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Abstract

Background The left dorsolateral prefrontal cortex (DLPFC) is involved in early-phase manual dexterity skill acquisi-
tion when cognitive control processes, such as integration and complexity demands, are required. However, the
effectiveness of left DLPFC transcranial direct current stimulation (tDCS) on early-phase motor learning and whether
its effectiveness depends on the cognitive demand of the target task are unclear. This study aimed to investigate
whether tDCS over the left DLPFC improves non-dominant hand dexterity performance and determine if its efficacy
depends on the cognitive demand of the target task.

Methods In this randomized, double-blind, sham-controlled trial, 70 healthy, right-handed, young adult participants
were recruited. They were randomly allocated to the active tDCS (2 mA for 20 min) or sham groups and repeatedly
performed the Purdue Pegboard Test (PPT) left-handed peg task and left-handed assembly task three times: pre-tDCS,
during tDCS, and post tDCS.

Results The final sample comprised 66 healthy young adults (mean age, 22.73 + 1.57 years). There were significant
interactions between group and time in both PPT tasks, indicating significantly higher performance of those in the
active tDCS group than those in the sham group post tDCS (p < 0.001). Moreover, a greater benefit was observed in
the left-handed assembly task performance than in the peg task performance (p <0.001). No significant correlation
between baseline performance and benefits from tDCS was observed in either task.

Conclusions These results demonstrated that prefrontal tDCS significantly improved early-phase manual dexterity
skill acquisition, and its benefits were greater for the task with high cognitive demands. These findings contribute to
a deeper understanding of the underlying neurophysiological mechanisms of the left DLPFC in the modulation of
early-phase dexterity skill acquisition.

*Correspondence:

Daisuke Sawamura

D.sawamura@pop.med.hokudai.acjp

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-023-03989-9&domain=pdf
http://orcid.org/0000-0003-3180-3474

Watanabe et al. Journal of Translational Medicine (2023) 21:143

Page 2 of 15

Trial registration: This study was registered in the University Hospital Medical Information Network Clinical Trial Registry
in Japan (UMINO00046868), Registered February 8, 2022 https://center6.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?

recptno=R000053467

Keywords Transcranial direct current stimulation, Motor learning, Dorsolateral prefrontal cortex, Non-dominant

hand, Fine motor, Cognitive aspects

Background

Motor skill learning is crucial for optimizing human
behavior and essential in a variety of daily life situations.
The motor learning theory of Fitts and Posner [1] pre-
sents a sequential three-stage model of motor learning—
cognitive, associative, and autonomous—that requires
increasingly less attention and working memory as motor
skills improve. The early phase of motor skill learning
corresponds to the cognitive stage and is characterized by
inconsistent and inefficient movement and high cognitive
demand for motor control. Previous neuroimaging stud-
ies have provided evidence that early-phase skill acquisi-
tion involves the bilateral dorsolateral prefrontal cortex
(DLPEC) as well as cortical motor areas such as the pri-
mary motor cortex, premotor cortex, and supplementary
motor area [2-6]. The DLPFC is involved in top-down
attention, working memory, and executive functions such
as planning and monitoring [7-13]. DLPFC activity has
recently been recognized as the most critical neural bases
underlying cognitive processing in early-phase motor
learning [14, 15], as it is involved in cognitive control of
sensory input, future action planning [3, 16], and encod-
ing and maintenance of declarative memory [4, 17].

Moreover, the DLPFEC is highly activated during the
performance of unfamiliar or complex fine motor skill
tasks with bimanual and unimanual non-dominant hands
[5, 6, 18, 19]. Specifically, the left DLPFC has also been
reported to be a key brain region involved in tool use or
object operation behaviors [5, 20, 21], and this left-later-
alized activation is independent of handedness [20, 22,
23].

Transcranial direct current electrical stimulation
(tDCS) is a noninvasive brain stimulation technique that
can modulate neuronal excitability in cortical and sub-
cortical areas by inducing polarity-specific membrane
potential changes. Depending on stimulus intensity and
duration, anodal tDCS stimulation has generally been
shown to increase neuronal excitability and to promote
spontaneous neuronal firing and long-term potentia-
tion, whereas cathodal stimulation has been shown to
induce the opposite effect [24—26]. However, the effects
of anodal tDCS on motor and cognitive performance
reportedly differ depending on the targeted brain region
and task type [27, 28]. To resolve this controversy,
recent studies of tDCS on motor learning highlight the

importance of employing standardized, prospective, pre-
registered, hypothesis-driven studies to improve trans-
parency, reproducibility, and consistency [29].

Most previous studies evaluating tDCS effects in
upper-limb motor learning in healthy individuals tar-
geted the cortical motor areas and cerebellum [30]. These
studies demonstrated that anodal tDCS facilitates learn-
ing of many different tasks: the implicit sequence learn-
ing task [31]; explicit sequence learning task [32]; and
visuomotor learning tasks such as the drawing [33], peg-
board [34], and pinch force [35] tasks. However, little is
known about the neural bases of DLPFC activity in the
early stages of upper-limb motor learning. Thus, Ash-
croft et al. [36] applied 2-mA active or sham tDCS for
15 min on the left DLPFC of 40 young, healthy, medical
students performing a surgical knot-tying task after 1-h
of training. Compared to the sham condition, the partici-
pants demonstrated significantly improved performance
and reduced subjective workload during and post tDCS.
Nakashima et al. [31] also applied 2-mA anodal tDCS on
the left DLPFC for 20 min to 16 healthy, young adults to
test learning gain in the serial reaction time task using a
within-participants cross-over design, and demonstrated
a significantly decreased reaction time. Vergallito et al.
[37] delivered a 1.5-mA current for 20 min on the left
and right DLPFC to 24 young adults and found a signifi-
cantly higher accuracy on the paced finger-tapping task
with high difficulty level for left stimulation compared to
either right stimulation or sham conditions.

Commonly, these studies targeting the DLPFC demon-
strated significantly improved performance in the active
tDCS group compared to the sham group; meanwhile,
the results of most previous studies targeting the other
cortical motor areas and cerebellum were extremely
inconsistent [30, 32-35]. Additionally, these results sug-
gest that matching the related brain region according to
the stage of motor skill learning is important to improve
the effectiveness of tDCS. Furthermore, these findings
suggest that stimulation of the left DLPFC at 1.5-2.0 mA
for 15-20 min is effective for upper-limb motor learn-
ing, which requires cognitive processing, and that tasks
with higher cognitive demand produce larger learning
gains. However, the effect of tDCS on the left DLPFC
during the early phase of motor learning is only partially
understood, and its impact on learning unfamiliar tasks
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with the non-dominant hand is unknown. Moreover, it
remains unclear whether its effectiveness depends on
the cognitive demand of the task. Therefore, we focused
on the involved brain region and its assumed functions
according to the motor learning stage and aimed to evalu-
ate whether tDCS of the left DLPFC, which is highly acti-
vated via manipulation of objects, improves early-phase
motor learning by the non-dominant hand and if the
efficacy depends on the cognitive demand of the target
task. We selected the Purdue Pegboard Test (PPT), com-
prising a simple peg task and an assembly task, because
it allowed us to assess left-lateralized DLPFC activity
and classify the degree of cognitive demand according to
presence or absence of movement sequences in the task.
Motor sequence learning, which is part of the assem-
bly task, is a process that involves independent move-
ments, eventually leading to a multi-element sequence
that can be performed quickly and accurately [38, 39],
and requires cognitive processes such as attention and
working memory [40-42]. Moreover, previous studies
reported the dissociation of learning effect between the
sequential order of a movement sequence and its motor
control components [43-46]. These two components are
learned in parallel, with different time courses of learning
effect, and it is thought that in the early phase of motor
learning, improvements are chiefly dominated by learn-
ing the sequential characteristics of the movements,
which require cognitive load [44, 47].

Therefore, we hypothesized that anodal tDCS on the
left DLPFC might enhance early manual dexterity skill
acquisition of the non-dominant hand and would lead
to greater learning gain in tasks with high cognitive
demand.

