the left hand and the facilitation of MEP by intervention were significantly
impaired in patients with PD compared to HS. In contrast, if anodal tDCS was applied to
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right M1 of patients with PD, the number of ball rotations in accordance with I-O function
at 150% intensity was significantly increased after day 1 and retained until day 2. This
finding may help provide a new strategy for neurorehabilitation improving task-specific
motor memory without real motor movements in PD.

Keywords: neuroplasticity, mirror visual feedback, rehabilitation, Parkinson’s disease, transcranial direct
current stimulation

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder and
some of its pathophysiology are related to the disruption
in the dopaminergic system and the altered basal ganglia
(BG)-thalamocortical circuitry (DeLong, 1990). Many kinds of
rehabilitation which do not involve real motor movements have
been applied to PD patients (Abbruzzese et al., 2015). In a motor
imagery task, motor cortical excitability, and brain activation
areas during hand action imagination were reduced and altered
in PD patients (Thobois et al., 2000; Tremblay et al., 2008;
Castiello et al., 2009). However, action observation training
of finger movements improved the spontaneous rate of finger
movements in PD patients (Pelosin et al., 2013). Moreover,
PD patients showed action observation related facilitation of
grasping movement only when the model was a Parkinsonian
subject (Castiello et al., 2009). Based on these findings, fine visual
input seems to be important for the improvement of motor
dysfunction in PD patients without real motor training.

Mirror visual feedback (MVF) was first reported by
Ramachandran et al. (1995) to alleviate phantom limb pain
in amputees (Ramachandran et al., 1995). Since then, MVF
has been successfully applied in patients with motor deficits
especially due to stroke; motor training of the unimpaired
limb with its MVF superimposed over the paretic limb led to a
remarkable recovery (Altschuler et al., 1999; Yavuzer et al., 2008).
Several studies have focused on the neural mechanisms that
underlie the effects of MVF. Functional imaging studies have
shown that the neural network related to MVF was attributed
to the M1 and other motor-related areas such as premotor
cortex and posterior superior temporal sulcus (Giraux and
Sirigu, 2003; Sasaki et al., 2012). Nojima et al. (2012, 2015)
found that motor-skill training using MVF rather than action
observation induced the facilitation of motor cortical excitability
in the M1 contralateral to the untrained hand. Recently, it
was reported that self-paced sequential finger tapping related
MVF increased hand speed as a factor of bradykinesia and
the motor cortical excitability in PD patients (Bonassi et al.,
2016). Thus, MVF intervention targeting the most clinically
affected (severe) untrained side may have a beneficial effect on
the acquisition of new motor skills related to increased motor
cortical excitability in PD patients.

Non-invasive brain stimulation techniques have been shown
to modulate brain processing and thereby influence behavior (Di
Pino et al., 2014). The application of anodal tDCS over cortex

Abbreviations: APB, abductor pollicis brevis; tDCS, transcranial direct current
stimulation.

can facilitate the excitability and anodal tDCS in combination
with various kinds of motor training results in excitability
changes in the human sensory and motor cortices (Nitsche and
Paulus, 2000, 2011; Nitsche et al., 2003; Grundmann et al.,
2011; Nitsche, 2011). It has also been reported that anodal
tDCS enhances neuroplasticity and learning in older individuals
and patients with stroke (Kang et al., 2016). Recently, in both
aged and younger healthy subjects, motor skill training using
MVF combined with anodal tDCS improved the dexterity
of the untrained hand, compared to sham stimulation (Hoff
et al., 2015; von Rein et al., 2015). Transcranial Magnetic
Stimulation (TMS) is another technique of non-invasive brain
stimulation and provide information on the conductivity of
corticospinal neurons and the excitatory and inhibitory systems
in the primary motor cortex (Cantello et al., 1991, 1992;
Ridding and Rothwell, 1997).

Based on these studies, it is not yet known whether motor
skill training using MVF is useful to patients with PD in order
to improve untrained hand performance dependent on the time
course of training; and whether MVF combined with anodal
tDCS over M1 causes an additional effect based on increased
motor cortical plasticity in PD. To elucidate this, we firstly
applied motor skill training using MVF (intervention) to patients
with PD and age matched healthy subjects. Then we secondly
applied intervention combined with tDCS over M1 contralateral
to the untrained hand in patients with PD.

