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Introduction: Motor learning is a key component of stroke neurorehabilitation. 
High-definition transcranial direct current stimulation (HD-tDCS) was recently 
developed as a tDCS technique that increases the accuracy of current delivery 
to the brain using arrays of small electrodes. The purpose of this study was 
to investigate whether HD-tDCS alters learning-related cortical activation 
and functional connectivity in stroke patients using functional near-infrared 
spectroscopy (fNIRS).

Methods: Using a sham-controlled crossover study design, 16 chronic stroke 
patients were randomly assigned to one of two intervention conditions. Both groups 
performed the sequential finger tapping task (SFTT) on five consecutive days, either 
with (a) real HD-tDCS or (b) with sham HD-tDCS. HD-tDCS (1 mA for 20 min, 4 
× 1) was administered to C3 or C4 (according to lesion side). fNIRS signals were 
measured during the SFTT with the affected hand before (baseline) and after each 
intervention using fNIRS measurement system. Cortical activation and functional 
connectivity of NIRS signals were analyzed using a statistical parametric mapping 
open-source software package (NIRS-SPM), OptoNet II®.

Results: In the real HD-tDCS condition, oxyHb concentration increased 
significantly in the ipsilesional primary motor cortex (M1). Connectivity between 
the ipsilesional M1 and the premotor cortex (PM) was noticeably strengthened 
after real HD-tDCS compared with baseline. Motor performance also significantly 
improved, as shown in response time during the SFTT. In the sham HD-tDCS 
condition, functional connectivity between contralesional M1 and sensory cortex 
was enhanced compared with baseline. There was tendency toward improvement 
in SFTT response time, but without significance.

Discussion: The results of this study indicated that HD-tDCS could modulate 
learning-related cortical activity and functional connectivity within motor 
networks to enhance motor learning performance. HD-tDCS can be used as 
an additional tool for enhancing motor learning during hand rehabilitation for 
chronic stroke patients.
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1. Introduction

Stroke is a leading cause of disability, and many stroke patients live 
with lasting sensorimotor impairment (Anwer et al., 2022). Long-term 
disability in upper extremity motor function due to stroke can cause 
major challenges in performing activities of daily living (Langhorne 
et al., 2009), social participation (Sveen et al., 1999), and returning to 
work (Baldwin and Butler, 2006). Understanding the changes that 
occur in motor-related neurological mechanisms after stroke might 
facilitate the development of appropriate therapies that could enable 
better functional improvement.

Relearning specific motor skills required to complete daily tasks 
is a key component of stroke rehabilitation for upper extremity motor 
function. Learning a new motor skill requires the operation of several 
distinct motor learning processes that rely on different neuronal 
substrates (Spampinato and Celnik, 2021). On the cortical level, the 
prefrontal cortices and parietal lobes, which comprise the 
frontoparietal network, are engaged both in forming motor memory 
in the early learning phase and in delayed recall of learned motor skills 
(Doyon et  al., 2003; Lewis and Miall, 2003). The motor cortex, 
including the primary motor cortex (M1), premotor cortex (PM), and 
supplementary motor area (SMA), is strongly interconnected with the 
frontoparietal network at the cortical level (Dahms et al., 2020). Also, 
for appropriate motor output of learned skills to the descending motor 
system, motor cortices must interact with the striatum and other parts 
of the basal ganglia (BG) (Dahms et al., 2020). After stroke, activity-
dependent adaptations within the distributed neural networks can 
be induced by practicing skilled movements and changes in cortical 
representations (Kami et al., 1995; Karni et al., 1998), despite specific 
lesions. However, it is difficult to draw clear conclusions about the 
neural mechanisms used to recruit brain areas during motor learning 
because of the heterogeneity of stroke.

Transcranial direct current stimulation (tDCS) techniques have 
been used to alter neuronal activity and establish causal relationships 
between motor network components and behavioral outcomes to 
improve motor learning (Ammann et al., 2016) by controlling the 
polarity of induced electrical stimulation (Dissanayaka et al., 2017). 
Recently, high-definition tDCS (HD-tDCS) has been developed to 
increase the spatial precision of current delivery to a targeted cortical 
region using arrays of small electrodes (Villamar et al., 2013). A 4 × 1 
ring configuration is one common arrangement of HD-tDCS 
electrodes to concentrate peak stimulation in a target region (Lefebvre 
et  al., 2019). A previous brain modeling study that used high-
resolution magnetic resonance imaging (MRI) demonstrated that the 
area of cortex undergoing modulation using a 4 × 1 ring configuration 
for HD-tDCS is more highly focused than that with the bipolar 
montage used in conventional tDCS (Datta et al., 2009). As measured 
by behavioral and neurophysiological parameters, HD-tDCS has been 
shown to improve motor learning capacity (Iannone et al., 2022) and 
have long-lasting effects in enhancing motor cortex excitability (Kuo 
et al., 2013). Taken together, the results of previous research indicate 

a need to clarify the neuronal mechanisms that underlie the 
modulatory effects of HD-tDCS.

Neuroimaging techniques are used to expand understanding of 
neuronal mechanisms (Esmaeilpour et al., 2020). Functional near-
infrared spectroscopy (fNIRS) is a noninvasive optical imaging 
technique that can illustrate cortical activity by quantifying the 
concentrations of oxyhemoglobin (oxyHb) and deoxyhemoglobin 
(deoxyHb) using continuous-wave light (650–950 nm) emitted 
through the skull into the brain (Ferrari and Quaresima, 2012). Unlike 
conventional functional neuroimaging modalities, such as functional 
MRI (fMRI) and positron emission tomography (PET) (Leff et al., 
2011; Ferrari and Quaresima, 2012), fNIRS has a relatively high 
tolerance to motion artifacts as it continuously detects hemodynamic 
responses, even during motor tasks. Therefore, the use of fNIRS in 
clinical trials is expanding (Delorme et al., 2019; Lee S.-H. et al., 2020; 
Huo et al., 2021). A recent fNIRS study suggested that the resting-state 
functional connectivity of the dorsolateral prefrontal cortex increased 
after HD-tDCS in healthy subjects (Yaqub et al., 2018). An fNIRS 
study in stroke patients demonstrated that HD-tDCS could rebalance 
interhemispheric cortical activity and reduce the hemodynamic 
burden in the affected hemisphere during simple finger tapping tasks 
(Kim et al., 2022). Furthermore, the usefulness of an fNIRS study on 
the effect of focal HD-tDCS stimulation on upper limb motor function 
in stroke patients was proposed (Muller et  al., 2021). However, 
whether HD-tDCS modulates both cortical activation and functional 
connectivity during motor learning after stroke remains unclear.