Methods

Trial design and participants

This study was a double-blinded, randomized, sham-
controlled trial with stratification by age, sex, and hand-
edness score (Edinburgh Handedness Inventory, [EHI])
[48]. Seventy healthy, right-handed, young adults were
recruited within 3 months (March 2022 through May
2022), based on the following inclusion and exclusion
criteria. The inclusion criteria were (1) aged 20-30 years
and (2) no experience performing the PPT with their
non-dominant left hand. The exclusion criteria were (1)
history of neurological or psychiatric disorders, (2) func-
tional limitations of both or either upper limb affecting
task performance, (3) insufficient safety for transcranial
electrical stimulation evaluated by a safety question-
naire (metal implants, pacemaker, history of epilepsy,
and pregnancy [49]), and (4) a score of <70 points on the
EHI. The required sample size for this study was calcu-
lated a priori by power analysis with G power 3.1 [50]

Page 3 of 15

based on the results of a previous study [51]. The sam-
ple size for achieving a 0.95 statistical power at a signifi-
cance level of a=0.05 and given effect size {=0.226 for a
time x group interaction using a linear mixed effect mod-
eling was n=>58. To ensure a conservative estimation,
20% was added considering the possibility of dropouts
or outliers, for a final sample size of n=70. Independ-
ent investigators randomly allocated all participants into
the active tDCS (n=35; 17 women) or sham (n=235; 18
women) group according to a computer-generated strati-
fied blocked randomization list with stratification factors
(age, sex, and EHI scores). The block size for the rand-
omization was randomly chosen for each block as four
to six participants, with a 1:1 allocation. Both the partici-
pants and other investigators except for the investigators
with the role of random allocation were blinded to brain
stimulation assignments.

Written informed consent was obtained from all volun-
teers along with demographic information, handedness,
and their experience with the PPT.

This study was approved by the relevant ethics com-
mittee (Approval Number: 21-85) and registered in the
University Hospital Medical Information Network Clini-
cal Trial Registry in Japan (UMIN000046868). Addition-
ally, this study conformed to Consolidated Standards of
Reporting Trials (CONSORT) guidelines. All experi-
ments were conducted in accordance with the Declara-
tion of Helsinki.

Experimental procedure
The experimental procedure consisted of three phases:
pre-assessment, assessment, and post-assessment
(Fig. 1A), all of which were completed in a single day.
During the pre-assessment phase, all recruited partici-
pants were requested to answer the two questionnaires
(safety questionnaire for transcranial electrical stimula-
tion and EHI) first. Thus, only the participants who man-
aged to ensure safety and to reach the criterion score of
the EHI were selected. Subsequently, the participants
were informed about the course of the experiment and
asked to practice the two subtests of the PPT 1 time each.
In the assessment phase, all participants performed
the two PPT subtests (the left-handed peg and the
assembly task, see the Two subtests of PPT subsection
for a detailed description) at three assessment peri-
ods: baseline, during tDCS (online), and post tDCS
(offline) (Fig. 1B). Either sham or anodal tDCS stimu-
lation targeting the left DLPFC was used. The partici-
pants performed each subtest 4 times, with a 60-s task
performance time and 30-s inter-task intervals, for a
total duration of 11.5 min. For the initial 8.5 min, par-
ticipants did not perform the task and received tDCS
stimulation alone. To ensure thorough blinding in the
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Fig. 1 Schematic representation of the experimental procedure and design. A Time course of the study design. This study consisted of the
following three phases: Pre-assessment, Assessment, and Post-assessment. The assessment phase consisted of three sessions: baseline, online, and
offline. Navy blue shows the 20-min tDCS stimulation period. B The protocol in each of the three assessment sessions consisted of four repetitions
of the two subtests of the PPT, the left-handed peg task and left-handed assembly task. Data from the first trial was removed from analysis,
considering the possibility of generating large variation in task performance. C Schematic illustration of active and sham stimulation. The left figure
shows active stimulation, a sustained 2-mA current delivered for 20 min. The right figure shows sham stimulation, a ramp up to 2 mA followed by an
immediate ramp down. PPT Purdue Pegboard Test, tDCS transcranial direct current stimulation

analyzing investigators, each independent investiga-
tor assessed the PPT and delivered the stimuli. Other
experimenters were responsible for the pre- and post-
assessment procedures.

A 10-min rest period separated each assessment
phase. Participants were informed that they would
receive “two different intensities of forehead stimu-
lation” and were blinded to the stimulation mode. A
schematic illustration of active and sham stimulation is
shown in Fig. 1C.

After stimulation, during the post-assessment phase,
the success of blinding was measured by asking par-
ticipants to guess whether they had received active or
sham tDCS to justify its effectiveness on early-phase
dexterity acquisition. Additionally, subjective discom-
fort (pain) was measured using a sensation question-
naire to identify participants’ adverse effects, safety,
and tolerability [52]. Based on the time course of previ-
ous experiments focusing on the early phase of motor
learning [31, 36, 51], all three assessment phases in
this study were defined as early phase of learning
assessments.

Two subtests of PPT

The PPT is widely used as a hand function test in ther-
apy, rehabilitation, and treatment to evaluate dexterity
performance. It assesses dexterity of precision grip using
two subtests [53]. In the peg task, the participant inserts
a peg into a hole in a board with either hand, and in the
assembly task, a collar and two washers are sequentially
inserted onto the peg with both hands. In this study, the
assembly task was performed only with the non-domi-
nant left hand instead of both hands.

The left-handed peg task required participants to insert
as many pegs into the holes as possible within 60 s, and
the score is the number of pegs inserted correctly. In the
assembly task, participants were required to use their left
hand to insert the peg and add two washers and a collar
in a certain order within 60 s. Compared to the simple
peg task, higher cognitive demand is required to sequen-
tially assemble four parts with different shapes.

The score of the assembly operation task is the total
number of parts from the completed assemblies and
uncompleted assemblies. Each of these tasks was repeat-
edly conducted 4 times in each assessment session. The
data in the first trial was discarded from the analysis in
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consideration of the possibility of a large variation in task
performance and greater improvement from the first
trial to second trial (Fig. 1B). We ensured participants
received no guidance and feedback while performing the
task to assess the net impact of tDCS.

Transcranial direct current stimulation

Stimulation was delivered using a DC-STIMULATOR
PLUS (NeuroConn GmbH, Ilmenau, Germany) through
a pair of 0.9% saline-soaked 5 x 7 c¢cm electrodes, result-
ing in a current density of 0.057 mA/cm?, which was well
within the current safety standards [54]. For both active
and sham stimulation, a pair of electrodes was placed
over the left DLPFC (F3) and right supraorbital cortex
(Fp2) as anode and cathode, according to the interna-
tional 10-20 EEG system, affixed by two circumferential
straps (Fig. 2). The allocation of electrodes was deter-
mined based on prior studies demonstrating improved
cognitive and behavioral measures [55, 56]. Hill et al. [55]
suggested that higher-current and longer-duration tDCS
stimulation to the DLPFC is more effective at modulating
cognitive function in a healthy population. Furthermore,
previous studies demonstrated that anodal 2-mA tDCS
for 20 min was suitable to increase cortical excitability
and produce long-lasting effects [57, 58]. Accordingly, we
adopted this paradigm. Figure 2 shows a computational
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simulation model [59] of the electrode placement and
underlying cortical electric field. The electrode placement
and the electric field simulation were visualized using
SimNIBS (Version 3.2). In the active tDCS group, the
stimulation protocol consisted of a 30 s gradual ramp-
ing up to 2-mA for the duration of the 20 min online
session, followed by a 30 s gradual ramping down. In the
sham group, sham stimulation consisted of 60 s of 2 mA
stimulation administered at the beginning of the 20 min
stimulation delivered at the beginning of the 20 min (30 s
ramp-up and ramp-down) and 0 mA for the remainder of
the period.

Statistical analyses
Baseline characteristics and the assessment of blinding
and sensation questionnaire were analyzed using a t-test
or chi-square test.