MATERIALS AND METHODS

Subjects
Eighteen patients with PD (mean age ± SD: 70.6 ± 5.4 years,
8 male and 10 female) and 10 age-matched healthy subjects
(HS) (mean age ± SD: 68.1 ± 5.6 years, 7 male and 3
female) participated in the study. All of the patients fulfilled
the United Kingdom Brain Bank Criteria (Hughes et al., 1992)
and corresponded to categories 2 or 3 of the Modified Hoehn
and Yahr Scale in the off-medication state. In order to control
hand laterality, we recruited right-handed subjects according to
the Edinburgh Inventory (Oldfield, 1971). In addition, in all
PD patients the left side was the most affected (Table 1); as
they performed the motor-skill training using MVF, the better
performance of the right hand was used. Therefore, it was needed
for them to rotate the ball more than twice especially on the
right side. Moreover, even though in their affected left side,
since we evaluated the number of the ball rotation, we excluded
the patients who were not able to rotate the ball at all. All
patients were evaluated after being off-medication (levodopa
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TABLE 1 | Clinical profile of patients with Parkinson’s disease.

Patient Age
(years)

Gender Duration
(years)

Condition Affected
side

Yahr UPDRS
part 3

UPDRS (item 20–25)
Affected/unaffected

side

Subtype LEDD
(mg/days)

1 76 F 4 Real Left 2 19 8/3 Tremor 200

2 64 M 3 Real Left 3 26 8/4 Akinesic-rigid 200

3 74 F 4 Real Left 2 12 3/2 Akinesic-rigid 175

4 68 M 5 Real Left 2 19 5/3 Tremor 300

5 69 F 8 Real Left 3 9 6/3 Akinesic-rigid 350

6 78 F 11 Real Left 3 7 4/0 Akinesic-rigid 559

7 69 F 8 Real left 3 9 6/3 Akinesic-rigid 350

8 68 F 2 Real left 2 6 4/2 Akinesic-rigid 200

9 76 F 13 Real left 3 10 3/1 Akinesic-rigid 582

10 78 M 8 Sham left 3 28 8/4 Tremor 100

11 68 F 10 Sham left 3 25 7/6 Akinesic-rigid 75

12 69 F 7 Sham left 3 23 5/4 Akinesic-rigid 125

13 70 F 1 Sham left 3 9 3/2 Tremor 200

14 74 M 4 sham left 3 19 8/3 Akinesic-rigid 300

15 69 F 9 Sham left 3 9 4/2 Akinesic-rigid 674

16 72 M 2 Sham left 2 6 3/0 Akinesic-rigid 250

17 60 M 4 Sham left 3 17 7/3 Akinesic-rigid 50

18 76 M 13 Sham left 3 18 6/5 Akinesic-rigid 490

Yahr: Hoehn and Yahr, UPDRS: Unified Parkinson’s Disease Rating Scale.

replacement) for 12 h. The motor function of the patients in the
off-medication state was assessed in accordance with the motor
section of the Unified Parkinson’s Disease Rating Scale (UPDRS).
The clinical subtype of akinesic-rigid and tremor dominant were
diagnosed based on previous paper by two neurologists (Lewis
et al., 2005). The Mini-Mental State Examination (MMSE) and
the Frontal Assessment Battery (FAB) (Dubois et al., 2000) were
also performed. Attention and fatigue were assessed with the
visual analog scale questionnaire (Attention scale, 1–7: 1, no
attention; 7, highest level of attention) and the Chalder fatigue
scale (Chalder et al., 1993) after the experiment on both days. All
of the subjects provided written informed consent according to
the dictates of the Nagoya City University Hospital Trust Ethics
Committee (protocol number 46-13-0004). The experimental
procedure was conformed to the Ethics of the World Medical
Association (Declaration of Helsinki) and was approved by the
university hospital medical information network in Japan. All
methods were carried out in accordance with relevant guidelines
and regulations.

Experimental Procedure
All HS were recruited to a sham stimulation group. Although it
should be interesting to look for any tDCS-induced change also
in HS, the previous paper had already reported the effect of tDCS
to the motor skill learning related to the same ball rotation task
using mirror visual feedback in HS (Hoff et al., 2015; von Rein
et al., 2015). Therefore, we plan the protocol of the real tDCS
stimulation only to PD. In PD, eighteen patients were randomly
divided to tDCS (mean age ± SD: 70.4 ± 6.0 years, 3 male
and 6 female) and sham stimulation groups (mean age ± SD:
70.8± 5.0 years, 5 male and 4 female). The experimenter who do
not perform the intervention and evaluation randomly assigned

patient using a random number by Excel software. Since Nojima
et al. (2012) reported that the number of ball rotations of left hand
increased significantly after the intervention of mirror condition
but non-mirror group in HS, we did not apply the non-mirror
condition to the PD in this study. To elucidate the effect of
motor skill training using MVF dependent on the time course,
the intervention was performed on two separate days (day 1 and
day 2), 1 week apart (Figure 1A). The intervention included four
sessions of motor-skill training using MVF for 20 min which was
comprised of four sets of training for 30 s each with 30 s of rest
between each trial and 90 s rest in final part (Figure 1A). Since
the intervention consisted of four sessions of motor-skill training
using MVF for 20 min, patients were applied either tDCS or sham
stimulation during total time of intervention (Figures 1B,C).