The purpose of this study was to investigate the changes of 
cortical activation and functional connectivity during motor 
learning task with affected hand in stroke patients. We hypothesized 
the cortical activation and functional connectivity would show 
different patterns depending on application of HD-tDCS on 
ipsilesional M1 in stroke patients. In this study, we used fNIRS to 
investigate how HD-tDCS to ipsilesional motor areas of stroke 
patients affected cortical activation during motor learning with the 
affected hand compared with sham HD-tDCS. We also examined 
how HD-tDCS application induces changes in functional 
connectivity of ipsilesional and contralesional M1 during motor 
learning with the affected hand in stroke patients.

2. Methods

2.1. Participants

Potential participants were recruited from an outpatient stroke 
rehabilitation clinic at Samsung Medical Center in Seoul, Republic of 
Korea, from June 2021 to June 2022. Clinicians in rehabilitation 
medicine identified suitable participants who meet the inclusion and 
exclusion criteria for this study and obtained informed consent from 
those subjects. Twenty-one chronic stroke patients enrolled in this 
study. Among them, five patients withdrew consent before 
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intervention for personal reasons, thus, 16 patients (7 males and 9 
females, mean age 56.8 ± 13.0 years) completed the study protocol. The 
inclusion criteria were unilateral hemiparetic stroke (both ischemic 
and hemorrhagic), age between 19 and 80 years, chronic stroke 
symptoms for more than 6 months, lesions including BG, and the 
ability to move individual fingers. The exclusion criteria were a history 
of psychiatric disease, significant neurological disease other than 
stroke, metal implants, and contraindications to tDCS application 
(Russo et al., 2017). Written informed consent was provided by all 
patients before participation. The patient demographics are described 
in Table 1, and the lesion map is presented in Supplementary Figure 1. 
The lesions were manually drawn on T1-weighted structural MRI with 
lesion mapping software (MRIcro Software).1 The lesions were 
normalized to the standard Montreal Neurological Institute (MNI) 
space and overlaid on a template of the MNI space. For patients with 
lesions on the right side, the lesions were flipped to the left side to 
better visualize the distribution. The experimental procedures were 
approved by the Ethics Committee of Samsung Medical Center. This 
study was registered at ClinicalTrials.gov (NCT04903457).

2.2. Study design

Using a sham-controlled, double-blind, crossover study design, all 
participants completed 10 days of HD-tDCS intervention. Before the 
intervention, all participants underwent MRI to examine lesion 
location and volume. At the same visit, fNIRS measurements were 
conducted during 15 min of the sequential finger tapping task (SFTT) 

1 http://www.cabiatl.com/mricro/mricro/index.html

to assess the initial motor learning capacity of each participant. 
Referring to the experimental protocols of previous tDCS cross-over 
studies (Gãlvez et al., 2013; Hamoudi et al., 2018), each participant 
underwent treatment with 2 HD-tDCS conditions for 5 consecutive 
days (days 1 to 5), separated by a 4-week washout period, in random 
order of intervention: (a) condition 1: 20 min of real HD-tDCS 
stimulation (real HD-tDCS) over the affected motor area and (b) 
condition 2: sham stimulation that applied the current used in the 
actual stimulation only during the 30-s ramp-up and-down periods 
(sham HD-tDCS). If a patient was first allocated to condition 1, that 
patient underwent the condition 2 process after the 4-week washout 
window period. The order of these treatments was randomly allocated. 
To measure hemodynamic changes during a motor learning task, 
fNIRS was conducted during a 15-min of SFTT after HD-tDCS 
application on every intervention day. In addition, to examine motor 
performance, each participant’s accuracy and response time during 
the SFTT were measured along with fNIRS measurements. The study 
design is illustrated in Figure 1A.

2.3. High-definition tDCS

A battery-driven Starstim 8 tDCS system (Neuroelectrics®, 
Barcelona, Spain) was used in a 4 × 1 ring configuration of HD 
electrodes (surface: 3.14 cm2; current density, anode, 0.32 mA/cm2; 
each cathode, ~0.08 mA/cm2) to deliver a constant direct current to 
the affected hemisphere. The anode, which was the center electrode of 
the 4 × 1 ring montage of HD electrodes, was placed on the scalp 
overlying C3 or C4 (based on the 10–20 system) to cover the 
ipsilesional motor cortical area. The four cathodes surrounded the 
anode at a center-to-center distance of 3.5 cm. Thus, when a 
participant’s lesion was on the right side, the anode was placed on C4, 

TABLE 1 Demographic information of participants.