For the number of completions in each PPT subtest, a
2 x 3 mixed-design analysis of variance (ANOVA), with
group (active tDCS or sham) as the between-participants
factor and time (baseline, online, and offline sessions) as
the within- participant factor and effect sizes calculated
as partial eta squared (ryzp), was performed after confirm-
ing normality using the Shapiro-Wilk test. The Green-
house—Geisser correction was applied for an ANOVA
to correct degrees of freedom when the assumption of

E
0 |E| (V/m) 0.4

Fig. 2 Left DLPFC (F3) and orbitofrontal cortex (Fp2) electrode placement (international 10/20 system). The left image shows the electrode
configurations with the anode (red) over F3 and cathode (blue) over Fp2. The right image shows the underlying cortical electric field on different
directions of the brain map. The horizontal color bar indicates the electric field magnitude expressed in norm E (V/m). DLPFC dorsolateral prefrontal

cortex
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sphericity was violated. The Bonferroni method was used
for multiple comparisons in each PPT subtest (the cor-
rected P was calculated by multiplying the P value by 3 in
each post-hoc test in two factors, respectively). In addi-
tion, the number of completions in each PPT subtest
was transformed into standardized Z-scores (mean=0.0,
standard deviation=1.0) based on the baseline values
in each group. The effectiveness of left-prefrontal tDCS
depending on cognitive demand of the target task was
tested using a 2x2x2 mixed-design ANOVA with
group (active tDCS or sham) as the between-participants
factor and time (online and offline sessions) and task type
(simple peg and assembly tasks) as the within-participant
factors. Finally, correlation analyses were performed to
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examine the relationship between the PPT task perfor-
mance at the baseline with that in each evaluation period
(offline performance — baseline performance and online
performance — baseline performance) in the active tDCS
group using Pearson’s product-moment correlation anal-
ysis. All statistical analyses were performed using SPSS
(version 25.0; IBM Corp., Armonk, NY, USA), and the a
level was set at 0.05.

Results

Baseline characteristics and the assessment after stimuli
Figure 3 shows the flow diagram for the procedure to
final analysis. The final sample comprised 66 healthy,
right-handed, young adults (aged 20-27 years; mean

[ Enrollment ]

Assessed for eligibility (n = 70)

Excluded (n = 0)
+ Not meeting inclusion criteria (n = 0)

» 4 Declined to participate (n = 0)
+ Other reasons (n = 0)

Randomized (n = 70)

v (
(

Allocation

) v
J

Active group (n = 35)
+ Received allocated intervention (n = 35)
+ Did not receive allocated intervention (n = 0)

Sham group (n = 35)
+ Received allocated intervention (n = 35)
+ Did not receive allocated intervention (n = 0)

—

Follow-Up 1

J

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

Analysis ] v

J

+ Analyzed (n = 33)

+ Excluded from analysis (n = 2)

- Technological issue (n = 1)

- Outliers in either of two PPT tasks
*Defined as a point which is 3SD from the
mean of task performance
(n=1)

+ Analyzed (n = 33)

+ Excluded from analysis (n = 2)

- Technological issue (n = 1)

- Outliers in either of two PPT tasks
*Within-subject SD calculated by three times

trial is over 3SD of grand average
(n=1)

Fig. 3 CONSORT flow diagram. Flow diagram summarizing the steps and number of participants excluded with implementation of each eligibility
criteria culminating in the final data analysis. PPT Purdue Pegboard Test, SD standard deviation
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age, 22.73£1.57; mean EHI score, 97.41 +6.52). Table 1
shows the baseline characteristics and the assessment of
blinding and perception of stimulation in each group.
There were no significant differences in age, sex, or EHI
score between the training and control groups. In addi-
tion, no significant differences in the blinding success and

perception of stimulation between the two groups were
found (Table 1).

PPT tasks performance

Table 2 shows the average performance of each PPT
subtest at all assessment sessions in both groups.
In the left-handed peg task, a 2x3 mixed-design
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ANOVA revealed a significant main effect of time
(F[2,128] =101.44, p<0.001, #°,=0.162) and a sig-
nificant time x group interaction (F[2,128]=14.78,
p<0.001, 172p=0.188) but no significant main effect of
group (F[1, 64] =0.90, p=0.346, n2p=0.014) (Fig. 4A).
A post-hoc t-test with time showed significant dif-
ferences among all three evaluation periods in both
groups (Offline > Online > Baseline, all corrected
p<0.001) (Table 3), indicating gradual improvement of
task performance over the 3 time periods. Regarding
group comparison, a post-hoc t-test with group showed
no significant differences in all evaluation periods (All
corrected p > 0.23).

Table 1 Baseline characteristics and assessment of blinding success and sensation

Active (n=33) Sham (n=33) p-value Statistics
Participant demographics
Age (years; mean [SD]) 22.7(1.33) 22.8(2.07) 0.83 t=—-021
Sex 062 x> =0.24
Male (n (%)) 17 (51.5) 15 (45.5)
Female (n (%)) 16 (48.5) 18 (54.5)
Edinburgh Handedness Inventory mean 97.52 (6.80) 97.91 (5.53) 0.80 t=—0.26
(SD)
Blinding 022 x>=154
Felt stimulated (n (%)) 17 (51.5) 12 (36.3)
Felt non-stimulated (n (%)) 16 (48.5) 21 (63.7)
Sensation questionnaire (Median [IQR])
ltching 1.0 (0.0-1.0) 1.0 (0.0-1.0) 0.30 x>=243
Pain 0.0 (0.0-0.0) 0.0 (0.0-0.5) 0.56 x2= 1.15
Burning 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.39 x>=0.73
Warmth/Heat 0.0 (0.0-0.5) 0.0 (0.0-0.0) 0.55 xZ:O.36
Pinching 0.0 0.0 N/A N/A
Metallic 0.0 0.0 N/A N/A
Fatigue 0.0 (0.0-0.5) 0.0 (0.0-1.0) 0.73 x2=O.64
Others 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.54 =122
SD standard deviation, /QR interquartile range
Table 2 Average performance of PPT tasks
Active (n=33) Sham (n=33)
Baseline Online Offline Baseline Online Offline
Peg task
Number of completions 28.98 (2.90) 31.24(3.17) 32.53(3.44) 29.34(2.72) 30.31(3.07) 30.94 (3.73)
Z-scores - 0.79 (1.11) 1.24(1.21) - 0.36 (1.15) 0.59 (1.39)
Assembly task
Number of completions 2770 (2.38) 30.57 (2.39) 31.77 (2.66) 28.23(2.79) 29.28 (3.03) 29.86 (3.29)
Z-scores - 1.22(1.02) 1.74(1.14) - 0.38 (1.10) 0.59 (1.20)

All data are shown as means (standard deviations)
PPT Purdue Pegboard Test
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Fig. 4 Effects of tDCS stimulation on the number of completions for the two PPT subtests. A The results of the number of completions in the
simple peg task. The left panel shows the results of 2 x 3 mixed-design analysis of variance for the left-handed simple peg task. The middle

and right panels show the individual performance of the simple peg task across the three assessment sessions in the active and sham groups,
respectively. The bold lines show the mean number of completions in each group performance. B The results of the number of completions in the
assembly task. The left panel shows the results of 2 x 3 mixed-design analysis of variance for the left-handed assembly task. The middle and right
panels show the individual performance of the assembly task across the three assessment sessions in the active and sham groups, respectively. The
bold lines show the mean number of completions in each group performance. Error bars indicate the standard error of the mean. * = Corrected

p <0.05. PPT Purdue Pegboard Test, tDCS transcranial direct current stimulation

Regarding the left-handed assembly task, a 2x3
mixed-design ANOVA revealed a significant main

effect of time (F[1.64,104.85]=147.28, p<0.001,
172p= 0.697) and a significant time x group interac-

tion (F[1.64,104.85]=27.947, p<0.001, lyzp:0.304) but
no significant main effect of group (F[1, 64]=1.826,
p=0.181, r72p=0.028) (Fig. 4B). A post-hoc t-test
showed significant differences among all time periods
in both groups (Offline > Online > Baseline, all corrected
p<0.001) (Table 3), indicating gradual improvement of
task performance over time. Additionally, a post-hoc
t-test only showed significantly higher performance in
the active tDCS group compared to the control group in
the offline session (t[32]=— 2.59, corrected p=0.036,
95% confidence interval [CI] for the mean difference:

0.44-3.38, Cohen’s d=0.65) but no difference in the
baseline and online sessions (corrected p=1.00 and 0.18,
respectively).