The behavior evaluation session was performed before (pre)
and immediately after (post) intervention on both days (pre day
1, post day 1, pre day 2, and post day 2). In the evaluation
session, the motor performance of the left hand was scored using
the number of rotations of the two balls performed over 30 s,
recorded throughout the evaluation session using a video camera
and analyzed offline by a researcher. The mean maximal pinching
force (PF) between the index finger and the thumb at five times
the pinch gauge (in kgf) and the UPDRS (motor) score were also
assessed. Attention and fatigue were assessed after each day (post
day 1 and post day 2). The transcranial magnetic stimulation
(TMS) measurements included the mean motor-evoked potential
(MEP) amplitudes, input-output (I-O) function, and the mean
silent period (SP) of the left APB, recorded twice (pre day 1
and post day 2). It took much time when TMS measurements
were performed in four time points in PD, which may affect
the behavioral data because of sever fatigue. Moreover, our main
purpose is to clarify whether this total intervention can produce
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FIGURE 1 | Experimental procedure. (A) The motor skill training was performed twice on two separate days (days 1 and 2) 1 week apart. The subjects underwent
intervention over the right M1 for 20 min on each day. They performed four sessions of the behavioral task which comprised four sets of motor training for 30 s and
rest for 30 s between each trial and 90 s rest in final part. The behavioral evaluation sessions were performed before and after the intervention on each day. The TMS
evaluation was performed before day 1 and after intervention on day 2. (B) The ball-rotation task involved rotating two cork balls as fast as possible in a
counterclockwise direction using the right hand. In PD, subjects were randomly divided the groups with tDCS or sham stimulation over the right M1. (C) For
motor-skill training using MVF, the subjects placed both hands inside a box made of paper and mirrored glass, and performed the above behavioral task using their
right hand.

the change of motor cortical systems in PD. Therefore, we
evaluated subject’s cortical excitatory and inhibitory systems by
means of TMS only two time points. All of the data were stored
on a computer, and a researcher blind to subject type analyzed
behavioral data.

Behavioral Task and Motor Skill Training
Using MVF
The target task was using the right hand to rotate two cork
balls (diameter, 30 mm) as fast as possible in a counterclockwise
direction (Figures 1A,B). For motor skill training using MVF,
the subjects were instructed to place both of their hands inside

a box made of paper and mirrored glass that prevented the direct
view of the right hand but allowed an indirect view via the
mirror (Figure 1B). The subjects were instructed to observe the
movements of the right hand in a mirror that provided MVF of
their performance in the ball rotation task. This behavioral task
and motor skill training using MVF were originally developed by
Nojima et al. (2012).

Transcranial Magnetic Stimulation
Each subject was seated in an armchair with arms placed on the
armrest. Surface electromyograms (EMGs) were recorded from
the left APB muscle with a pair of silver electrodes. The EMGs
were amplified and filtered, and digitized at a sampling rate of

Frontiers in Neuroscience | www.frontiersin.org 4 June 2019 | Volume 13 | Article 602

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


fnins-13-00602 June 17, 2019 Time: 17:32 # 5

Horiba et al. tDCS in Parkinson’s Patients

10 kHz using the Labview system. The position of the EMGs
was marked on the hand and recorded by video camera. The
TMS was produced using a 7-cm figure-of-eight coil connected
to a Magstim R© 200 Monophasic Transcranial Stimulator (The
Magstim Co., Whitland, Dyfed, United Kingdom). At the
beginning of each day the optimal motor points for APB
were determined following a standard procedure (Rossini et al.,
1994). The optimal motor points for eliciting the best motor
response from the left APB muscle with the coil held ∼45◦ to
the midsagittal line were established over the right M1, which
was determined in 5 mm steps around the presumed motor
hand area. The current of TMS was induced by posterior-
anterior direction. The determined coil position was marked
on the scalp and its coordinates on midsagittal (nasion-inion
line) and biauricular (line connecting external auditory meati)
axes in relationship to the vertex were recorded according to
the previous repetitive TMS study (Filipović et al., 2010). This
recorded coil position was also used for the recording in post
day 2. The resting motor threshold was defined on pre day
1, in accordance with a previous study, as the lowest stimulus
intensity required to elicit MEP with a peak-to-peak amplitude
of >50 µV in the left APB muscle in at least five out of 10 trials
(Rossini et al., 1994).

