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Neuromodulation techniques for modulating brain activity can affect performance
in a variety of behaviors. Techniques including transcranial alternating current
stimulation and random noise stimulation can modulate neural oscillations.
However, the intervention effect of neuromodulation approaches on motor
learning is poor, partly because the electroencephalography (EEG) power spectra
associated with the motor learning process has not yet been fully elucidated.
Therefore, we investigated the characteristics of EEG power spectra in the process
of motor learning in 15 right-handed healthy participants (5 females; mean
age=22.843.0 years). The motor task was a ball-rotation task in which participants
rotated two balls in the palm of their left hand. Participants performed a pre-test,
the motor learning tasks, and a post-test. In the motor learning tasks, twenty
60s trials were performed in the clockwise (CW) direction. Before and after the
motor learning tasks, CW and counterclockwise (CCW; control condition) tasks
were performed for 60s each as pre- and post-tests. Therefore, CW direction was
set as a motor learning task, while CCW was a test-only control task. EEG was
recorded during the tests and tasks, and the power spectra in the alpha, beta, and
gamma oscillations were calculated and compared between pre- and post-tests.
The results showed that in the CW post-test, the power of the gamma band in
the left parietal areas and the right frontal area was significantly higher than in the
pre-test. In the CCW, there was no significant difference in each band at each
area between the pre- and post-tests. Our findings reveal the characteristics of
the EEG spectra related to the motor learning process. These results may help
to establish more effective neuromodulation approaches to modifying neural
oscillations in motor learning, including in rehabilitation fields.

motor learning, electroencephalogram (EEG), power spectra, neural oscillations,
rehabilitation, gamma band, nheuromodulation, neurorehabilitation

1. Introduction

Motor learning is defined as “a set of (internal) processes associated with practice or
experience leading to relatively permanent changes in the capability for responding” (Schmidt,
1988) and results from brain activity and synaptic organization (Macintosh et al., 2007; Xu
etal., 2009; Lee et al., 2013; Kim et al., 2015). These processes are thought to be associated with
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the rehabilitation process aimed at reacquisition of activities of daily
living in hemiplegic patients after stroke (Krakauer, 2006; Eberle
et al., 2021). Therefore, understanding the mechanisms of motor
learning and developing methods to facilitate the process have
potential applications in the rehabilitation field.

In recent years, neuromodulation techniques, which are methods
to modulate brain activity, have been drawing attention. These
techniques are intended to temporarily enhance or inhibit the
excitability of brain activity by applying magnetic or electrical
stimulation over the scalp, thereby affecting performance (Herrmann
et al,, 2013; Kang et al., 2016). Of the neuromodulation methods,
transcranial alternating current stimulation (tACS) and transcranial
random noise stimulation (tRNS) are approaches that modulate
neural oscillations of brain regions by applying weak alternating
current electrical stimulation of a specified frequency or a specified
interval of frequency between electrodes placed on the scalp (Antal
et al., 2008; Antal and Herrmann, 2016).

The interventions correspond to the characteristics of the brain
activity in the task. In relation to motor learning, a previous study using
fMRI reported that the frontal and parietal regions, visual cortex, and
temporal cortex were involved in correcting errors to achieve a fast time
constant during a motor learning (visuomotor adaptation) task, and
increased activity in the lateral parietal lobe and cerebellum was observed
for intermediate and slower time constants (Kim et al., 2015). Also, the
left lateral parietal region has been shown to be strongly involved in a
visuomotor adaptation task with online movement corrections (Mutha
et al, 2011). In addition, it is known that neural oscillation activity
(gamma band) in the primary motor cortex is increased in relation to
motor control based on sensory feedback during human movement and
motor learning (Nowalk et al., 2018), that beta band activity in the motor
cortex is increased during motor observation in healthy subjects and
stroke patients (Zhu et al., 2019; Hsieh et al., 2021), and that activity of
the alfa and beta bands of the sensorimotor during observation,
preparation and execution of a motor task is involved in individual
differences in motor skills (Nakano et al., 2013). In resting-state brain
activity, changes in the network between regions in the alpha band affect
offline motor learning (Manuel et al, 2018), and the strength of
connections in the beta band relates to adaptive motor learning ability
(Ozdenizci et al,, 2017). Furthermore, a previous study reported a
reduction in beta desynchronization after motor learning in a foot motor
task compared to before the learning (Gehringer et al., 2018).