Subject 
number

Sex Age 
(years)

Onset 
duration 
(months)

Side of 
lesion

Location 
of lesion

Type of 
stroke

Allocated condition 
order

Handedness

1 M 58 64.7 Rt. BG, CR Infarction Condition 2—condition 1 Rt. handed

2 M 38 51.7 Lt. BG, CR Infarction Condition 1—condition 2 Rt. handed

3 F 69 8.7 Lt. BG, CR Infarction Condition 1—condition 2 Bi-handed

4 F 64 31.2 Lt. BG, CR Infarction Condition 1—condition 2 Rt. handed

5 F 54 15.6 Rt. BG, CR Infarction Condition 2—condition 1 Rt. handed

6 F 76 53.5 Rt. BG, CR Infarction Condition 2—condition 1 Rt. handed

7 M 48 67.9 Lt. BG Hemorrhage Condition 2—condition 1 Rt. handed

8 M 33 67.4 Lt. BG, CR Hemorrhage Condition 1—condition 2 Rt. handed

9 F 55 122.0 Lt. BG, CR Infarction Condition 2—condition 1 Rt. handed

10 F 71 175.5 Lt. BG, CR Hemorrhage Condition 1—condition 2 Rt. handed

11 M 58 73.2 Rt. BG, CR Infarction Condition 2—condition 1 Rt. handed

12 F 37 45.6 Lt. BG, CR, TH Hemorrhage Condition 2—condition 1 Rt. handed

13 F 65 130.8 Lt. BG, CR Hemorrhage Condition 2—condition 1 Rt. handed

14 F 62 197.0 Rt. BG, CR Infarction Condition 1—condition 2 Rt. handed

15 M 71 68.0 Rt. BG, CR Infarction Condition 1—condition 2 Rt. handed

16 M 50 38.4 Lt. BG, CR Hemorrhage condition 1 – condition 2 Rt. handed

M, male; F, female; Rt., right; Lt. left; BG, basal ganglia; CR, corona radiata; TH, thalamus.
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and the cathodes were placed on C2, C6, FC4, and CP4. When a 
participant’s lesion was on the left side, the anode was placed on C3, 
and the cathodes were placed on C1, C5, FC3, and CP3. A constant 
current of 1 mA was delivered for 20 min, with 30-s ramp-up 
and-down phases. In the sham procedure, stimulation was applied to 
the same area in the same electrode montage, but real stimulation was 
provided only during the ramp-up and-down periods to provide the 
same skin tingling sensation (Martïnez-Përez et al., 2020). First, a 
period of “ramping up” is administered, in which the stimulation 
reaches the maximum programmed current (e.g., 30 s to reach 1 mA). 
Ramping up is then followed by a short stimulatory period, in which 
the participant receives stimulation for a few seconds. Finally, 
“ramping down” involves the current gradually being switched off 
(Thair et al., 2017). HD-tDCS application is illustrated in Figure 1B.

2.4. Measurement of changes in 
hemodynamic response during the 
sequential finger tapping task

Changes in hemodynamic responses during the SFTT with the 
affected hand were measured in each patient on every intervention 
day. Using an fNIRS measurement system (NIRScout®; NIRx Medical 
Technologies, Berlin, Germany) on a multi-modal-compatible fNIRS 

platform, the hemodynamic response signals were obtained as optical 
changes collected in a continuous wave. The fNIRS system used two 
wavelengths, 760 and 850 nm, with a sampling rate of 10.25 Hz. With 
20 sources and detectors, the fNIRS topomap consisted of 67 channels, 
with 3 cm between each source and detector. The fNIRS topomap was 
designed to cover nearly the whole brain area, including the frontal, 
motor, parietal, temporal, and occipital cortices (Figure 1C). During 
fNIRS measurements, all patients performed the SFTT with the 
affected hand. NIRStar 15.2 software (NIRx Medical Technologies) 
was used for signal acquisition, recording the raw fNIRS data, and 
obtaining signal quality indicators for measurement channels 
following hardware calibration. Channels with poor signal quality 
were identified using the following criteria and excluded from further 
analysis. First, channels with gain larger than 7, showing inadequate 
light detection, were rejected. The gain is calculated by the NIRx 
device during a calibration procedure performed prior to each 
experiment. In the NIRx system, gain values less than 7 are defined as 
optical signals within the range of 0.09–1.4 V and at noise levels less 
than 2.5% (Shoushtarian et al., 2020). If the acquired signal quality was 
poor during calibration, the contact between the scalp and analogous 
optodes was adjusted until the overall signal quality was acceptable.

An SFTT protocol programmed using SuperLabPro® 2.0 software 
(Cedrus, Co., Phoenix, AZ, United States) was used with all participants 
(Figure 1C). During the SFTT with fNIRS measurement, each patient 

FIGURE 1

Study design. (A) Experimental paradigm. (B) Application of HD-tDCS. When a participant’s lesion was on the right side, the anode was placed on C4, 
and the cathodes were placed on C2, C6, FC4, and CP3. When a participant’s lesion was on the left side, the anode was placed on C3, and the 
cathodes were placed on C1, C5, FC3, and CP5. In the real HD-tDCS condition, a constant current was delivered at 1 mA for 20 min, with ramp-up and-
down phases of 30 s. In the sham HD-tDCS condition, current was ramped up from 0 to 1 mA during the first 30 s, then ramp-down to 0 mA during the 
next 30 s, and remain at 0 mA for the next 20 min. (C) fNIRS measurement during the SFTT and the fNIRS topomap. A star appeared on the black screen 
for 600 ms, and then an empty black screen appeared for 400 ms after the star disappeared. HD-tDCS, high-definition transcranial direct current 
stimulation; fNIRS, functional near-infrared spectroscopy; SFTT, sequential finger tapping task; Nz, nasion; Iz, inion; LPA, left pre-auricular; RPA, right 
pre-auricular.
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was seated 50 cm from a computer monitor, and the affected hand 
performing the task was held in a supported position. As a visual cue 
on the monitor, a star appeared at any one of five positions arranged in 
a horizontal line on the computer screen in front of the participant. The 
participant was instructed to use their affected fingers to press the 
button on a customized keyboard that corresponded to the stimulus 
presented on the screen as quickly and accurately as possible 
(thumb = 1, index finger = 2, middle finger = 3, ring finger = 4, little 
finger = 5). The star appeared for 600 ms, after which the screen went 
blank for 400 ms. Each sequence was composed of 9 digits, and the task 
block included 15 repetitions of that sequence. Information about the 
sequence order was not provided to the participant for this implicit 
motor learning task. Three pre-determined sequences with the same 
difficulty were randomly assigned to the baseline, real HD-tDCS, and 
sham HD-tDCS conditions.