In order to assess corticospinal excitability, MEP amplitudes
were measured with the fixed stimulus intensity of the TMS
machine adjusted to 120% of resting motor threshold at the
target APB muscle in pre day 1. The mean peak-to-peak MEP
amplitudes for 10 trials were measured. The recruitment of the
corticospinal projection (I-O function) from the right M1 was
also measured (Ridding and Rothwell, 1997). The intensities of
single TMS stimuli were individually adapted according to the
resting motor threshold to evaluate the I-O function. Ten MEPs
were recorded from the left APB muscle at intensities of 50, 80,
90, 100, 110, 120, and 150% of the resting motor threshold and
averaged at each intensity.

The SP was also measured (10 replicates) to assess the motor
inhibitory system. We evaluated the SP by applying TMS to
the right M1 at 140% of the resting motor threshold during
low-force activation of the APB (Fuhr, 1991; Ziemann et al.,
1993; Kojima et al., 2013). Subjects maintained a voluntary
isometric contraction at approximately 20% of their maximum
voluntary contraction by providing feedback from the surface
EMG on a computer screen. The duration of ten SP was measured
from the end of the MEP until the restart of a constant EMG
activity. We employed a method by which the amplitude and
onset were measured automatically to minimize observer bias
using a custom-made MATLAB program (MathWorks, Natick,
MA, United States).

We had also confirmed the hot spot by using TMS just
before the intervention of day 2. Moreover, the coil position was
measured on the scalp in accordance with midsagittal (nasion-
inion line) and biauricular (line connecting external auditory
meati) axes relative to the vertex on day 1 and was adjusted before
the intervention of day 2.

In PD, during the TMS experiment, EMG background
activities were continuously observed online; when rigidity or
tremor prominently appeared, the examiner left as long as

patients needed to relax throughout the experiment and started
recording when the background EMG was silent.

Transcranial Direct Current Stimulation
A weak direct current of 2 mA was delivered via saline-soaked
sponge electrodes using a DC Stimulator Plus (neuroConn
GmbH, Ilmenau, Germany). TMS was used to identify the
functional landmark of the right M1 as the optimal position. The
current density at the stimulation electrodes was 0.025 mA/cm2

in accordance with safety criteria and far below the threshold
for tissue damage (Nitsche, 2003). Either anodal tDCS or sham
stimulation was applied to the right M1 during the intervention
on both day 1 and day 2. The impedance of the stimulation
electrodes was kept below 10 k�. In all of the conditions, the
stimulating electrode was placed above the right M1, while
the reference electrode of the cathode was placed above the
frontal orbit. During tDCS, the current was increased at the
beginning and decreased at the end of the protocol (20 min)
over 30 s in a ramp-like manner, on the basis of previous reports
(Nitsche et al., 2003). In the sham condition, the current was
applied for only 30 s. This protocol has been demonstrated to
reliably blind subjects with respect to the stimulation condition
(Gandiga et al., 2006).

Behavioral Data Analysis
For evaluation of motor performance, the dexterity of the left
hand was examined by counting the number of two-ball rotations
during 30 s. Two experimenters separately counted the number of
two balls rotation, one of which was marked by color, during 30 s
by using Video monitor on off-line and adjusted each number. In
addition, for monitoring acceleration of the left thumb, a three-
dimensional motion analysis system (Locus 3D MA-3000, Anima
Corp., Tokyo, Japan) was used with four infrared cameras to
capture and analyze motion with a sampling frequency of 100 Hz
(Yamaguchi et al., 2015). Reflective markers of 5-mm diameter
were attached on the first joint of the left thumb. The mean peak
acceleration of the thumb movements during two-ball rotations
during 30 s was calculated and expressed in cm/s2.

Statistical Analysis
To determine the effect of motor skill training using MVF
dependent on time course in patients with PD, we compared
the outcome in behavior and TMS parameters between HS and
PD-sham. The number of ball rotations, peak acceleration and
PF were used as the behavioral variables, while the mean MEP
amplitude, I-O function and SP from the TMS were used as the
physiological variables. The effect of these variables was evaluated
using a two-way repeated measures analysis of variance (RM-
ANOVA), with group (PD, HS) as a between-subjects factor
and time (pre day 1, post day 1, pre day 2, and post day 2) as
behavioral variables or pre day 1 and post day 2 as physiological
variables. Attention and fatigue were also evaluated using RM-
ANOVA. The Greenhouse-Geisser method was used to correct
for non-sphericity. If the effect was significant, a post hoc t-test
was performed on the data. The Bonferroni correction for
multiple comparisons was also used where necessary.
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To determine whether the intervention combined with anodal
tDCS over the right M1 contributes to motor performance and
facilitation in the M1 in patients with PD, the number of ball
rotations, peak acceleration, PF and UPDRS motor score were
used as the behavioral variables, while the mean MEP amplitude,
I-O function and SP from the TMS were used as the physiological
variables. The effect of these variables was evaluated using a two-
way repeated measures analysis of variance (RM-ANOVA), with
condition (sham, tDCS) as a between-subjects factor and time
(pre day 1, post day 1, pre day 2, and post day 2) as behavioral
variables or pre day 1 and post day 2 as physiological variables.
The Greenhouse-Geisser method was used to correct for non-
sphericity. If the effect was significant, a post hoc t-test was
performed on the data. The Bonferroni correction for multiple
comparisons was also used where necessary.