Although the above-described modifications in the brain activity
of various regions may facilitate motor learning, the effects of
neuromodulation on such learning remain in dispute. Previous studies
have shown that applying tACS to gamma band activity on the
primary motor cortex or cerebellum is effective in motor learning
(Bologna et al., 2019; Miyaguchi et al., 2019); meanwhile, others have
shown no effect in similar interventions (Wessel et al., 2020).
Therefore, consistent beneficial effects have not been established. One
reason is that the characteristics of the EEG power spectra (the
characteristics of neural oscillations) in the motor learning process are
not clearly understood. Thereby, the appropriate frequency band and
stimulation regions for neuromodulation interventions have not been
determined. In order to develop effective intervention methods, it is
necessary to reveal the characteristics of the power spectra during
motor learning and to consider the frequency band and stimulation
region to be modulated.
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In the present study, to better understand the characteristics of the
EEG power spectra during the proficiency process of hand skills for
construction of an effective neuromodulation method, we measured
the EEG of healthy participants during a hand motor learning task.
We hypothesized that neural oscillation changes would occur in
regions related to motor and sensory information processing that
contribute to the motor learning in EEG measurements of the whole
brain. By comparing the EEG activity of a motor learning task and a
similar task without motor learning, we sought to verify this
hypothesis. We used a task commonly used in studies of motor
learning tasks—namely, the rotation of two balls on the palm—and
we divided this task into a learning task and non-learning task by
changing the direction of rotation, and compared the differences
between the two tasks.

2. Methods
2.1. Participants

Fifteen healthy participants were included in the experiment (5
female; mean age =22.8 years; standard deviation=3.0). The sample
size was determined based on previous studies (Manganotti et al.,
1998; Shibata et al., 2021) and on behavioral data (repeated measures
between the session and the direction of rotation in the number of
rotations of the motor task described below; alpha=0.05, power =0.95,
effect size=0.35) using the G*Power software (Faul et al., 2009). The
inclusion criteria were right-handedness according to the Edinburgh
handedness inventory (median score 90, 25th percentile: 80; 75th
percentile: 100) and no history of orthopedic or neurological disease
in the left arm or hand. The experiment was approved by the ethics
committee of the Faculty of Engineering at the University of Tokyo
(approval number: KE20-21). All procedures were conducted in
accordance with the standards set out in the World Medical
Association Declaration of Helsinki. Written informed consent was
obtained from all participants.

2.2. Procedure

The motor task was a ball-rotation task in which two balls were
rotated in the palm of the left hand (Kawasaki et al., 2015, 2019). The
balls (Uchida-denshi, Hachioji, Japan) were made from resin and were
50 mm in diameter, weighed 60 g each, and had a smooth surface. The
task was an unskilled motor task that participants had not performed
before. We selected this motor task because it involves visual and
somatosensory input in the initial stages, and the re-weighting of these
sensory information changes over time. The processes are relevant to
learning in rehabilitation.

Participants sat comfortably in a chair with armrests (height from
seat: approximately 18 cm) and conducted a practice session, pre-test,
motor learning task and post-test (Figure 1A). The practice session
consisted of 10 clockwise (CW) and 10 counterclockwise (CCW)
rotations (Figure 1B), and it was confirmed that the tasks were feasible.
In the motor learning task, participants performed the CW task for
60s per trial, for a total of 20 trials (Figure 1C). In the pre-test and
post-test, participants performed one trial each of the CW and CCW
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Experimental tasks and protocol. (A) Experimental environment and participants’ posture. (B) The ball-rotation tasks. The CW and CCW indicate the
direction of clockwise and counterclockwise (control task), respectively. (C) The protocol of the experiment. In the pre-/post-test, the CW and CCW
were performed once each, and the order of trials was randomized for each participant. The motor learning task was performed as 20 trials in the CW

(control condition) tasks for 60s. The order of the CW and CCW in
the pre/post-tests was randomized for each participant.

