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Background: Gait problems are critical impairments in Parkinson’s disease (PD) and are

related to increased risk of fall and negatively impact activities of daily life. Transcranial

direct current stimulation (tDCS) is a non-invasive brain stimulation technique that can

modify the cortical excitability of gait-related brain regions. In this study, we investigated

whether multichannel tDCS with simultaneous treadmill gait training could improve gait

in PD.

Methods: Twenty-four patients with PD were assigned randomly to a real or sham tDCS

group. Before intervention, one patient of the real tDCS group was dropped out, leaving

23 patients to be analyzed in this study. Each patient underwent 30min of treadmill

gait training for 10 sessions over four consecutive weeks. Multichannel 4x1 tDCS was

applied using five 6-cm-diameter round electrodes. One anode was placed on the CZ,

and four cathodes were positioned symmetrically over the FZ, C5, C6, and PZ. Anodal

tDCS (2mA) and sham tDCS were delivered for 20min. The secondary outcomes were

gait performance, as measured by the timed up and go test (TUG) and freezing of

gait questionnaire (FOG-Q), and balance was assessed using the dynamic gait index

(DGI), Berg balance scale (BBS), and functional reach test (FRT). Motor and non-motor

performance of patients with PD were assessed using the Movement Disorder Society-

sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS).

Participants were assessed before the intervention, immediately after the intervention,

and 4 weeks after completion of the intervention.

Results: The real tDCS group showed a significant improvement in the 10-m walk test,

but the sham group did not. Among the secondary outcome measures, MDS-UPDRS

part II, TUG, and BBS were improved only in the real tDCS group. Particularly, MDS-

UPDRS part II showed a significant group∗time interaction effect, indicating that real tDCS

demonstrated a better effect on the activities of daily living patients with PD.
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Conclusions: The results of this pilot study suggest that multichannel tDCS applied

on the leg motor cortex during treadmill gait training is a safe and effective means to

improve gait velocity in patients with PD. Additional rigorous, large-sample, multicenter,

randomized controlled trials are needed to confirm the effect of tDCS as a therapeutic

adjunct for gait rehabilitation of patients with PD.

Keywords: Parkinson’s disease, gait training, multichannel transcranial direct current stimulation (tDCS), non-

invasive brain stimulation (NIBS), neurorehabilitation

INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative
disease characterized by four major motor signs: resting tremor,
rigidity, bradykinesia, and postural instability (1). Gait difficulties
and balancing issues are disabling problems in many patients
with PD, with different contributing factors, such as freezing of
gait (FOG), festination, shuffling steps, and progressive loss of
postural reflexes.

In advanced PD, difficulties of gait and postural control,
bradykinesia, cognitive impairment, and non-motor symptoms,
refractory to conventional treatment, pose therapeutic
challenges. When the disease progresses, gait and balance
problems can worsen and underlie the risk of fall, leading
to hip fracture in later stages of PD. Patients with PD have
a 2-fold higher mortality related to fall injuries compared to
individuals without PD (2). Gait disturbances, such as FOG
and falls, are often resistant to pharmacological interventions,
and rehabilitation programs often are not able to limit the
progression of PD (3).

The success of deep brain stimulation (DBS) and advances in
the understanding of the pathophysiology of PD have increased
interest in non-invasive brain stimulation (NIBS) techniques as
alternative therapeutic tools. Benninger et al. (4) first reported
transcranial direct current stimulation (tDCS) effect on patients
with PD. Patients with PD who did not take medication
underwent anodal tDCS applied to the primary motor cortex
(M1leg), and they reported better improvement in bradykinesia
compared to patients receiving sham stimulation (5). The
composite of theMovement Disorder Society-sponsored revision
of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
bradykinesia score indicated improvement with anodal tDCS in
the off-medication state. To date, tDCS has been explored for
treatment in patients with PD by virtue of its ability to influence
motor and non-motor symptoms (6). According to a systematic
review (6), multiple studies have assessed the efficacy of tDCS
as a treatment for gait symptoms in patients with PD. tDCS
over motor areas showed promising results, with seven of the
10 studies showing a positive effect of motor area stimulation
on gait. Studies also have reported that DLPFC stimulation
improved gait speed in PD.