Results with P-values less than 0.05 were considered
significant. All of the statistical analyses were performed with
SPSS version 25.0 for Windows (IBM Japan, Tokyo, Japan).

RESULTS

Cognitive scores, measured by mini mental scale examination
(MMSE) were 28.6 ± 1.7 in HS, 29.0 ± 1.4 in PD; frontal
assessment battery (FAB) was 14.9 ± 2.2 in HS and 15.9 ± 1.5 in
PD. The characteristics of PD patients are summarized in Table 1.

The Effect of MVF on Behavior: HS vs. PD
Regarding the result of the number of two-ball rotations
(Figure 2), there was a significant effect of group [∗P = 0.001,
F(1,16) = 25.3] and time × group interaction [∗P = 0.002,
F(3,48) = 5.88]. Thus, further analysis was performed on each
group. In HS, post hoc analysis demonstrated the number of
ball rotations that could be performed on post day 1, pre day

FIGURE 2 | The number of ball rotations (HS vs. PD). In HS, the intervention
caused a significant increase in the number of ball rotations on post day 1
(∗P = 0.003), pre day 2 (∗P = 0.001), and post day 2 (∗P = 0.01) compared to
that on pre day 1. In contrast, in PD, the intervention caused no significant
increase in the number of ball rotations.

2, and post day 2 was significantly increased compared to those
performed on pre day 1 (∗P = 0.003 on post day 1, ∗P = 0.001
on pre day 2, and ∗P = 0.01 on post day 2). In contrast, there
was no significant additional improvement in the number of ball
rotations performed between post day 1 and pre day 2 (P = 0.88),
or between pre day 2 and post day 2 (P = 0.76). On the other hand,
in PD, post hoc analysis demonstrated no significant difference in
the number of ball rotations between any time points (P > 0.05).

The result of the mean peak acceleration in HS and PD
are summarized as Table 2. There was a significant effect
of group [∗P = 0.001, F(1,16) = 28.6] and time × group
interaction [∗P = 0.001, F(1.9,30.4) = 9.59]. In HS, post hoc
analysis demonstrated there were significantly increased peak
accelerations between pre day 1 and pre day 2 or post day
2 (∗P = 0.01 on pre day 2 and ∗P = 0.008 on post day
2) and between pre day 2 and post day 2 (∗P = 0.02). In
contrast, there was no significant additional improvement in
the accelerations performed between pre day 1 and post day 1
(P = 0.09) and pre day 2 (P = 0.76). On the other hand, in PD,
post hoc analysis demonstrated no significant difference in the
accelerations between any time points (P > 0.05).

The result of the PF in HS and PD are summarized as
Table 3. There was no significant effect of group (P = 0.16) or
time× group interaction (P = 0.27).

The result of the attention and fatigue scores in HS and
PD are summarized as Table 4. For attention, there was a

TABLE 2 | Mean peak acceleration in HS and PD.

Mean peak acceleration (cm/s2)

Pre day 1 Post day 1 Pre day 2 Post day 2

HS 60.9 ± 11.6 74.6 ± 29.7 76.3 ± 18.9# 96.5 ± 36.9∗,$

PD 38.2 ± 16.5 35.1 ± 15.5 32.8 ± 12.1 31.7 ± 15.9

#P = 0.01 comparison to pre day 1, ∗P = 0.008 comparison to pre day 1, $P = 0.02
comparison to pre day 2 (post hoc analysis). The values are in means ± standard
deviations (SD).

TABLE 3 | Mean maximal pinching force (in kgf) in HS and PD.

Mean maximal pinching force (in kgf)

Pre day 1 Post day 1 Pre day 2 Post day 2

HS 7.4 ± 2.3 8.0 ± 2.4 8.1 ± 2.4 8.1 ± 2.4

PD 6.9 ± 1.4 7.5 ± 1.6 7.4 ± 1.9 7.4 ± 1.8

The values are in means ± standard deviations (SD).

TABLE 4 | Attention and fatigue scores in HS and PD.