Behavioral data of the number of rotations per 60 s were recorded
for all trials of the pre-test, motor learning task, and post-test.
Participants were instructed to rotate the balls as quickly as possible
during all trials, while taking care not to drop them. During all trials,
participants were instructed to gaze at their left hand while executing
the motor task in order to minimize artifacts of the electrooculogram
(EOQ). If participants dropped a ball, the relevant trial was terminated
and a new trial was added. The number of rotations was recorded
using a video camera (iVIS HF R42; Canon) during all sessions and
calculated by experimenters after the experiment.

A trial consisted of rest (15s), preparation (15s) and motor task
(605s). For the rest, participants were asked to relax and told that they
could move their gaze freely. For the preparation, participants were
asked to gaze at their left hand in the same posture as in the motor
task. Furthermore, participants could take a few minutes of rest after
every 5 trials. During rest periods, the participants were requested to
minimize sudden or excessive neck movements to prevent putting
tension on the EEG cables, but were permitted to move their necks
within reasonable limits. The beginning and end of the preparation
and motor task were indicated by auditory stimuli (a beep at 750 Hz,
duration 700 msec) using Psychtoolbox-3 (Brainard, 1997; Pelli, 1997;
Kleiner et al, 2007) running on Matlab 2020a (Mathworks,
Natick, MA).

2.3. EEG recording

EEG activity was recorded throughout each trial using an
electroencephalograph (Active Two System, Biosemi) with a total of
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32 electrodes (Fp1, Fp2, AFz, Fz, F3, F4, F7, F8, FCz, FCI, FC2, FC3,
FC4, Cz, C3, C4, C5, C6, CPz, CP1, CP2, CP3, CP4, CP5, CP6, Pz, P3,
P4, P7, P8, POz and Oz) and using the international 10-20 method.
Electrodes were positioned according to traditional methods, using
head caps adapted to the head size of each participant. Additionally,
reference electrodes were placed on the bilateral mastoid, and left and
right EOG (4 electrodes; SO1, LO1, LO2 and 101, which reflect
placements on the left superior orbit, left and right canthi and left
inferior orbit respectively) were recorded to identify muscle activity
during eye blinks that were included in the EEG. The value of the
voltage offset was set to a level below 30mV, confirming that the
impedance of each electrode was reduced. The sampling frequency
was set at 2,048 Hz. The data for 10 after the start and 10 s before the
end of each trial were excluded from the 60s data for each trial, and
40s was used as the analysis interval.

Pre-processing and power spectra analysis of EEG data in all trials
were performed using the open source MATLAB toolbox EEGLab
v2020.0 (Delorme and Makeig, 2004). The obtained raw EEG data
were first offline re-referenced to the average signal across all
electrodes, bandpass filtered between 1 and 80 Hz, and additionally
filtered with a 50 Hz notch filter to reduce line noise artifacts. The data
from each 405 of all trials was divided into 5s epochs, and epochs with
artifacts were excluded by visual inspection and EEGLab’s statistical
inspection regarding the abnormal values, trends, distributions, and
improbable data from the analysis. Independent components analysis
was conducted, and components involving eye blink or other muscle
contraction artifacts recorded by EEG and EOG electrodes
distinguished from brain-originated signals were subtracted based on
amplitude and frequency characteristics.