2.5. Measurement of motor performance 
during the sequential finger tapping task

Accuracy and response time during the SFTT were used to 
measure changes in motor performance of the affected hand at every 
intervention session. To measure SFTT performance, each patient’s 
mean response time and number of correct responses (accuracy) (Kim 
et  al., 2006) were calculated with SuperLabPro® software. The 
response time was defined as the mean time required for the patient 
to press the correct key after appearance of the stimulus on the screen. 
The accuracy and response time were measured for 36 stimuli within 
each trial, with 15 trial blocks for each task. Also, we calculated the 
skill index (SI). Usually, when speed increases, accuracy decreases, 
and vice versa. The SI is used to compensate for the trade-off between 
speed and accuracy (Cuypers et  al., 2013). In other words, the SI 
considers both the accuracy and response time parameters during the 
task and was calculated using the following formula.

 
SI

Percentage of correct responses

Mean response time per
=

( )%

bblock msec( )

2.6. fNIRS data analysis

The fNIRS data for patients with a left-side lesion were flipped to 
the fNIRS channels on the opposite side, so that the lesion location for 
all subjects could be analyzed on the same side. The cortical activation 
map produced during the SFTT with the affected hand was analyzed 
using statistical parametric mapping (SPM) analysis with the Near-
Infrared Spectroscopy-Statistical Parametric Mapping open-source 
software package (NIRS-SPM)2 (Tak et  al., 2008) implemented in 
MATLAB® (MathWorks, Inc., Natick, MA, United States). To test for 
significant changes in oxyHb concentration during task blocks 
compared with rest blocks, a general linear model was used with a 
canonical hemodynamic response curve (Ye et al., 2009). Then, the 

2 http://bisp.kaist.ac.kr/NIRS-SPM

statistical contrast in reference to the base signal was tested, and 
cortical activity was presented as the t-value during experiment. In 
group analysis of all subjects, statistical analysis was performed based 
on the individual-level beta values to determine the activated 
channels. Then, the t-statistic maps computed for group analysis were 
plotted onto a conventional brain template aligned to the affected 
hemisphere, and regions with significant differences in oxyHb 
concentration were identified (p < 0.05, uncorrected) (Benjamini and 
Hochberg, 1995). Individual-level t-values for all 67 channels were 
extracted to statistically analyze the t-value for each channel. Then, the 
t-values of each channel were presented as individual regions of 
interest (ROIs) that were selected by fNIRS optode location decider 
(fOLD) channels (Zimeo Morais et al., 2018) in MATLAB®.

The analysis of functional connectivity between the bilateral M1 
and other cortical regions using fNIRS data was performed using 
OptoNet II® software (25 March 2021),3 which is a MATLAB-based 
application for functional cortical connectivity analysis of fNIRS 
signals (Lee et al., 2019; Lee G. et al., 2020). The functional connectivity 
between the bilateral M1 and other cortical regions was estimated by 
analyzing the phase-locking value (PLV) in OptoNet II®. The PLV can 
indicate synchrony between two recording sites in a precise frequency 
range and uses responses to repeated stimuli to search for latencies at 
which the phase difference between signals varies minimally across 
trials (phase-locking) (Lachaux et al., 1999). The intertrial variability 
of this phase difference was measured using the PLV; if the phase 
difference varied minimally across trials, the PLV was close to 1; 
otherwise, it was close to zero (Lachaux et al., 1999). After extracting 
the PLV from each of the 15 task blocks in each SFTT trial for each 
individual, the PLVs for each block were averaged. Because fNIRS 
channels for analyzing functional connectivity for cortical regions 
were determined by the fOLD channels (Zimeo Morais et al., 2018), 
they included the channels used to analyze t-values in SPM analysis 
as follows: medial pre-frontal (MPF), Ch. 1, 2, 3, 4; ipsilesional frontal 
area (FrIpsi), Ch. 10, 11, 12, 13, 29, 30; contralesional frontal area 
(FrContra), Ch. 6, 14, 15, 16, 18, 19; ipsilesional M1 (M1Ipsi), Ch. 34, 35, 
39; contralesional M1 (M1Contra), Ch. 23, 24, 59; SMA, Ch. 9, 25, 27; 
ipsilesional PM (PMIpsi), Ch. 31, 32, 33; contralesional PM (PMContra), 
Ch. 17, 21, 26; ipsilesional sensory cortex (SnIpsi), Ch. 40, 41, 44; 
contralesional sensory cortex (SnContra), Ch. 57, 60, 61; ipsilesional 
parietal lobe (PrIpsi), Ch. 48, 49; contralesional parietal lobe (PrContra), 
Ch. 54, 64; ipsilesional temporal lobe (TmIpsi), Ch. 36, 38; contralesional 
temporal lobe (TmContra), Ch. 20, 56; and occipital lobe (Occ), Ch. 55, 
66. The fNIRS signals were processed with normalization for each 
epoch to prevent signal distortion caused by differences between 
functional region groups in the number of fNIRS channels. The PLVs 
between the bilateral M1 and other ROIs were extracted to compare 
changes in functional connectivity at every measurement.

2.7. Statistical analysis

The data were analyzed using SPSS version 20 (SPSS, Inc., Chicago, 
IL, United States). To evaluate the normality of the distribution, the data 
were examined using the Kolmogorov–Smirnov test. The statistical 

3 https://sites.google.com/site/dsucore/free/optonet
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significance of changes in the t-values of channels 35 and 59 and the PLVs 
from the fNIRS measurements was determined through three stages of 
analysis. First, repeated measures analysis of variance (RM-ANOVA) was 
used to confirm the interaction between conditions (real HD-tDCS and 
sham HD-tDCS) and changes in the t-values and PLVs of the fNIRS 
measurement on the five intervention days. Second, the Friedman test 
was used to examine the effects of days within each condition at each 
measurement because the t-values and PLVs were found to have 
non-parametric distributions. Third, the t-values and PLVs obtained for 
each intervention were compared with the baseline values and evaluated 
using the Wilcoxon signed-rank test. For statistical analysis of the SFTT 
variables, three stages of analysis were performed. First, RM-ANOVA was 
used to test the interaction between conditions and blocks of the SFTT 
for each measurement. Second, the Friedman test or RM-ANOVA, 
depending on the normality distribution of data, was used to assess the 
effects of the blocks within each condition on each intervention day. 
Third, SFTT variables in each block were compared with the first block 
on every measurement day using the Wilcoxon signed rank test. For all 
analyses, the level of significance was set at p = 0.05.