Comparison of normalized PPT task performance
Table 2 shows the normalized Z-scores of each PPT
subtest in online and offline sessions in both groups.
A 2 x2x2 mixed-design ANOVA with group as the
between-participants factor and time and task type
as the within-participant factors revealed a signifi-
cant main effect of all factors (group: F[1, 64]=7.97,
p=0.006, ;72P=0.111; time: F[1, 64] =60.59, p<0.001,
172 =0.486; task type: F[1, 64]=60.59, p=0.004,
ZP=0.124) and significant time x group interac-
Tp 8 group
tion (F[1, 64]=8.25, p=0.006, ;72p=0.114) and task
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Table 3 Results of the post-hoc test and Cohen'’s d values for two PPT tasks

Statistics Active (n=33) Sham (n=33) Statistics, 95% Cl, Cohen’s d(Active vs. Sham)
95% ClI Cohen’sd Statistics 95% Cl  Cohen’sd Baseline Online Offline
(mean
difference)
Simple peg task
Baseline vs. t=8.63 1.73-2.80 0.75 t=439 0.52-142 034 t=-0.53 t=121 t=1.80
Online p<0.001° p<0.001° p=1.00°, p=065, p=0.23°,
Baselinevs.  t=1095 287420  1.12 t=645  109-210 050 — 1757102, —060-246,  —018-335,
Offline p<0.001° p<0.001° Cohen’s Cohen’s Cohen’s
) d=0.13 d=030 d=045
Online vs. t=500 0.76-1.80 0.39 t=279 0.17-1.08 0.18
Offline p<0.001° p=0.026"
Assembly task
Baseline vs. t=1089 233-341 1.22 t=456 0.58-2.15 037 t=—084 =191 t=259
Online p<0.001° p<0.001° p=1.00° p=0.18° p=0.036°,
Baselinevs.  t=1341 345-469 164 t=632  1.10-215 054 —181-074,  —060-263,  044-338, Cohens
Offline p<0.001° p<0.001° Cohen’s Cohen’s d=065
, d=021 d=048
Online vs. t=7.08 0.86-1.55 048 t=3.02 0.19-096 0.19
Offline p<0.001° p=0.015°

2 All p values were Bonferroni corrected

PPT Purdue Pegboard Test, C/ confidence interval

type x group interaction (F[1, 64]=9.07, p=0.005, d=0.41; t[32]=— 4.62, p<0.001, 95% CI 0.28-0.72,
172p= 0.118, (see the table in Additional File 1: Table S1).  Cohen’s d=0.42, respectively) (Fig. 5). In the sham
The active tDCS group showed a significantly higher  group, no significant difference was observed in either
value in the left-handed assembly task compared to the the online or offline session (online: t[32]=0.168,
left-handed peg task in both online and offline sessions p=0.868, 95% CI — 0.21 to 0.25, Cohen’s d=0.02;
(t[32]=— 3.90, p<0.001, 95% CI: 0.20-0.66, Cohen’s
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5
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° | 4 § &L ® % ¢
n 2 8 8 § > )
o) Ky 8 2
5 % 8 § o i [w]8§ $
o 1 & 8 o 8 ¥
2] Y § § 3 u|g
Nl LE TR [ S m
% ° s s ° £
o % 8 8 ° § g
-1 2 ° § g ° @
-2
Active Sham Active Sham
Online Offline

Fig. 5 Effects of tDCS stimulation on the normalized Z-scores of the two PPT subtests. The results of 2 x 2 x 2 mixed-design analysis of variance

of the normalized Z-scores with group as the between-participant factor and time and task type as the within-participant factors. The displayed
points show the individual Z-scores. Error bars indicate the 95% confidence interval; the bottom and top of each box, the 25th and 75th percentiles;
and the line and square inside the box, the 50th percentile (median) and the mean, respectively. **=p <0.001. PPT Purdue Pegboard Test, tDCS
transcranial direct current stimulation
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offline: t[32] = — 0.04, p=0.969, 95% CI — 0.30 to 0.29,
Cohen’s d =0.004).

Relationship between the PPT task performance

at baseline and changes in the PPT task performance

in each evaluation period

There was no significant correlation between the PPT
task performance at baseline and changes in each task
performance in online and offline sessions in the active
tDCS groups (all, p>0.08) (Fig. 6).

Discussion

This prospective, hypothesis-driven, double-blind, ran-
domized controlled trial demonstrated that tDCS over
the left DLPFC significantly enhanced early-phase upper-
limb motor learning in both the left-handed simple peg
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and assembly tasks, which was the result anticipated by
our hypothesis. Importantly, this study fulfilled the sug-
gested criteria in a recent consensus and critical position
article on tDCS [28] by enhancing transparency, repro-
ducibility, and standardization. In this study, using the
PPT, we tested the impact of tDCS on the left DLPFC
and found that it improved early-phase manual dexterity
skills with the non-dominant hand, and its effectiveness
depended on the cognitive demand of the target task. In
these two tasks with different cognitive demands, sig-
nificant main effects of time, indicating gradual improve-
ment throughout the experiment, were observed. This is
the characteristic learning effect from repetition of per-
forming tasks in the initial stage. However, regardless
of this effect, a significant interaction of group x time
(Fig. 4), indicating improvement of task performance
in the active tDCS group during the offline session, was

Offline
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Fig. 6 Scatterplots for relationship between PPT task performance at baseline and online and offline session changes. Left, scatterplots of each
of the two tasks (simple peg task and assembly task) in the online session. Right, scatterplots of each of the two tasks in offline assessment. The
straight and curved lines indicate the mean and 95% confidence interval, respectively. PPT Purdue Pegboard Test
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found for both tasks. These results suggest that tDCS
was effective in promoting spontaneous neuronal firing
and long-term potentiation in the left DLPFC, resulting
in improved learning of unfamiliar operations requir-
ing non-dominant hand movement. Regarding blood
oxygenated level-dependent activity (BOLD) or regional
cerebral blood flow (rCBF), given that anodal tDCS tar-
geting the DLPFC has been shown to induce increased
BOLD signal and rCBF in the cortical and subcortical
regions [60, 61], it may be postulated that in this study,
tDCS also contributed to the upregulation of DLPFC
activity. Moreover, these findings support those of previ-
ous reports targeting the left DLPFC [31, 36, 37] and con-
tribute to establishing further evidence for tDCS on the
left DLPFC in the early stages of upper-limb motor learn-
ing. Furthermore, these results suggest that matching the
involved brain region and its assumed functions accord-
ing to the motor learning stage is critical for successful
implementation of tDCS, enabling it to exert its effects
in motor learning. In support of this, a study reported
that monkeys showed a deficit in new skill learning after
DLPEFC lesions [62].

In the offline assessment, the post-hoc test revealed
that active tDCS significantly improved learning in the
assembly task but did not have an effect in the simple
peg task. A meta-analysis reported that tDCS over the
DLPEC significantly improved offline working memory
performance in healthy cohorts; however, no effect was
observed in online performance [55]. The online effects of
tDCS depend on neurobiological processes taking place
during the event, as opposed to synaptic-driven changes
(i.e., modulation of GABAergic activity) occurring after
the stimulation, which are considered to drive the offline
effects and influence behavioral responses more strongly
[63, 64]. Our results are in agreement with the idea of
synaptic changes having a larger impact on behavioral
responses than mere changes in membrane potential, as
previously suggested [55]. Previous studies targeting the
left DLPFC reported that the effect of 20 min of anodal
tDCS lasted up to 40 min [65, 66]. Although we only
demonstrated short-lasting effects, 10 min after stimula-
tion, longer lasting effects may be expected. Thus, further
study is needed to examine the longer long-lasting effect
of tDCS.