The band-power was then computed to compare power spectra in
all trials. A discrete Fast Fourier Transform with the Welch method
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was used in each epoch as the calculation method. The frequency
range was divided into alpha (8-13 Hz), beta (13-30 Hz), low gamma
(30-50Hz), and high gamma (50-80 Hz) bands. The frequency ranges
were determined based on previous studies (Sarnthein et al., 2006;
Tatti et al., 2021).

2.4. EMG recording

Electromyographic (EMG) activities were measured to account
for the influence of EEG activity in the motor cortex resulting from
increased muscle activity in the pre-/post-tests. A wireless surface
EMG sensor (Cometa Corp.) was used for the measurements. The
abductor pollicis brevis muscle (APB) and the first dorsal
interosseous muscle (FDI) involved in the ball-rotation task were
selected as the muscles to be measured, based on a previous study
(Aoyama and Kohno, 2020). The sampling frequency was set at
2,000 Hz. The data for 10s after the start and 10 s before the end of
each trial were excluded from the 60s data for each trial, and 40s
was used as the analysis interval to analyze muscle activities in a
psychologically stable state. Muscle activity was normalized with
the maximum voluntary contraction (MVC; 5s isometric
contraction, three repetitions), which was measured before the
pre-test.

The measured EMG signals were first band-pass filtered from
40-400 Hz with a 4th-order Butterworth digital filter, to debilitate
DC offset and high-frequency noise. The filtered EMGs were then
rectified and low-pass filtered (2nd order, cut-off frequency 5Hz). As
in the previous study (Aoyama and Kohno, 2020), the values above
5% of MVC during each test were defined as the interval in which
muscle activity occurred, and the total EMG area as amount of
muscle work (sum areas under the curve) was calculated. All
pre-processing and calculations of the EMG area were conducted
using Matlab 2020a.

2.5. Statistical analysis

The number of rotations was compared between the session
(pre-/post-test) and the direction of rotation (CW/CCW) using a
two-way repeated measures analysis of variance (ANOVA). The level
of significance was set to p<0.05. If an interaction effect was
significant, paired t-test was conducted as a post-hoc test (four
comparisons: pre-test CW vs. pre-test CCW; pre-test CW vs. post-
test CW; pre-test CCW vs. post-test CCW; and post-test CW vs. post-
test CCW) with Bonferroni correction after confirming the normality
of the data using the Shapiro-Wilk test. The level of significance was
set to p<0.013. The level of significance for all statistical tests was set
to p<0.05. The areas of APB and FDI muscles in the CW were
compared between the pre-/post-tests using a two-way repeated
measures ANOVA. All data were analyzed using IBM SPSS Statistics
28. For the effect size of the behavioral data, values were calculated as
r value.

In the analysis of EEG signals, a nonparametric method of
permutation test was used to compare pre-test and post-test data,
after rejecting the normality of some data using the Shapiro-Wilk
test. The significance level was p <0.01 (uncorrected) based on a
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previous study in an effort to prevent o errors (Perfetti et al., 2011;
Daitch et al., 2013). In addition, a conservative method of
adjustment was performed using the Bonferroni correction.
Furthermore, in order to reveal the relation between the behavioral
data and absolute power values in the locations that showed
significantly increased power spectra in the post-test, Pearson
correlation coeflicient with an FDR correction was used. The data
were analyzed using the mean values (the number of rotations and
the absolute power value in each trial) of all participants. The
significance level was p <0.05.

Additionally, dipole localization estimation was performed to
identify signal sources in regions where EEG analysis showed a
significant increase in activity between the pre-test and post-test.
The EEGLab tool DIPFIT2 was used to obtain Talairach
coordinates of the averaged locations of the clusters of
independent components involved in the task. The obtained
coordinates were identified as the corresponding brain region
(Brodmann Area) using MNI2Tal' and Talairach client (Lancaster
et al., 2000).