Attention score Fatigue score

Post day 1 Post day 2 Post day 1 Post day 2

HS 6.6 ± 1.0 6.3 ± 0.7 10.3 ± 2.4 11.5 ± 1.0

PD 5.8 ± 0.7 5.8 ± 0.4 14.7 ± 3.6 10.8 ± 5.2∗

∗P = 0.01 comparison to post day 1 (post hoc analysis). The values are in
means ± standard deviations (SD).
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FIGURE 3 | The MEP amplitudes recorded from the right APB (HS vs. PD). In
HS, the intervention caused a significant increase in the mean MEP
amplitudes on post day 2 compared to those on pre day 1 (∗P = 0.03). In PD,
the intervention caused no significant increase in the mean MEP amplitudes
(P = 0.12).

significant main effect of group [∗P = 0.03, F(1,16) = 5.49] but
no group× time interaction effect [P = 0.41, F(1,16) = 0.71]. For
fatigue, there was no significant main effect of group [P = 0.21,
F(1,16) = 1.73]; however, there was a group × time interaction
effect [∗P = 0.002, F(1,16) = 13.6]. In PD, post hoc analysis
demonstrated there was significantly increased fatigue score on
post day 2 compared with post day 1 (∗P = 0.01). By contrast, in
HS there was no significant change (P = 0.20).

The Effect of MVF on Motor Cortical
Excitatory and Inhibitory Systems: HS vs.
PD
The resting motor thresholds for the left APB in HS were
54.8 ± 11.2% (pre day 1) and 50.8 ± 12.2% (post day 2) of the
maximal stimulator output. The resting motor thresholds in PD
patients were 57 ± 10.3% (pre day 1) and 57.1 ± 10.3% (post
day 2). There were no significant effects of group (P = 0.19) or
group× time interactions (P = 0.07).

The effect of the intervention on the motor cortical excitatory
system was evaluated by the changes in MEP amplitude recorded
from the left APB between HS and PD. There was a significant
effect of group [∗P = 0.04, F(1,16) = 4.55] and time × group
interaction [∗P = 0.05, F(1,16) = 3.8]. Thus, further analysis was

FIGURE 4 | The IO function (HS vs. PD). For the I-O function in HS, MEP
amplitudes at the intensity of 120% on post day 2 were significantly increased
compared to those performed on pre day 1 (∗P = 0.04). In PD, there were no
significant differences in the MEPs. At 50, 80, 90, 100, and 150% intensity,
there were no significant effects of time or time × group interaction in either
HS or PD.

performed in each group. In HS, post hoc analysis demonstrated
the MEP amplitude on post day 2 was significantly increased
compared to that in pre day 1 (∗P = 0.03); in contrast, MEP
amplitude in PD was not affected (P = 0.12) (Figure 3).

For the I-O function of MEP amplitudes at an intensity
of 120%, there was a significant effect of group [∗P = 0.00,
F(1,16) = 28.5] and time × group interaction [∗P = 0.04,
F(1,16) = 4.51]. In HS, post hoc analysis demonstrated that the
MEPs on post day 2 were significantly increased compared to
those on pre day 1 (∗P = 0.04) (Figure 4). On the other hand,
in PD, post hoc analysis demonstrated no significant difference in
the MEPs (P > 0.05). At 50, 80, 90, 100, and 150% intensity, there
were no significant effects of time or time× group interaction.

The effect of the intervention on motor cortical inhibitory
system was evaluated by the changes in the SP between HS and
PD. The SP were 92.5 ± 16 and 85.9 ± 20.3 (pre day 1), and
88.3 ± 16.1 and 87.6 ± 22.4 (post day 2) in the HS and PD
groups, respectively. There was no effect of group (P = 0.69) or
time× group interaction (P = 0.34).

The Effect of the Intervention
(MVF+tDCS) on Behavior and Motor
Cortical Excitability: PD-tDCS vs.
PD-Sham
Since the number of ball rotations, peak acceleration and motor
cortical excitatory system were significantly impaired in PD, we
evaluated the effect of tDCS over the right M1 on these factors.
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FIGURE 5 | The number of ball rotations (PD-tDCS vs. PD sham). In
PD-tDCS, the intervention caused a significant increase in the number of ball
rotations on post day 1 (∗P = 0.006), pre day 2 (∗P = 0.006), and post day 2
(∗P = 0.02) compared to that on pre day 1.