Regarding the effect size, our results of two PPT tasks
were far above the size reported for anodal tDCS on the
primary motor cortex comparing sham tDCS reported
in a previous meta-analysis in upper limb dexterity
motor learning (0.04 (95% CI 0.01-0.07) [30] at online
and offline assessments. Furthermore, similar results
were reported when the comparison was limited to the
PPT task (0.07 and 0.05, respectively) [34, 67]. Alterna-
tively, in a recent report the effect size observed when the
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left DLPFC was targeted on implicit motor learning to
acquire new motor skill was greater than that observed
in previous reports targeting the primary motor cor-
tex (effect size in post tDCS assessment: 0.55) [31]. This
effect size is comparable to that observed in the simple
peg task at offline assessment in our study, as well as in
the assembly task at both online and offline assessments.
Hence, our results suggest that anodal tDCS stimula-
tion of the DLPFC may be beneficial for promoting early
motor learning in the upper limb, especially in the left
hand. Interestingly, the effect size of time in the active
tDCS group was almost constantly magnified compared
with that in the sham tDCS group across whole assess-
ments in each of the two tasks; further, the effect sizes
of time in the active tDCS group were nearly two and
3 times as large as those in the sham tDCS group at all
assessment sessions in the simple peg and assembly
tasks, respectively. The results suggest a greater likeli-
hood to establish a close linear relationship between
the simple learning effect in non-dominant left-handed
performance of each task and learning gain via tDCS
and to obtain greater learning gain in the assembly task
across online and offline sessions. A previous study [30]
reported the effect of anodal tDCS for motor tasks to be
nearly 3 times higher than with sham tDCS. Accordingly,
our results can be considered valid. This linear relation-
ship, however, may be characteristic of the selected tasks,
and needs further validation.

In addition, normalized Z-scores were calculated to
elucidate whether tDCS elicited a larger learning gain
in tasks with a high cognitive demand. Larger learn-
ing gain in the active tDCS group was observed in the
assembly task compared to that in the simple peg task at
both online and offline sessions, as hypothesized. Suc-
cessful completion of the assembly task requires higher
cognitive demand, action planning [3, 13], and inten-
tional motor control [68] to process the predetermined
sequence information, which involves the DLPFC. Sev-
eral studies evaluating the effectiveness of anodal tDCS
on the DLPFC [69, 70] clearly separated the cognitive and
motor aspects by adding a cognitive task (Stroop test and
Serial-7, respectively) to the dexterity task, and reported
improvement of cognitive performance. Our results are
consistent with this, indicating the effectiveness of tDCS
over the left DLPFC on cognitive aspects. However, the
difference between our study and these previous reports
is that we focused solely on the cognitive process-
ing required to complete learning of a complex motor
sequence, such as integration of independent movements
and multi-element sequences that can be performed
quickly and accurately [38, 39], and did not impose any
explicit cognitive task on our participants. Additionally,
our findings support those of previous studies reporting
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that the improvements are preliminarily dominated by
learning the sequential characteristics of the movements,
which require high cognitive load compared to motor
control components [44, 47]. Therefore, our results
can suggest that the effectiveness of tDCS over the left
DLPFC was dependent on the cognitive processes of
motor learning. Most importantly, our findings provide
new evidence contributing to fill the knowledge gap on
the cognitive processes of motor learning in the DLPFC
and highlight the importance of the DLPFC for further
motor learning in upper extremities.

In this study, there was no significant relationship
between baseline performance and tDCS-induced learn-
ing gain in either of the two tasks. Previous studies [36]
evaluating the effect of tDCS on left DLPFC function
support our results regarding the disconnection between
baseline performance and tDCS effects. This suggests
that tDCS over the left DLPFC is effective in enhanc-
ing early-phase motor learning regardless of individual
differences in baseline performance. Therefore, single-
session tDCS on the left DLPFC may be a useful neuro-
modulation technique for enhancing upper-limb motor
learning without specific feedback and guidance. Moreo-
ver, regarding clinical relevance, these results suggest that
tDCS to the left DLPFC for upper-limb motor learning
with the non-dominant hand will contribute to effec-
tive rehabilitation for individuals obliged to change their
handedness due to stroke, traumatic brain injury, upper-
limb trauma, or amputation.

Limitations

There are some limitations to this study. First, only
single-session tDCS in the initial stage of upper-limb
motor learning was evaluated. The tDCS-induced gain
in motor learning of the non-dominant hand should
be evaluated in long-term continuous training, rather
than in a single efficacy test. Moreover, retention of
acquired skills should be evaluated. This could fur-
ther enhance clinical application of tDCS to individu-
als obliged to change their handedness. Second, the
learning effect due to repetition was shown in two PPT
tasks. This is an unavoidable problem in the early phase
of motor learning when rapid performance gains were
obtained. Nevertheless, we found the effectiveness
of tDCS beyond learning effects in the task with high
cognitive demand, although the potential tDCS effects
may have been underestimated. Third, physiologi-
cal evidence underlying the behavioral data is lacking.
Functional neuroimaging can provide more robust evi-
dence and better understanding of the impact of tDCS
on motor learning. Finally, precise electrode placement
based on each individual’s brain structure could not be
performed. A recent study evaluating the precision of
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electrode placement in electroencephalography based
on the international 10/20 system referring to struc-
tural magnetic resonance imaging (MRI) data revealed
the variation in electrode location in Montreal Neuro-
logical Institute coordinates [71]. The use of structural
MRI in combination with neuronavigation systems
might provide a more precise electrode placement,
allowing for spatially-consistent current stimulation.
Moreover, functional MRI can precisely measure task-
related brain activation, which makes it ideal for elec-
trode placement.

Conclusions

This study demonstrated that tDCS significantly
improved early-phase manual dexterity skill acquisi-
tion regardless of baseline performance level, particu-
larly in tasks requiring high cognitive demand. tDCS on
the left DLPFC can potentially accelerate early-phase
manual dexterity skill acquisition and contribute to fur-
ther understanding of the underlying neurophysiological
mechanisms in the left DLPFC during this process.
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rCBF Regional cerebral blood flow

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-03989-9.

Additional file 1: Table S1. Results of 2 x 2 x 2 mixed-design analysis of
variance for normalized Z scores.

Acknowledgements
Not applicable.

Author contributions

AW conceptualized and designed the experiment, acquired data, and
participated in the formal analysis, visualization, writing of the original draft,
and writing review and editing. DS worked on the conceptualization, project
administration, experiment design, methodology, validation, data acquisi-
tion, formal analysis, interpretation of results, visualization, writing -of the
original draft, writing—reviewing, editing, and supervision. HN worked on the
methodology, experiment design, writing, reviewing, and editing. YT worked
on randomization and data acquisition. HM worked on the experiment design
and data acquisition. KS worked on the experiment design, writing, reviewing,
and editing. KF worked on the formal analysis, writing, reviewing, and editing.
HT worked on the experiment design, writing, reviewing, and editing. SY
worked on resources. SS conceptualized and designed the experiment, and
worked on writing, reviewing, and editing. All authors read and approved the
final manuscript.


https://doi.org/10.1186/s12967-023-03989-9
https://doi.org/10.1186/s12967-023-03989-9

Watanabe et al. Journal of Translational Medicine (2023) 21:143

Funding
This research did not receive any specific Grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the relevant ethics committee (Approval Number:
21-85) and registered in the University Hospital Medical Information Network
Clinical Trial Registry in Japan (UMIN000046868). Written informed consent
was obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Author details

!Graduate School of Health Sciences, Hokkaido University, Sapporo 060-0812,
Japan. ?Department of Rehabilitation Science, Faculty of Health Sciences,
Hokkaido University, Sapporo, Hokkaido 060-0812, Japan. *Department

of Occupational Therapy, Faculty of Medical Science, Fukuoka International
University of Health and Welfare, Fukuoka 814-0001, Japan. “Department

of Physical Therapy, Sapporo Medical University, Sapporo 060-8556, Japan.
Data Science Center, Promotion Unit, Institute of Health Science Innovation
for Medical Care, Hokkaido University Hospital, Sapporo 060-8648, Japan.
5Department of Rehabilitation Sciences, Health Sciences University of Hok-
kaido, Tobetsu 061-0293, Japan.

Received: 2 November 2022 Accepted: 14 February 2023
Published online: 24 February 2023

References

1. Fitts PM, Posner MI, Perform H. Oxford, England: Brooks/Cole; 1967.

2. Leff DR, Orihuela-Espina F, Elwell CE, Athanasiou T, Delpy DT, Darzi AW,
et al. Assessment of the cerebral cortex during motor task behaviours
in adults: a systematic review of functional near infrared spectroscopy
(fNIRS) studies. Neuroimage. 2011;54:2922-36. https://doi.org/10.1016/].
neuroimage.2010.10.058.