3. Results

3.1. Behavioral changes in the pre-/
post-tests

In the pre-test, the number of rotations of the CW was 11.6+1.9
(mean + standard error), and that of the CCW was 18.5+1.5. In the
post-test, the number of rotations in the CW was 25.5 +2.6 and that
in the CCW was 19.3 +2.2. Two-way repeated measures ANOVA
showed a significant main effect of condition (pre-/post-test) (F(1,
14)=20.88, p<0.001), but no significant main effect of rotation
direction (CW/CCW) (F(1, 14)=0.37, p=0.554). In addition, an
interaction effect was observed (F(1, 14) =37.96, p <0.001), and the
post-hoc test showed significant differences between the pre-test
CW and pre-test CCW [#(1, 14) =3.94, p=0.001], and between the
pre-test CW and post-test CW [#(1, 14) =6.13, p<0.001], but there
was no significant difference between the post-test CW and post-
test CCW [#(1, 14) =2.50, p=0.025], or between the pre-test CCW
and post-test CCW [#(1, 14)=1.12, p=0.282] (Figure 2A). The
mean of the number of rotations in each trial during the motor
learning task is shown in Figure 2B. The number of drops in all
motor learning tasks was 2.1+0.4 (mean *standard error) for
all participants.

The EMG area of the APB muscle of CW was 0.09 +0.02 mV-sec
(mean * standard error), and that of the CCW was 0.06 +0.01 mV-sec
in the pre-test. The APB muscle of CW was 0.08 £ 0.01 mV-sec, and
that of the CCW was 0.08 £0.01 mV-sec in the post-test. In the
analysis of APB, data from two participants were excluded due to
problems with electrode contact. The FDI muscle of CW was
0.06+£0.01 mV-sec and that of the CCW was 0.03 +0.00mV-sec in
the pre-test. The FDI muscle of CW was 0.05+0.01 mV-sec and that
of the CCW was 0.05+£0.01mV-sec in the post-test. Two-way

1 https://bioimagesuiteweb.github.io/webapp/mni2tal.html
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repeated measures ANOVA showed no significant main effects of
condition (pre-/post-test) (APB: F(1,12)=0.42, p=0.531, FDL
F(1,14) = 1.65, p=0.220), main effects of rotation direction (APB:
F(1,12)=0.40, p=0.539, FDI: F(1,14)=4.43, p=0.054) and
interaction effects (APB: F(1,12) =3.54, p=0.085, FDI: F(1,14) =0.70,
p =0.418) (Figure 3).

3.2. EEG changes between pre-/post-test

In the CW, there were no significant differences in the alpha and
beta bands (p>0.01). In the low gamma band, there were significant
differences in F4, CP3, P3 and P8 (p<0.01) (Figure 4; Table 1) which
increased in the post-test. In the high gamma band, there was
significant difference in P8 (p<0.01) (Figure 4; Table 1) which
increased in the post-test. The averaged locations of the representative
clusters of independent components were observed in the frontal
region (right premotor area and supplemental motor area), left
parietal region and right temporal region, as shown in Figure 5 and
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Table 2. There were no significant differences in the corrected p-values
for all frequency bands.

In the CCW, there were no significant differences in any of the
frequency bands (uncorrected and corrected).

3.3. Correlation between the number of
rotations and the EEG power values in each
trial during the motor learning process

We analyzed the correlation between the mean of all
participants’ number of rotations and the mean of the absolute
power values on each trial in the regions where the power spectra
showed significant differences (low gamma band: 4 regions; high
gamma band: 1 region) between the pre-/post-tests. The results
showed that F4 and P8 were significantly correlated (p <0.05,
FDR-corrected) in the low gamma band, and P8 was significantly
correlated in the high gamma band (p<0.05) (Figure 6;
Table 3).
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FIGURE 4
Brain topographic maps of the alpha, beta, and low—/high-gamma
bands and spectral change with significant differences between the
pre-/post-tests. The two rows at left show brain topographic maps
in the pre-test and post-test. The right-hand row shows the spectral
change (red regions in the color map represent power higher than
the averaged power of the pre-/post-test) and locations with
significant differences between the pre-/post-tests. The red points in
the color map in the right row indicate the regions with significant
differences (p <0.01, uncorrected). CW and CCW indicate the
clockwise and counterclockwise (control task) directions,
respectively. Note that each scaling of the power spectral values is
different.