For the number of two-ball rotations, there was an effect of
condition [∗P = 0.05, F(1,15) = 4.12] but no time × condition
interaction effect [P = 0.17, F(3,45) = 1.73]. Thus, further analysis
was performed in the tDCS condition. The post hoc analysis
revealed that the intervention+ tDCS led to a significant increase
in the number of ball rotations on post day 1 and pre day 2
compared to that on pre day 1 (post day 1, ∗P = 0.006; pre day
2, ∗P = 0.006; post day 2, ∗P = 0.02) (Figure 5). However, the
intervention did not cause a further increase in the number of
rotations between post day 1 and pre day 2 (P = 0.05) or between
pre day 2 and post day 2 (P = 0.25). There was no significant effect
of condition (P = 0.9) or time × condition interaction (P = 0.31)
on the mean peak acceleration.

The UPDRS scores were 18.9 ± 7.4 (pre day 1), 18.1 ± 6.3
(post day 1), 18.9± 7.4 (pre day 2), and 17.3± 7.0 (post day 2) in
the PD-sham group, and 15.3 ± 7.2 (pre day 1), 14.5 ± 5.9 (post
day 1), 13.8 ± 4.7 (pre day 2), and 13.3 ± 5.9 (post day 2) in the
PD-tDCS group. There were no significant main effects of time
[P = 0.25, F(1.29,12.94) = 1.49] or condition × time interaction
[P = 0.51, F(1.29,12.94) = 0.55] on the UPDRS score.

The resting motor thresholds in PD-tDCS were 55.7 ± 10.8%
(pre day 1) and 54.6 ± 9.8% (post day 2). Regarding motor
cortical excitability, the mean MEP amplitudes in the PD-tDCS
group were 0.79± 0.3 mV in pre day 1 and 0.83± 0.4 mV in post
day 2. There were no significant effects of condition (P = 0.11) or
time× condition interaction (P = 0.82).

For the I-O function of MEP amplitudes, at an intensity
of 150%, there were significant effects of time [F(1,15) = 4.16,
P = 0.05] and condition [F(1,15) = 5.29, P = 0.04], but no
time × condition interaction effect [F(1,15) = 2.8, P = 0.1]. The
post hoc analysis demonstrated that the MEPs on post day 2 were
significantly increased compared to those performed on pre day
1 (∗P = 0.04). At 50, 80, 90, 100, and 120% intensity, there were
no significant effects of time or time× condition interaction.

DISCUSSION

This study revealed that behavioral improvement and motor
cortical plasticity caused by motor skill training using MVF were
impaired in patients with PD compared to HS; improvements of
behavior and motor cortical excitability occurred if anodal tDCS
was applied to the right M1 contralateral to the untrained left
hand. These findings suggest that the combination of MVF and
tDCS could be a promising strategy to improve motor skills in a
specific manner dependent on the motor excitatory system.

In HS, the number of ball rotations and the acceleration of
the left thumb were significantly increased through repeated
motor skill training using MVF both on day 1 and day 2,
depending on the facilitated MEP amplitude and I-O function of
120% intensity. These results in HS were compatible with those
of previous studies which also demonstrated improved hand
dexterity after motor skill training using MVF related to inducing
motor cortical plasticity in contralateral M1(Hoff et al., 2015; von
Rein et al., 2015). The ball rotation task skill using MVF was
acquired on day 1 and was retained until 1 week after the initial
training (day 2); however, additional behavioral improvement
did not occur on day 2. This behavioral change was likely
mediated by an improved dexterity of the left hand as opposed
to a change in PF, indicating that the task-specific manner of
behavioral improvement depends on the motor excitatory system
not inhibitory system. The motor cortical neurons of the M1 are
reported to encode specific movement (Muir and Lemon, 1983;
Rizzolatti et al., 1996a,b; Kakei et al., 2001). Our results suggest
that the encoding of a new motor memory such as ball rotation,
although in the form of mirrored movement, can be improved by
the enhanced excitability or synaptic efficacy of the appropriate
neuronal population in the M1.

On the other hand, in PD, the number of ball rotations and
the facilitation of the MEP amplitude did not improve through
repeated skill training on day 1 and day 2. Our result suggest that
even though combined with the fine visual input the motor skill
acquisition did not occur and motor cortical excitability did not
changed in PD. Most studies of PD report impaired acquisition
in serial reaction time task paradigms, with a relatively preserved
early stage of skill acquisition and impaired retention of short and
long-term motor memories in adaptation tasks (Agostino et al.,
1996; Jessop et al., 2006; Muslimovic et al., 2007; Pendt et al.,
2011). Recently, we reported that the repetitive skill training did
not result in effective improvement of motor performance in PD,
which is related to reduce dopamine release in the contralateral
putamen by using 11C-raclopride positron emission tomography
(Kawashima et al., 2018). In previous studies of PD using
motor imagery tasks, a TMS study reported that motor cortical
excitability in the M1 was impaired during action imagination
of the hand; a task-based fMRI study reported the activated
brain areas including (BG)-thalamocortical circuitry were altered
(Thobois et al., 2000; Tremblay et al., 2008). Moreover, the
study of an animal model of PD showed that plasticity in the
motor cortex is important for the acquisition and that dopamine
depletion resulted in structural changes in the motor cortex
and atypical synaptic adaptations (Molina-Luna et al., 2009;
Guo et al., 2015). Based on these findings, in PD, the impaired
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facilitation of the MEP amplitude during the motor skill training
using MVF may be caused by dopamine depletion and secondary
alteration of modulation in BG-thalamocortical circuitry.