3. TanjiJ, Hoshi E. Role of the lateral prefrontal cortex in executive behavio-
ral control. Physiol Rev. 2008;88:37-57. https://doi.org/10.1152/physrev.
00014.2007.

4. Galea JM, Albert NB, Ditye T, Miall RC. Disruption of the dorsolateral
prefrontal cortex facilitates the consolidation of procedural skills. J Cogn
Neurosci. 2010;22:1158-64. https://doi.org/10.1162/jocn.2009.21259.

5. Shetty K, Leff DR, Orihuela-Espina F, Yang GZ, Darzi A. Persistent prefrontal
engagement despite improvements in laparoscopic technical skill. JAMA
Surg. 2016;151:682-4. https://doi.org/10.1001/jamasurg.2016.0050.

6. Sawamura D, Sakuraba S, Suzuki Y, Asano M, Yoshida S, Honke T, et al.
Acquisition of chopstick-operation skills with the non-dominant hand
and concomitant changes in brain activity. Sci Rep. 2019;9:20397. https://
doi.org/10.1038/541598-019-56956-0.

7. Miller EK, Cohen JD. An integrative theory of prefrontal cortex function.
Annu Rev Neurosci. 2001;24:167-202. https://doi.org/10.1146/annurev.
neuro.24.1.167.

8. Silton RL, Heller W, Towers DN, Engels AS, Spielberg JM, Edgar JC, et al.
The time course of activity in dorsolateral prefrontal cortex and anterior
cingulate cortex during top-down attentional control. Neuroimage.
2010;50:1292-302. https://doi.org/10.1016/j.neuroimage.2009.12.061.

9. Duncan J. The structure of cognition: attentional episodes in mind and
brain. Neuron. 2013;80:35-50. https://doi.org/10.1016/j.neuron.2013.09.
015.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 13 of 15

. Brosnan MB, Wiegand . The dorsolateral prefrontal cortex, a dynamic

cortical area to enhance top-down attentional control. J Neurosci.
2017;37:3445-6. https://doi.org/10.1523/JNEUROSCL.0136-17.2017.

. Barbey AK, Koenigs M, Grafman J. Dorsolateral prefrontal contributions to

human working memory. Cortex. 2013;49:1195-205. https://doi.org/10.
1016/].cortex.2012.05.022.

. Unterrainer JM, Owen AM. Planning and problem solving: from neuropsy-

chology to functional neuroimaging. J Physiol Paris. 2006;,99:308-17.
https://doi.org/10.1016/j.jphysparis.2006.03.014.

. NejatiV, Salehinejad MA, Nitsche MA. Interaction of the left dorsolateral

prefrontal cortex (I-DLPFC) and right orbitofrontal cortex (OFC) in hot
and cold executive functions: evidence from transcranial direct current
stimulation (tDCS). Neuroscience. 2018;369:109-23. https://doi.org/10.
1016/j.neuroscience.2017.10.042.

. Dahms C, Brodoehl S, Witte OW, Klingner CM. The importance of different

learning stages for motor sequence learning after stroke. Hum Brain
Mapp. 2020;41:270-86. https://doi.org/10.1002/hbm.24793.

. Dayan E, Cohen LG. Neuroplasticity subserving motor skill learning.

Neuron. 2011;72:443-54. https://doi.org/10.1016/j.neuron.2011.10.008.

. Goto K, Hoshi Y, Sata M, Kawahara M, Takahashi M, Murohashi H. Role of

the prefrontal cortex in the cognitive control of reaching movements:
near-infrared spectroscopy study. J Biomed Opt. 2011;16:127003. https://
doi.org/10.1117/1.3658757.

. Murray LJ, Ranganath C. The dorsolateral prefrontal cortex contributes

to successful relational memory encoding. J Neurosci. 2007;27:5515-22.
https://doi.org/10.1523/JNEUROSCI.0406-07.2007.

. Beets IA, Gooijers J, Boisgontier MP, Pauwels L, Coxon JP, Wittenberg G,

et al. Reduced neural differentiation between feedback conditions after
bimanual coordination training with and without augmented visual
feedback. Cereb Cortex. 2015;25:1958-69. https://doi.org/10.1093/cercor/
bhu005.

. Sawamura D, Sakuraba S, Yoshida K, Hasegawa N, Suzuki Y, Yoshida S, et al.

Chopstick operation training with the left non-dominant hand. Trans|
Neurosci. 2021;12:385-95. https://doi.org/10.1515/tnsci-2020-0189.
Vingerhoets G, Acke F, Alderweireldt AS, Nys J, Vandemaele P, Achten

E. Cerebral lateralization of praxis in right- and left-handedness: same
pattern, different strength. Hum Brain Mapp. 2012;33:763-77. https://doi.
0rg/10.1002/hbm.21247.

Philip BA, Frey SH. Increased functional connectivity between cortical
hand areas and praxis network associated with training-related improve-
ments in non-dominant hand precision drawing. Neuropsychologia.
2016;87:157-68. https://doi.org/10.1016/j.neuropsychologia.2016.05.016.
Kréliczak G, Frey SH. A common network in the left cerebral hemisphere
represents planning of tool use pantomimes and familiar intransitive
gestures at the hand-independent level. Cereb Cortex. 2009;19:2396-410.
https://doi.org/10.1093/cercor/bhn261.

Buxbaum LJ, Shapiro AD, Coslett HB. Critical brain regions for tool-related
and imitative actions: a componential analysis. Brain. 2014;137:1971-85.
https://doi.org/10.1093/brain/awu111.

Nitsche MA, Paulus W. Excitability changes induced in the human

motor cortex by weak transcranial direct current stimulation. J Physiol.
2000;527:633-9. https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633 x.
Filmer HL, Dux PE, Mattingley JB. Applications of transcranial direct
current stimulation for understanding brain function. Trends Neurosci.
2014;37:742-53. https://doi.org/10.1016/j.tins.2014.08.003.

Kronberg G, Bridi M, Abel T, Bikson M, Parra LC. Direct current stimulation
modulates LTP and LTD: activity dependence and dendritic effects. Brain
Stimul. 2017;10:51-8. https://doi.org/10.1016/j.brs.2016.10.001.
Hashemirad F, Zoghi M, Fitzgerald PB, Jaberzadeh S. The effect of anodal
transcranial direct current stimulation on motor sequence learning in
healthy individuals: a systematic review and meta-analysis. Brain Cogn.
2016;102:1-12. https://doi.org/10.1016/j.bandc.2015.11.005.

Gill J, Shah-Basak PP, Hamilton R. It's the thought that counts: examining
the task-dependent effects of transcranial direct current stimulation on
executive function. Brain Stimul. 2015;8:253-9. https://doi.org/10.1016/j.
brs.2014.10.018.

Buch ER, Santarnecchi E, Antal A, Born J, Celnik PA, Classen J, et al. Effects
of tDCS on motor learning and memory formation: a consensus and criti-
cal position paper. Clin Neurophysiol. 2017;128:589-603. https://doi.org/
10.1016/j.clinph.2017.01.004.


https://doi.org/10.1016/j.neuroimage.2010.10.058
https://doi.org/10.1016/j.neuroimage.2010.10.058
https://doi.org/10.1152/physrev.00014.2007
https://doi.org/10.1152/physrev.00014.2007
https://doi.org/10.1162/jocn.2009.21259
https://doi.org/10.1001/jamasurg.2016.0050
https://doi.org/10.1038/s41598-019-56956-0
https://doi.org/10.1038/s41598-019-56956-0
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1016/j.neuroimage.2009.12.061
https://doi.org/10.1016/j.neuron.2013.09.015
https://doi.org/10.1016/j.neuron.2013.09.015
https://doi.org/10.1523/JNEUROSCI.0136-17.2017
https://doi.org/10.1016/j.cortex.2012.05.022
https://doi.org/10.1016/j.cortex.2012.05.022
https://doi.org/10.1016/j.jphysparis.2006.03.014
https://doi.org/10.1016/j.neuroscience.2017.10.042
https://doi.org/10.1016/j.neuroscience.2017.10.042
https://doi.org/10.1002/hbm.24793
https://doi.org/10.1016/j.neuron.2011.10.008
https://doi.org/10.1117/1.3658757
https://doi.org/10.1117/1.3658757
https://doi.org/10.1523/JNEUROSCI.0406-07.2007
https://doi.org/10.1093/cercor/bhu005
https://doi.org/10.1093/cercor/bhu005
https://doi.org/10.1515/tnsci-2020-0189
https://doi.org/10.1002/hbm.21247
https://doi.org/10.1002/hbm.21247
https://doi.org/10.1016/j.neuropsychologia.2016.05.016
https://doi.org/10.1093/cercor/bhn261
https://doi.org/10.1093/brain/awu111
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1016/j.tins.2014.08.003
https://doi.org/10.1016/j.brs.2016.10.001
https://doi.org/10.1016/j.bandc.2015.11.005
https://doi.org/10.1016/j.brs.2014.10.018
https://doi.org/10.1016/j.brs.2014.10.018
https://doi.org/10.1016/j.clinph.2017.01.004
https://doi.org/10.1016/j.clinph.2017.01.004