3. Results

3.1. Cortical activity analysis during the 
sequential finger tapping task using 
NIRS-SPM

Figure 2A shows changes in the average cortical activation in 
terms of oxyHb during the SFTT with the affected hand from baseline 
to day 5 in each condition, as illustrated by the NIRS-SPM analysis. 
On day 5 in the real HD-tDCS condition, the oxyHb concentration 
during SFTT with the affected hand increased primarily around the 
ipsilesional motor cortices. The changes in t-values for channel 35 and 
59, which represent the ipsilesional and contralesional M1, 
respectively, are illustrated in Figure 2B. The t-value changes for those 
channels show no day × condition interaction. As the intervention 
progressed, the t-value of channel 35 increased from baseline to day 5 
with statistical significance (Friedman test, Χ

2
 = 16.828, df = 5, 

p = 0.005) in the real HD-tDCS condition. In the sham HD-tDCS 
condition, the t-value of channel 35 tended to increase as the 
intervention progressed, but the difference was not statistically 
significant. On days 4 and 5  in the real HD-tDCS condition, the 
increase in the t-value of channel 35 attained statistical significance 
compared to baseline (Wilcoxon signed-rank test, day 4, p = 0.034; day 
5, p = 0.020). The t-value of channel 59 tended to decrease from 
baseline to day 5 without statistical significance in both the real 
HD-tDCS and sham HD-tDCS conditions. A significant decrease in 
channel 59 occurred on day 5 and day 3 in the real HD-tDCS and 
sham HD-tDCS conditions, respectively (Wilcoxon signed rank test, 
real HD-tDCS, p = 0.026; sham HD-tDCS, p = 0.008). The changes in 
the t-values of the ROI channels are presented in Table 2.

3.2. Functional connectivity analysis during 
sequential finger tapping task

Figure 3 shows changes in mean PLV between M1Ipsi and the other 
ROIs during SFTT with the affected hand between baseline and the 
fifth day in each condition. The values above each ROI indicate the 

PLV between M1Ipsi and each ROI in Figure 3. The changes in PLV at 
each ROI showed no day × condition interaction for any ROI. At 
baseline, the PLV between M1Ipsi and SnIpsi indicated a relatively strong 
connection compared with connections between M1Ipsi and the other 
ROIs. From days 1 to 5, as the intervention progressed, the PLV 
between M1Ipsi and PMIpsi showed a tendency to increase compared 
with baseline in the real HD-tDCS condition, but the difference was 
not statistically significant. The PLV between M1Ipsi and SnIpsi tended 
to increase as the days progressed in the real HD-tDCS condition but 
without statistical significance. The PLV between M1Ipsi and PMIpsi 
increased from a baseline value of 0.70 ± 0.24 to 0.88 ± 0.08 
(mean ± standard deviation) on day 3, which was a statistically 
significant change (Wilcoxon signed rank test, p = 0.007). On day 5, 
the PLV difference between M1Ipsi and PMIpsi increased with statistical 
significance from baseline to 0.88 ± 0.08 (Wilcoxon signed-rank test, 
p =  0.017). The PLV between M1Ipsi and SnIpsi did not increase 
significantly in the real HD-tDCS condition compared with baseline 
on any day. In the sham HD-tDCS condition, the PLV between M1Ipsi 
and other ROIs maintained a level similar to that at baseline. On day 
5, relatively strong connections were shown between M1Ipsi and SnContra 
compared with baseline, but this was not statistically significant.

Changes in PLV at each ROI showed a day × condition interaction 
between M1Contra and FrIpsi was statistically significant (RM-ANOVA, 
F = 3.155, p = 0.015). The PLV between M1Contra and FrContra tended to 
decrease from baseline to day 5 in the real HD-tDCS condition. On 
the other hand, the PLV between M1Contra and FrContra increased 
significantly from baseline to day 5 in the sham HD-tDCS condition 
(Wilcoxon signed rank test, p = 0.039). The PLV between M1Contra and 
FrIpsi also tended to decrease without statistical significance from 
baseline to day 5 in the real HD-tDCS condition. However, the PLV 
between M1Contra and FrIpsi showed a tendency to increase in the sham 
HD-tDCS condition. The PLV between M1Contra and FrIpsi increased 
with significance on day 5 (Wilcoxon signed rank test, p = 0.020) in 
the sham HD-tDCS condition, and in the same condition, the PLV 
between M1Contra and SnContra increased significantly compared with 
baseline on days 3, 4, and 5 (Wilcoxon signed rank test, day 3, 
p = 0.011; day 4, p = 0.034; day 5, p = 0.023). Changes in the mean PLV 
between M1Contra and the other ROIs during SFTT with the affected 
hand from baseline to the fifth day in each condition are presented in 
Supplementary Figure 2.

3.3. Statistical analysis during the 
sequential finger tapping task

Figure 4 shows changes in accuracy and response time during every 
block from baseline to day 5 in each condition. RM-ANOVA failed to 
demonstrate a block × condition interaction in the accuracy changes on 
each day. At baseline, the accuracy of the SFTT increased with statistical 
significance from blocks 1 to 15 (RM-ANOVA, F = 2.507, p = 0.038) 
(Figure 4A). In the real HD-tDCS condition, the accuracy improved 
significantly by block on day 2 (Friedman test, Χ

2
= 29.766, df = 14, 

p = 0.008) and day 5 (Friedman test, Χ
2

= 29.239, df = 14, p = 0.010) 
(Figure 4A). In the sham HD-tDCS condition, the accuracy tended to 
increase on all days; it changed significantly on block days 1, 2, and 4 
(Friedman test, day 1: Χ

2
 = 29.143, df = 14, p = 0.010; day 2: Χ2 = 

24.789, df = 14, p = 0.037; day 4: § 2
 = 23.796, df = 14, p = 0.048) 

(Figure 4A). No significant differences in response time were found to 
have a block × condition interaction on any day. The response time in 
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the SFTT tended to decrease from blocks 1 to 15 without statistical 
significance at baseline (Figure 4B). In the real HD-tDCS condition, the 
response time differed significantly by block on day 3 (Friedman test, 
Χ2

 = 34.517, df = 14, p = 0.002), day 4 (Friedman test, Χ
2

 = 43.270, 
df = 14, p < 0.001), and day 5 (Friedman test, Χ

2
 = 27.757, df = 14, 

p = 0.015). In the sham HD-tDCS condition, no statistically significant 
differences were observed between blocks on any day.