In order to increase the facilitation effect of motor cortical
excitability for improving affected hand dexterity in PD, we
applied tDCS over the contralateral M1 during motor skill
training using MVF. When the tDCS was applied to the right
M1 in PD, the number of ball rotations using the untrained left
hand were significantly increased on day 1 and the effect was
retained after 1 week. Although the MEP amplitude recorded by
120% of resting motor threshold was not increased, I-O function
at 150% intensity was significantly increased after day 2. It is
well known that application of anodal tDCS in combination with
various kinds of motor training results in excitability changes
and induction of homeostatic plasticity in the human sensory
and motor cortices (Nitsche and Paulus, 2000, 2011, Nitsche
et al., 2003, Grundmann et al., 2011; Nitsche, 2011). Moreover,
many studies in PD examining the effects of tDCS over the M1,
premotor, prefrontal, Cz area, etc., have reported an effect on the
change in UPDRS (motor) scores, gait speed, working memory,
etc., compared to sham stimulation (Fregni et al., 2006; Benninger
et al., 2010; Kaski et al., 2014). Anodal tDCS over the M1 is known
to alter the resting membrane potentials of M1 neurons, leading
to an increase in cortical excitability that has been proposed to
help in the compensation of the reduced BG thalamo-cortical
drive (Fregni et al., 2006; Benninger et al., 2010). In this study, the
behavioral improvement occurred with facilitated I-O function,
which may be caused by the altered excitability of the M1.

Reis et al. (2008) reported beneficial effects of tDCS in
combination with motor training, and it is reasonable to assume
that such neuroplasticity-based interventions might constitute a
useful rehabilitative tool for PD patients. On the other hand,
a recent clinical review reported that there was insufficient
evidence to determine the effects of tDCS in reducing off time
and on time with dyskinesia and for improving the health-related
quality of life, disability, and impairment in patients with PD
(Elsner et al., 2016). In the present study, the UPDRS (motor)
score was not changed by repeated intervention with tDCS over
the M1. However, we applied the interventions 1 week apart in
this study. Short- and long-term motor skill training typically
results in functional brain alterations in a variety of motor-
related brain regions, including the M1 (Doyon and Benali, 2005;
Doyon, 2008). Moreover, a previous study provides evidence
that repeated application of non-invasive brain stimulation over
multiple days might even prolong such behavioral effects (Reis
et al., 2009). Taken together this evidence could be combined to
develop new effective rehabilitation.

In the present study, the motor training time was not so long,
since the intervention consisted of 30 s of rest between each trial.
However, PD showed significantly increased fatigue score on post
day 2 compared with post day 1. A progressive slowing in speed
or progressive decrease in the amplitude of repetitive movements
are observed in patients with PD, which is known as the sequence
effect (Agostino et al., 1992, 1994). This performance decline has
also been observed in drug-naïve patients with PD during finger
tapping and the repetitive movements involved in a pegboard
task (Kang et al., 2010). Although the related pathogenesis is

still unclear, it may be caused by freezing rather than fatigue.
Considering these findings, the behavioral improvement by tDCS
in PD may be explained mostly by the effect on acquired motor
skill with MVF not on fatigue.

There are several limitations to our study. Because the sample
size was as small as nine cases in each group, a significant
difference between tDCS and sham stimulation in PD may not
have been detected in TMS parameters other than the I-O curve.
In the protocol of this study, we did not apply the intervention
of MVF alone without sham stimulation to the PD patients. In
PD, it is well known the placebo effect on the improvement of
motor behavior and it should be carefully assessed in clinical trials
(Frisaldi et al., 2017). In the previous study of sequential finger
tapping with MVF, MVF training increased movement speed in
untrained hand (Bonassi et al., 2016). Since our result showed no
increase of the number of ball rotation in untrained hand by the
intervention of MVF with sham stimulation, the involvement of
placebo effect seems to be less likely.

Although we applied the interventions 1 week apart in this
study, repeated application of tDCS over sequential days might
even prolong such behavioral effects and motor cortical plasticity
in PD. Further studies are needed to determine how to maximize
the beneficial effect of tDCS before this method can be applied to
patients with PD.
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