Watanabe et al. Journal of Translational Medicine

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2023) 21:143

Patel R, Ashcroft J, Patel A, Ashrafian H, Woods AJ, Singh H, et al. The
impact of transcranial direct current stimulation on upper-limb motor
performance in healthy adults: a systematic review and meta-analysis.
Front Neurosci. 2019;13:1213. https://doi.org/10.3389/fnins.2019.01213.
Nakashima S, Koeda M, lkeda Y, Hama T, Funayama T, Akiyama T, et al.
Effects of anodal transcranial direct current stimulation on implicit motor
learning and language-related brain function: an fMRI study. Psychiatry
Clin Neurosci. 2021;75:200-7. https://doi.org/10.1111/pcn.13208.

Stagg CJ, Jayaram G, Pastor D, Kincses ZT, Matthews PM, Johansen-
Berg H. Polarity and timing-dependent effects of transcranial direct
current stimulation in explicit motor learning. Neuropsychologia.
2011;49:800-4. https://doi.org/10.1016/j.neuropsychologia.2011.02.
009.

Matsuo A, Maeoka H, Hiyamizu M, Shomoto K, Morioka S, Seki K.
Enhancement of precise hand movement by transcranial direct current
stimulation. NeuroReport. 2011;22:78-82. https://doi.org/10.1097/
WNR.0b013e32834298b3.

Dumel G, Bourassa ME, Charlebois-Plante C, Desjardins M, Doyon J,
Saint-Amour D, et al. Multisession anodal transcranial direct current
stimulation induces motor cortex plasticity enhancement and motor
learning generalization in an aging population. Clin Neurophysiol.
2018;129:494-502. https://doi.org/10.1016/j.clinph.2017.10.041.

Karok S, Fletcher D, Witney AG. Task-specificity of unilateral anodal

and dual-M1 tDCS effects on motor learning. Neuropsychologia.
2017,94:84-95. https://doi.org/10.1016/j.neuropsychologia.2016.12.
002.

Ashcroft J, Patel R, Woods AJ, Darzi A, Singh H, Leff DR. Prefrontal transcra-
nial direct-current stimulation improves early technical skills in surgery.
Brain Stimul. 2020;13:1834-41. https://doi.org/10.1016/j.brs.2020.10.013.
Vergallito A, Romero Lauro LJ, Bonandrini R, Zapparoli L, Danelli L, Ber-
lingeri M. What is difficult for you can be easy for me. Effects of increasing
individual task demand on prefrontal lateralization: a tDCS study. Neu-
ropsychologia. 2018;109:283-94. https://doi.org/10.1016/j.neuropsych
0logia.2017.12.038.

Seidler RD, Bo J, Anguera JA. Neurocognitive contributions to motor

skill learning: the role of working memory. J Mot Behav. 2012;44:445-53.
https://doi.org/10.1080/00222895.2012.672348.

Krakauer JW, Hadjiosif AM, Xu J, Wong AL, Haith AM. Motor learning
Compr Physiol. 2019;9:613-63. https://doi.org/10.1002/cphy.c170043.
Janacsek K, Nemeth D. Implicit sequence learning and working memory:
correlated or complicated? Cortex. 2013;49:2001-6. https://doi.org/10.
1016/j.cortex.2013.02.012.

Maxwell JP, Masters RS, Eves FF. The role of working memory in motor
learning and performance. Conscious Cogn. 2003;12:376-402. https://
doi.org/10.1016/51053-8100(03)00005-9.

Song JH. The role of attention in motor control and learning. Curr Opin
Psychol. 2019;29:261-5. https://doi.org/10.1016/j.copsyc.2019.08.002.
Doya K. Complementary roles of basal ganglia and cerebellum in learn-
ing and motor control. Curr Opin Neurobiol. 2000;10:732-9. https://doi.
0rg/10.1016/50959-4388(00)00153-7.

Ghilardi MF, Moisello C, Silvestri G, Ghez C, Krakauer JW. Learning of a
sequential motor skill comprises explicit and implicit components that
consolidate differently. J Neurophysiol. 2009;101:2218-29. https://doi.
org/10.1152/jn.01138.2007.

Hikosaka O, Nakahara H, Rand MK, Sakai K, Lu X, Nakamura K, et al. Parallel
neural networks for learning sequential procedures. Trends Neurosci.
1999;22:464-71. https://doi.org/10.1016/50166-2236(99)01439-3.

Tzvi E, MUnte TF, Krdmer UM. Delineating the cortico-striatal-cerebellar
network in implicit motor sequence learning. Neuroimage. 2014;94:222—
30. https://doi.org/10.1016/j.neuroimage.2014.03.004.

Savion-Lemieux T, Penhune VB. The effects of practice and delay on
motor skill learning and retention. Exp Brain Res. 2005;161:423-31.
https://doi.org/10.1007/500221-004-2085-9.

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

Antal A, Alekseichuk I, Bikson M, Brockmaéller J, Brunoni AR, Chen R, et al.
Low intensity transcranial electric stimulation: safety, ethical, legal regula-
tory and application guidelines. Clin Neurophysiol. 2017;128:1774-809.
https://doi.org/10.1016/j.clinph.2017.06.001.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 14 of 15

Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using
G*Power 3.1: tests for correlation and regression analyses. Behav Res
Methods. 2009;41:1149-60. https://doi.org/10.3758/BRM.41.4.1149.

Cox ML, Deng ZD, Palmer H, Watts A, Beynel L, Young JR, et al. Utilizing
transcranial direct current stimulation to enhance laparoscopic technical
skills training: a randomized controlled trial. Brain Stimul. 2020;13:863-72.
https://doi.org/10.1016/j.brs.2020.03.009.

Fertonani A, Ferrari C, Miniussi C. What do you feel if | apply transcranial
electric stimulation? Safety, sensations and secondary induced effects.
Clin Neurophysiol. 2015;126:2181-8. https://doi.org/10.1016/j.clinph.
2015.03.015.

Soechting JF, Flanders M. Flexibility and repeatability of finger move-
ments during typing: analysis of multiple degrees of freedom. J Comput
Neurosci. 1997;4:29-46. https://doi.org/10.1023/a:1008812426305.
Bastani A, Jaberzadeh S. Does anodal transcranial direct current stimula-
tion enhance excitability of the motor cortex and motor function in
healthy individuals and subjects with stroke: a systematic review and
meta-analysis. Clin Neurophysiol. 2012;123:644-57. https://doi.org/10.
1016/j.clinph.2011.08.029.

Hill AT, Fitzgerald PB, Hoy KE. Effects of anodal transcranial direct current
stimulation on working memory: a systematic review and meta-analysis
of findings from healthy and neuropsychiatric populations. Brain Stimul.
2016;9:197-208. https://doi.org/10.1016/}.brs.2015.10.006.

Dedoncker J, Brunoni AR, Baeken C, Vanderhasselt MA. A systematic
review and meta-analysis of the effects of transcranial direct current
stimulation (tDCS) over the dorsolateral prefrontal cortex in healthy and
neuropsychiatric samples: influence of stimulation parameters. Brain
Stimul. 2016;9:501-17. https://doi.org/10.1016/}.brs.2016.04.006.