The SI did not show statistically significant block × condition 
interactions on any day. At baseline, the SI increased significantly by block 
(Friedman test, Χ

2
= 31.033, df = 14, p = 0.005). In the real HD-tDCS 

condition, the SI changed significantly by block on all days (Friedman test, 
day 1: Χ

2
 = 39.487, df = 14, p < 0.001; day 2: Χ

2
= 47.534, df = 14, 

p < 0.001; day3: Χ
2

= 45.585, df = 14, p < 0.001; day 4: Χ
2

= 33.365, 
df = 14, p = 0.003; day 5: Χ

2
= 40.163, df = 14, p < 0.001). In the sham 

HD-tDCS condition, the SI changed significantly by block on day 1 
(Friedman test, Χ

2
= 35.677, df = 14, p = 0.001) and day 3 (RM-ANOVA, 

F = 3.009, p = 0.020). The SI changes in every block from baseline to day 5 
for each condition are described in Supplementary Figure 3.

4. Discussion

In this study, we investigated changes in cortical activation and 
functional connectivity during the SFTT after stroke treatment with 
HD-tDCS on the motor cortical area. We also examined changes in 
motor performance as reflected by the SFTT. Our main findings are 
that the HD-tDCS intervention could promote cortical activation of 
the ipsilesional motor area during SFTT with the affected hand. 
Furthermore, in the cortical network, the HD-tDCS intervention 
enhanced functional connectivity between M1Ipsi and PMIpsi. Without 
the application of HD-tDCS, functional connectivity between M1Contra 
and SnContra was promoted during motor learning after stroke. Also, 
the hemodynamic changes caused by the real HD-tDCS intervention 
were accompanied by improvement in motor performance and upper 
extremity function in chronic stroke patients compared with the sham 
HD-tDCS.

In normal motor learning, increases in cortical activation of the 
contralateral motor area during the early stage of motor learning and 

FIGURE 2

(A) Average cortical activation maps during the SFTT with the affected hand. SFTT, sequential finger tapping task. (B) T-value changes in the ipsilesional 
(channel 35) and contralesional (channel 59) M1 from baseline to day 5. Red and blue asterisks indicate statistical significance between baseline and 
each measurement day in the real HD-tDCS and sham HD-tDCS conditions, respectively (Wilcoxon signed rank test, p < 0.05).
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TABLE 2 Changes in t-values on cortical activation mapping through statistical parametric mapping at each intervention session.

Real HD-tDCS Sham HD-tDCS

Region of 
interest

Channel Baseline Day 1 Day 2 Day 3 Day 4 Day 5 Day 1 Day 2 Day 3 Day 4 Day 5

MPF
Ch. 4 3.121 (3.959) 3.126 (5.304)

3.158 

(4.484)
2.699*(4.029) 2.004 (4.195) 1.672*(3.594) 2.719 (2.601) 2.641 (3.831) 2.643 (3.646) 2.145*(3.799) 2.546*(3.813)

FrIpsi
Ch. 12 2.581 (2.532) 1.357*(2.326)

1.945 

(2.447)
2.148 (3.429) 1.961*(2.553) 1.704 (2.658) 2.233 (2.396) 2.234 (3.910) 3.073 (1.751) 1.634 (2.919) 3.165 (2.630)

FrContra
Ch. 15 3.041 (3.517) 1.671*(1.773)

1.447 

(2.532)
2.903 (4.609) 2.098 (2.945) 0.672*(1.985) 1.876*(3.425) 2.499*(2.257) 2.893 (3.827) 2.504 (1.419) 1.841 (2.849)

M1Ipsi
Ch. 35 2.512 (3.915) 2.354 (4.407)

2.882 

(4.678)
3.662 (2.990) 4.841*(4.092) 7.223*(5.944) 1.163 (2.191) 1.850 (6.350) 2.315 (1.629) 1.656 (2.489) 1.886 (4.358)

M1Contra
Ch. 59 3.535 (3.527) 2.358 (5.889)

2.863 

(2.279)
2.637 (4.802) 2.417 (3.296) 1.692*(3.320) 2.053 (3.534) 2.978 (4.052) 2.004**(2.791) 3.567 (4.156) 3.075 (5.753)

SMA
Ch. 27 2.321 (2.181) 2.461*(3.226)

1.697 

(3.093)
3.248 (4.146) 0.530 (3.948) 1.493 (5.023) 0.975 (3.441) 1.647 (2.601) −0.469 (4.862) 2.062 (4.559) 1.328 (4.650)

PMIpsi
Ch. 32 1.543 (3.345) 3.131 (3.172)

2.361 

(3.465)
3.375 (4.067) 2.911 (2.586) 2.813 (2.352) 1.804 (2.167) 1.461 (4.142) 2.166 (2.633) 1.092 (3.440) 0.915 (5.183)

PMContra
Ch. 26 4.062 (3.566) 4.232 (4.801)

3.396 

(3.223)
3.208 (5.522) 3.569 (4.354) 3.020 (3.563) 2.021*(3.062) 3.400 (4.046) 2.258 (2.796) 3.130 (3.479) 2.882 (6.079)

SnIpsi
Ch. 44 3.166 (3.354) 2.602 (4.356)