4. Discussion

In the present study, to understand the characteristics of the EEG
power spectra related to motor learning, we recorded EEG activity
before and after a motor learning task, as well as during the task. After
a total of 20 min of motor learning, the performance of the motor task
was enhanced, and the EEG power spectra showed increased activity
in the low and high gamma bands in the right frontal, left lateral
parietal, and right temporal regions. In addition, there were positive
correlations between the right frontal and right temporal regions’
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TABLE 1 Locations with significant differences in power spectra between
the pre-/post-test.

Locations  Pre-test Fosic p value
test
Lowgamma  F4 0.85 (0.15) 0.97 (0.14) <0.01
CP3 0.58 (0.08) 0.85 (0.25) <0.01
P3 0.81 (0.10) 1.04 (0.14) <0.01
P8 2.13 (0.38) 3.49 (0.85) <0.01
High gamma | P8 2.08 (0.45) 3.61 (0.93) <0.01

Unit: pV?, values are the average, values in parenthesis are the standard error; Permutation
test: p<0.01 (uncorrected).

FIGURE 5
Representative clusters in the right frontal region, left parietal region
and right temporal region identified by dipole estimation. The
regions of interest were identified as regions with significant
differences in the gamma bands, and the signal sources were
identified by dipole estimation. The numbers correspond to the
cluster number in Table 2.

TABLE 2 Location of the regions of independent component clusters.

Coordinates

Cluster

number 5 y =

1 19 29 54 Right superior frontal gyrus 6
2 -29 —60 —-50 Left superior parietal lobule 7
3 47 —62 8 Middle temporal gyrus 37

Coordinates in Talairach space; BA, Brodmann area.
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Correlation between the mean of all participants’ number of rotations and EEG absolute power values on each trial during the motor learning task.
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Absolute power values in the low gamma band (A) and high gamma band (B) are shown. n.s., not significant.
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TABLE 3 Correlation between the number of rotations and EEG absolute
power values during the motor learning task.

Correlation

Locations e 1 p value
Low gamma F4 0.55 0.01 *
CP3 0.19 0.42
P3 0.34 0.14
P8 0.59 <0.01*
High gamma P8 0.47 0.03 *

Correlation coefficient (), Pearson correlation coefficient; *, significant differences.

power spectra and the performance of the ball-rotation task in the
motor learning process.

The gamma band is composed of neural oscillation by inhibitory
interneurons (Whittington et al., 1995), and the control of inhibitory
interneurons in inhibition and dis-inhibition regulates excitatory
neurons. In general, increased power in the gamma band reflects a state
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of increased local cortical activity (Fries, 2015; Sohal, 2016), and thus
the significant increase in the power spectra of the gamma band in the
frontal, parietal, and right temporal regions observed in the present
study suggests that each region was in a state of increased activity.
The gamma band power of the frontal region showed increased
activity in FC4, which corresponds to the right premotor and
supplemental motor areas (BA6) and is a region related to planning of
movement. This region has particularly important implications for
motor control (Schluter et al., 2001) and is also known to be involved
in action selection and planning (Nakayama et al., 2022). In addition,
the premotor area plays an important role in responding to immediate
motor changes, influencing M1 to update the motor strategy during
grasping (Buch et al,, 2010). The motor task in the present study
required the selection of movement and changes in motor strategy in
accordance with the state of the ball, which could be considered to
indicate an increase in activity in the regions involved in motor control.
On the other hand, a previous study reported that the gamma
band of the primary motor cortex was activated in response to
contralateral hand movements (Crone, 1998). In our findings,
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however, there was no increase in the activity of the primary motor
cortex in the motor learning process. Although the primary motor
cortex is involved in motor output, this area reflects the final output,
and is probably not important in motor learning. In addition, the fact
that there was no increase in EMG activity suggests that the change
in motor pattern was more important than the increase in muscle
activity as a characteristic of our experimental task. Therefore, it is
inferred that no change in motor cortex activity was observed as
opposed to the premotor cortex. In a review, Takeuchi and Izumi
(Takeuchi and Izumi, 2021) reported that tACS interventions on the
primary motor cortex only single site have no consistent effect on
motor learning. Therefore, it can be inferred that the change in M1
activity is likely to be not mandatory in motor skill learning. Our
results support the inference from the viewpoint of the EEG power
spectra. We emphasize the necessity of interventions that comply
with the EEG power spectra according to the characteristics of tasks.