Dyke K, Kim S, Jackson GM, Jackson SR. Intra-subject consistency and reli-
ability of response following 2 mA transcranial direct current stimulation.
Brain Stimul. 2016;9:819-25. https://doi.org/10.1016/j.brs.2016.06.052.
Chew T, Ho KA, Loo CK. Inter- and intra-individual variability in response
to transcranial direct current stimulation (tDCS) at varying current intensi-
ties. Brain Stimul. 2015;8:1130-7. https://doi.org/10.1016/j.brs.2015.07.
031.

Thielscher A, Antunes A, Saturnino GB. Field modeling for transcranial
magnetic stimulation: a useful tool to understand the physiological
effects of TMS? Annu Int Conf IEEE Eng Med Biol Soc. 2015;2015:222-5.
https://doi.org/10.1109/EMBC.2015.7318340.

Weber MJ, Messing SB, Rao H, Detre JA, Thompson-Schill SL. Prefrontal
transcranial direct current stimulation alters activation and connectivity
in cortical and subcortical reward systems: a tDCS-fMRI study. Hum Brain
Mapp. 2014,35:3673-86. https://doi.org/10.1002/hbm.22429.

Stagg CJ, Lin RL, Mezue M, Segerdahl A, Kong Y, Xie J, et al. Widespread
modulation of cerebral perfusion induced during and after transcranial
direct current stimulation applied to the left dorsolateral prefrontal cor-
tex. J Neurosci. 2013;33:11425-31. https://doi.org/10.1523/JNEUROSCI.
3887-12.2013.

Collins P, Roberts AC, Dias R, Everitt BJ, Robbins TW. Perseveration and
strategy in a novel spatial self-ordered sequencing task for nonhuman
primates: effects of excitotoxic lesions and dopamine depletions of the
prefrontal cortex. J Cogn Neurosci. 1998;10:332-54. https://doi.org/10.
1162/089892998562771.

Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang

N, et al. Pharmacological modulation of cortical excitability shifts
induced by transcranial direct current stimulation in humans. J Physiol.
2003;553:293-301. https://doi.org/10.1113/jphysiol.2003.049916.

Stagg CJ, Bachtiar V, Johansen-Berg H. The role of GABA in human motor
learning. Curr Biol. 2011,21:480-4. https://doi.org/10.1016/j.cub.2011.01.
069.

Hoy KE, Emonson MR, Arnold SL, Thomson RH, Daskalakis ZJ, Fitzgerald
PB. Testing the limits: investigating the effect of tDCS dose on work-

ing memory enhancement in healthy controls. Neuropsychologia.
2013;51:1777-84. https://doi.org/10.1016/j.neuropsychologia.2013.05.
018.

Keeser D, MeindI T, Bor J, Palm U, Pogarell O, Mulert C, et al. Prefrontal
transcranial direct current stimulation changes connectivity of resting-
state networks during fMRI. J Neurosci. 2011,31:15284-93. https://doi.
org/10.1523/JINEUROSCI.0542-11.2011.

Kidgell DJ, Goodwill AM, Frazer AK, Daly RM. Induction of cortical plastic-
ity and improved motor performance following unilateral and bilateral


https://doi.org/10.3389/fnins.2019.01213
https://doi.org/10.1111/pcn.13208
https://doi.org/10.1016/j.neuropsychologia.2011.02.009
https://doi.org/10.1016/j.neuropsychologia.2011.02.009
https://doi.org/10.1097/WNR.0b013e32834298b3
https://doi.org/10.1097/WNR.0b013e32834298b3
https://doi.org/10.1016/j.clinph.2017.10.041
https://doi.org/10.1016/j.neuropsychologia.2016.12.002
https://doi.org/10.1016/j.neuropsychologia.2016.12.002
https://doi.org/10.1016/j.brs.2020.10.013
https://doi.org/10.1016/j.neuropsychologia.2017.12.038
https://doi.org/10.1016/j.neuropsychologia.2017.12.038
https://doi.org/10.1080/00222895.2012.672348
https://doi.org/10.1002/cphy.c170043
https://doi.org/10.1016/j.cortex.2013.02.012
https://doi.org/10.1016/j.cortex.2013.02.012
https://doi.org/10.1016/s1053-8100(03)00005-9
https://doi.org/10.1016/s1053-8100(03)00005-9
https://doi.org/10.1016/j.copsyc.2019.08.002
https://doi.org/10.1016/s0959-4388(00)00153-7
https://doi.org/10.1016/s0959-4388(00)00153-7
https://doi.org/10.1152/jn.01138.2007
https://doi.org/10.1152/jn.01138.2007
https://doi.org/10.1016/s0166-2236(99)01439-3
https://doi.org/10.1016/j.neuroimage.2014.03.004
https://doi.org/10.1007/s00221-004-2085-9
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1016/j.brs.2020.03.009
https://doi.org/10.1016/j.clinph.2015.03.015
https://doi.org/10.1016/j.clinph.2015.03.015
https://doi.org/10.1023/a:1008812426305
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1016/j.brs.2015.10.006
https://doi.org/10.1016/j.brs.2016.04.006
https://doi.org/10.1016/j.brs.2016.06.052
https://doi.org/10.1016/j.brs.2015.07.031
https://doi.org/10.1016/j.brs.2015.07.031
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1002/hbm.22429
https://doi.org/10.1523/JNEUROSCI.3887-12.2013
https://doi.org/10.1523/JNEUROSCI.3887-12.2013
https://doi.org/10.1162/089892998562771
https://doi.org/10.1162/089892998562771
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1016/j.cub.2011.01.069
https://doi.org/10.1016/j.cub.2011.01.069
https://doi.org/10.1016/j.neuropsychologia.2013.05.018
https://doi.org/10.1016/j.neuropsychologia.2013.05.018
https://doi.org/10.1523/JNEUROSCI.0542-11.2011
https://doi.org/10.1523/JNEUROSCI.0542-11.2011

Watanabe et al. Journal of Translational Medicine

68.

69.

70.

(2023) 21:143

transcranial direct current stimulation of the primary motor cortex. BMC
Neurosci. 2013;14:64. https://doi.org/10.1186/1471-2202-14-64.

Cieslik EC, Zilles K, Caspers S, Roski C, Kellermann TS, Jakobs O, et al. Is
there "one” DLPFC in cognitive action control? Evidence for heterogeneity
from co-activation-based parcellation. Cereb Cortex. 2013;23:2677-89.
https://doi.org/10.1093/cercor/bhs256.

Yamamoto S, Ishii D, Ishibashi K, Kohno Y. Transcranial direct current
stimulation of the dorsolateral prefrontal cortex modulates cognitive
function related to motor execution during sequential task: a randomized
control study. Front Hum Neurosci. 2022;16:890963. https://doi.org/10.
3389/fnhum.2022.890963.

Ljubisavljevic MR, Oommen J, Filipovic S, Bjekic J, Szolics M, Nagelkerke N.
Effects of tDCS of dorsolateral prefrontal cortex on dual-task performance
involving manual dexterity and cognitive task in healthy older adults.
Front Aging Neurosci. 2019;11:144. https://doi.org/10.3389/fnagi.2019.
00144,

71. Scrivener CL, Reader AT. Variability of EEG electrode positions and their
underlying brain regions: visualizing gel artifacts from a simultaneous
EEG-fMRI dataset. Brain Behav. 2022;12:e2476. https://doi.org/10.1002/
brb3.2476.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

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

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

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

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1186/1471-2202-14-64
https://doi.org/10.1093/cercor/bhs256
https://doi.org/10.3389/fnhum.2022.890963
https://doi.org/10.3389/fnhum.2022.890963
https://doi.org/10.3389/fnagi.2019.00144
https://doi.org/10.3389/fnagi.2019.00144
https://doi.org/10.1002/brb3.2476
https://doi.org/10.1002/brb3.2476

	Transcranial direct current stimulation to the left dorsolateral prefrontal cortex enhances early dexterity skills with the left non-dominant hand: a randomized controlled trial
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Trial design and participants
	Experimental procedure
	Two subtests of PPT
	Transcranial direct current stimulation
	Statistical analyses

	Results
	Baseline characteristics and the assessment after stimuli
	PPT tasks performance
	Comparison of normalized PPT task performance
	Relationship between the PPT task performance at baseline and changes in the PPT task performance in each evaluation period

	Discussion
	Limitations
	Conclusions
	Acknowledgements
	References