2.273 

(6.092)
2.877 (3.850) 0.713 (3.432) 1.785 (4.842) 0.597 (2.484) 1.470 (2.347) 1.190 (1.996) 1.196 (2.701) 1.354 (3.683)

SnContra
Ch. 60 4.011 (3.488) 3.329 (5.164)

3.822 

(3.172)
1.816 (5.338) 1.601*(3.423) 3.480 (3.407) 1.794*(2.608) 1.959 (4.117) 2.510*(2.160) 2.587*(3.712) 3.083*(3.856)

PrIpsi
Ch. 49 2.204 (3.050) 1.902 (5.931)

3.084 

(2.755)
0.842 (3.336) 1.485 (3.021) 3.485 (3.466) 1.714 (2.185) 1.522 (2.746) 3.091 (4.339) 0.525 (2.980) 2.262 (4.712)

PrContra
Ch. 54 1.135 (2.386) 1.638 (4.267)

3.044 

(4.554)
2.694 (4.367) 2.063 (4.323) 2.736 (2.608) 1.276 (2.930) 1.974 (4.650) 2.162 (3.349) 0.616 (6.269) 1.785 (4.218)

TmIpsi
Ch. 36 2.430 (3.173) 0.589 (1.841)

1.724 

(2.782)
0.427 (3.520) 1.650 (2.667) 2.405 (2.469) 0.719 (1.802) 1.475 (4.526) 1.479 (2.969) 1.667 (2.624) 1.824 (1.521)

TmContra
Ch. 20 3.871 (3.695) 2.461*(2.796)

2.123 

(4.231)
1.183*(3.624) 0.976*(4.095) 1.053*(5.082) 1.608*(2.968) 2.898 (3.806) 1.473*(1.427) 0.814*(2.141) 1.254 (2.935)

Occ
Ch. 66 1.975 (3.730) 2.590 (5.932)

2.424 

(5.399)
1.699 (2.466) 1.995 (2.398) 2.951 (3.189) 1.592 (3.006) 2.068 (3.271) 2.732 (5.168) 1.580 (3.086) 1.646 (5.631)

All data are expressed as median (interquartile range). MPF, medial prefrontal cortex; FrIpsi, ipsilesional frontal area; FrContra, contralesional frontal area; M1Ipsi, ipsilesional primary motor cortex; M1Contra, contralesional primary motor cortex; SMA, supplementary motor 
area; PMIpsi, ipsilesional premotor cortex; PMContra, contralesional premotor cortex; SnIpsi, ipsilesional sensory cortex; SnContra, contralesional sensory cortex; PrIpsi, ipsilesional parietal cortex; PrContra, contralesional parietal cortex; TmIpsi, ipsilesional temporal lobe; TmContra, 
contralesional temporal lobe; Occ, occipital lobe. *Significant change compared with baseline (Wilcoxon-signed rank test, p < 0.05). Bold values mean significant change compared with baseline.
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improvements in response time, rather than in accuracy, are thought 
to indicate successful motor learning (Park et al., 2010; Krakauer et al., 
2019). This study found increases in cortical activity in the ipsilesional 
motor area during SFTT with the affected hand after the real HD-tDCS 
intervention, which was accompanied by significant improvement in 
SFTT response time. The t-values for oxyHb in the channels 
representing the M1Ipsi during SFTT with the affected hand increased 
significantly by day in the real HD-tDCS condition. After the sham 
HD-tDCS intervention, SFTT performance did not reach the same 
level as with the real HD-tDCS intervention. In the normal process of 
motor learning, recruitment of M1 plays a key role through 
use-dependent mechanisms (Hardwick et  al., 2013). Therefore, 
modulating M1 by enhancing cortical activation in stroke patients has 
been suggested as a strategy for improving motor learning after stroke 
(Lefebvre et  al., 2013; Kang et  al., 2016). With the focal montage 
provided by the 4 × 1 configuration, HD-tDCS was shown to effectively 
improve motor skill learning in healthy subjects (Iannone et al., 2022). 
Also, application of HD-tDCS to the motor area has been shown to 
increase task-related cortical activation of the motor area (Muthalib 
et  al., 2014; Besson et  al., 2019). Our results of enhanced cortical 
activation after HD-tDCS application to ipsilesional M1 with motor 
learning training differ from those of a previous study. Prior results 
showed decreased cortical activation with HD-tDCS and a simple 
motor task in chronic stroke patients (Kim et al., 2022). This difference 
could be due to the motor task paradigm. First, the duration of the 
motor task at 1 of our sessions was longer than that of Kim et al. (2022). 
Second, our motor task paradigm contains repetitions of a sequence, 
unlike the simple motor task of the previous study. Multiple sessions of 
a sequence-specific motor learning task enhance response to repetition 
of experience-driven changes of M1, unlike a simple motor task (Karni 
et al., 1998). It is conceivable that the motor task paradigm plays a 
critical role in the effectiveness of HD-tDCS on task-related cortical 
activation in chronic stroke patients. Our cortical activation results 
imply that HD-tDCS could augment motor performance, especially in 

terms of response time, by increasing cortical activation of the motor 
area after stroke. In other words, they suggest that HD-tDCS could 
alter cortical activation and motor learning patterns after stroke to 
better reflect the normal pattern of early-stage motor learning.