Increased activity was observed in the gamma bands of the
temporal region (P8). The right temporal region (fusiform gyrus)
corresponds the extrastriate body area (EBA), which is a region that
is specifically activated when looking at the body or body parts
(Downing et al., 2001). It has been reported that pictures of human
dynamic states increase EBA activity compared to pictures of static
states (Proverbio et al., 2009), and that the EBA is involved in motor
planning (Zimmermann et al., 2012, 2016). Therefore, it is likely that
the visual attention paid to body parts and planning of physical
activity for improving motor skills during the motor learning task
affected the activity level of the EBA in the present study.

The left parietal area (CP3 and P3) corresponding the superior
parietal lobule is known to be involved in skill acquisition related to
sequential learning (Hikosaka et al., 2002) and in recognizing the
location of body parts (Felician et al., 2004). The task in the present
study involved multiple fingers, as well as a sequence to be learned in
order to rotate the balls. However, it is difficult to fully examine the
functional role played by this region during motor learning tasks, as
no correlation was found between frequency power and performance
during motor learning tasks.

The results of the present study suggest that tACS and tRNS
interventions that modify gamma band oscillations may enhance the
efficiency of newly learned hand dexterity. Specifically, as a
precondition for motor output, neuromodulation interventions that
consider motor planning and attention to body parts could
be effective. The right frontal region is likely to be involved in the left-
hand movement, while the parietal and temporal regions might
be involved in multiple types of motor learning using other body
parts. As areas for intervention, those could be worthy of
consideration. Recent studies have demonstrated that paired
stimulation with TMS can access the neural networks between areas
(Veniero et al., 2013; Breveglieri et al., 2021). Repetitive TMS is a
commonly used intervention technique for stroke patients (Fisicaro
etal, 2019), and interventions using paired stimulation for frequency
modifications are anticipated. Therefore, repetitive TMS may also lead
to EEG-based interventions that could be used together with tACS
and tRNS to elucidate the frequency characteristics in the whole brain.

The present study has several limitations. First, only one task was
selected as a motor learning task. The intensity of the EEG power spectra
and the regions of activity may change due to changes in body parts
(differences between left and right, upper and lower limbs) and the
characteristics of the motor task. In particular, it is likely that increased
activity in the contralateral hemisphere is inferred for the frontal regions
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related to movements, and changes in activity in the left hemisphere are
inferred for right-handed tasks. Therefore, it is necessary to understand
the characteristics of the EEG power spectra through further
investigation, considering the characteristics of the motor task and body
parts involved. Additionally, the locations of the electrodes are not
digitized by MRI or other methods, and the small number of electrodes
is a limitation in accurately indicating the location of the signal. In order
to establish a strong basis for the study, additional validation is required.

5. Conclusion

The present study revealed the characteristics of EEG power
spectral changes during motor learning of the left hand. In particular,
increased power spectra in the low and high gamma band were
observed in frontal, parietal, and temporal areas, and these bands and
areas provide a point of focus for neuromodulation interventions.
Based on these findings, further research is needed to verify the effects
of interventions and develop neuromodulation techniques to
modulate motor learning in healthy persons, so as to eventually lead
to recovery in persons with neurodegenerative disease or stroke.
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