The motor cortical areas M1, PM, and SMA act as a hub for 
forming networks with other cortical or subcortical regions engaged 
in motor learning (Dahms et  al., 2020). In the real HD-tDCS 
condition, the intensity of connection between M1Ipsi and PMIpsi 
increased and was accompanied by a decrease in connection with 
M1Contra and the frontal areas. With those hemodynamic changes, 
response time during the SFTT improved significantly. When 
reproducing motor sequences with precise timing, the PM plays a 
crucial role in temporal organization of movements by producing a 
rhythmic pattern of motor sequences and sending a projection to M1 
to produce motor sequence outputs with optimal timing (Halsband 
et al., 1993). Previous findings demonstrated that performance of 
automatic sequential finger movements involved greater activity of the 
PM to compensate for reduced connections between the PM and M1 
that result from degenerative changes in the brain (Wu and Hallett, 
2005). After stroke, contributions of the PM that support the role of 
M1 represent a tract-specific structure–function relationship for 
improving motor performance (Schulz et al., 2012). Participants in 
our study had lesions including the BG, which indicate impairment in 
generating significant output from learned sequences to the 
descending motor system. Thus, strengthened functional connectivity 
between M1Ipsi and PMIpsi after HD-tDCS indicate that PMIpsi plays an 
important role in supporting M1Ipsi in projecting the motor output of 
skilled movements by inducing timing-effective motor performance 
of a learned skill. We also found that functional connectivity between 
M1Contra and SnContra was strengthened when stroke patients repeated 
the motor learning task without the HD-tDCS intervention. It is 
widely recognized that implicit sensorimotor recalibration serves to 
minimize motor execution errors during performance of implicit 
motor learning (Krakauer et  al., 2019; Kim et  al., 2021). In our 

FIGURE 3

Changes in functional connectivity between the ipsilesional M1 and other ROIs during the SFTT with the affected hand. The letters in green circles 
indicate the names of the ROIs, and the colored lines represent functional connectivity between the ipsilesional M1 and each ROI. The numbers above 
each green circle are the mean PLV between the ipsilesional M1 and that ROI. The functional connectivity line is represented by a warmer color if the 
PLV was close to 1 and a cooler color if the PLV was close to 0, and only the high-value lines (threshold >0.2) are represented. The PLV between the 
ipsilesional M1 and PM increased on days 3 and 5 compared with baseline in the real HD-tDCS condition (Wilcoxon signed rank test, p < 0.05). MPF, 
medial prefrontal cortex; Fr, frontal area; M1, primary motor cortex; SMA, supplementary motor area; PM, premotor cortex; Sn, sensory cortex; Pr, 
parietal cortex; Tm, temporal lobe; Occ; occipital lobe.
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patients, we found an effort to recruit implicit sensorimotor adaptation 
and thereby reduce motor execution errors during an implicit motor 
learning task with the affected hand that took the form of a significant 
strong connection between M1Contra and SnContra, but not between M1Ipsi 
and SnIpsi. The enhanced functional connectivity between M1Contra and 
SnContra might indicate that the sensory-motor network was 
strengthened in the contralesional hemisphere because of the 
interhemispheric imbalance after stroke (Berenguer-Rocha et  al., 
2020). These findings support imaging evidence from a previous study 
indicating that application of inhibitory brain stimulation over the 
contralesional sensory and motor cortex could enhance motor 
learning in post-stroke patients (Meehan et al., 2011). In previous 
findings (Mary et  al., 2017), the lower resting-state connectivity 
between the sensorimotor cortex and other learning-related areas was 
related to a reduced need to perform error detection and correction 
in a healthy young subject. The results of the current study showed 
strengthened functional connectivity of M1Ipsi with PMIpsi, M1Contra, 

and SnContra, in chronic stroke patients with learning-related lesions. 
The differences in those findings imply that the strengthened 
functional connectivity in cortical levels induces motor learning by 
compensating for the role of learning-related lesions in chronic stroke 
patients, unlike the healthy population.

To the best of our knowledge, this is the first study to investigate 
the modulating effect of HD-tDCS on learning-related hemodynamic 
changes in chronic stroke patients with restricted subcortical lesions 
by analyzing changes in both cortical activation and functional 
connectivity at the whole brain level. Our findings provide evidence 
that HD-tDCS could improve motor performance during a motor 
learning task by increasing learning-related cortical activation in 
M1Ipsi and strengthening the learning-related connection between 
M1Ipsi and PMIpsi. Nonetheless, this study has several limitations. First, 
there is a potential lack of statistical power due to our small sample 
size; therefore, our results cannot be generalized to the entire stroke 
population. Second, lack of successive recordings during repeated 

FIGURE 4

Changes in the accuracy and response time of the SFTT. (A) Changes in accuracy at baseline and in the real HD-tDCS and sham HD-tDCS conditions. 
(B) Changes in the response time at baseline and in the real HD-tDCS and sham HD-tDCS conditions. Green asterisks indicate statistical significance 
between block 1 and block 15 at baseline (Friedman test, p < 0.05). Red asterisks indicate statistical significance between block 1 and block 15 in the real 
HD-tDCS condition on each day (Friedman test, p < 0.05). Blue asterisks indicate statistical significance from block 1 to block 15 in the sham HD-tDCS 
condition on each day (Friedman test, p < 0.05). Black asterisks indicate statistical significance between block 1 and each other block on each 
measurement day (Wilcoxon signed rank test, *p < 0.05, **p < 0.01). SFTT, sequential finger tapping task; HD-tDCS, high-definition transcranial direct 
current stimulation.
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administrations over several weeks prevented analysis of HD-tDCS 
after-effects. Future research with a larger sample size in the stroke 
population and long-term sustainability are needed to identify the 
clinically relevant effects of HD-tDCS for motor learning in stroke 
patients. Third, we could not measure the hemodynamic changes that 
occurred during application of HD-tDCS. To investigate the direct 
mechanisms underlying HD-tDCS, future studies need to measure 
hemodynamic changes during HD-tDCS. Fourth, the stroke lesions 
of participants were diverse; most of patients had concomitant lesion 
of the corona radiata well as the BG. Therefore, it was not possible to 
interpret the results in relation only with BG lesion. To affirm the 
learning-related hemodynamic changes associated with specific 
lesions, future studies need to concentrate on stroke patients with 
homogenous lesions.

5. Conclusion

This study has demonstrated that HD-tDCS induced increases in 
cortical activation at M1Ipsi and enhanced functional connectivity 
between M1Ipsi and PMIpsi in chronic stroke patients. Learning-related 
changes in cortical activation and functional connectivity caused by 
HD-tDCS correlated with improved motor performance, particularly 
motor learning task response time. The results of our study imply that 
HD-tDCS to M1Ipsi could allow efficient hemodynamic changes in 
motor network areas that promote successful motor learning among 
stroke patients.
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