In a real clinical setting, stimulating the M1leg using tDCS
involves a challenge due to its depth and orientation within the
interhemispheric fissure. Conventional tDCS produces a wide-
spread electric field with low spatial specificity, reaching target
areas of the brain with low density. To increase the density and

focality of current to the target area, multi-tDCS montages with
multiple configurations were used in this study (7). The most
used multi-tDCS montage is the 4 × 1 ring configuration, which
consists of one active electrode placed on the area of interest and
four reference electrodes surrounding it. A previous study offered
a clue that a 4× 1multi-tDCSwas capable of stimulating the deep
interhemispheric cortical area of the dorsal anterior cingulate
cortex (ACC) (8). The electric current delivered is constrained
and localized within the reference electrodes. Multi-tDCS is
an approach capable of efficiently targeting distributed brain
networks to facilitate beneficial neuroplasticity and functional
connectivity (9).

A systematic review (10) defined physical therapy/exercise for
patients with PD as activities focusing on muscle strengthening
and enhancing aerobic capacity, balance, gait, and functional
mobility. Most trials and review articles demonstrated that
physical therapy/exercise improved gait performance in terms of
speed, stride, or step-length, and increased the walking capacity
as measured by the 6-min walk test (11, 12). According to animal
research (13), physical activity manifests neurorestorative and
neuroprotective effects. Exercise on a treadmill can raise the
level of neurotrophins in the striatum in rat models with PD.
The presence of exercise-induced neuroplasticity in PD is further
supported by human studies (14). Treadmill training led to the
enhancement of corticomotor excitability, which was associated
with improved gait parameters. In our study, we posited that the
combination of tDCS and treadmill training would intensify the
effect of physical therapy for patients with PD.

In the present double-blind, randomized, sham-controlled
study, we aimed to confirm that patients who undergo multi-
tDCS to the M1leg and treadmill training would show better gait
performance including speed, freezing symptom, and balance
than the control group that only undergoes treadmill training.
We also investigated whether such stimulation is safe concurrent
with treadmill training. We tried to determine the benefits
to balance, FOG, disease severity, and non-motor aspects of
patients with PD beyond those of the current therapy, such
as medications.

METHODS

Participants
Participants included patients who were diagnosed with PD
based on published criteria (15).

The clinical trial protocol and consent form were reviewed
and approved by the Korean Food and Drug Administration
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(No. 1159) and the Institutional Review Board at Samsung
Medical Center, Seoul, Republic of Korea (IRB-2020-09-093).
The trial was registered with ClinicalTrials.gov (NCT04591236).
Written informed consent was obtained from all the patients.
Inclusion criteria were patients aged 50–75 years with Modified
Hoehn and Yahr stages of 1–4 while on medication. Doses
and types of medication were not changed during the study
period. Subjects were excluded if they had a history of severe
major neurological diseases such as stroke or traumatic brain
injury, psychiatric disease such as schizophrenia, or severe
cognitive impairment, as assessed by the Korean mini-mental
state examination (K-MMSE), with a score less than 10. Subjects
with contraindications of tDCS such as intracranial metallic
implants, history of seizure, pregnancy, implanted electrical
devices such as pacemakers, and skin problems on the scalp that
might be worsened during tDCS were also excluded from the
study. This study is a pilot study, so the sample size was not
calculated statistically.

We assessed 26 patients for eligibility, and two declined
to participate (Figure 1). Finally, we recruited 24 patients and
randomized them into either the real tDCS (r-tDCS) intervention
with treadmill gait training group (n = 12, 8 women, mean age

63.73 ± 6.57) or the sham tDCS (s-tDCS) intervention with
treadmill gait training group (n = 12, 7 women, mean age
65.08 ± 6.46). The two groups conducted the same treadmill
gait training during this study. One patient in the r-tDCS
group was lost to follow up. This study is a pilot study, and
the sample size was not calculated statistically. We referred to
the current rules of thumb for a two-arm pilot trial sample
(16). Dopaminergic regimens were maintained without change
throughout the study. Patients were assessed during the “on”
medication state for all study evaluations. We documented the
data of levodopa equivalent dose (LED) in Table 1. There was
no difference between the groups. All patients were randomized
using a table of random numbers by a researcher who was not
otherwise part of this study. One patient in the r-tDCS group
dropped out during follow-up, and associated data were input by
the last observation carried forward (LOCF). The demographic
and clinical findings of patients in the r-tDCS (n = 11) and s-
tDCS (n = 12) intervention groups were comparable (Table 1).
Written informed consent was obtained from all the participants
before inclusion in the study. Ethical approval was obtained from
the Institutional Review Board (IRB) of SamsungMedical Center,
Seoul, Republic of Korea.

FIGURE 1 | Flow diagram of the study.
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TABLE 1 | Baseline characteristics of the study population.

r-tDCS group s-tDCS group p value

(n = 11) (n = 12)

Age, years (mean ± SD) 63.73 ± 6.57 65.08 ± 6.46 0.62a

Sex, F:M 8:3 5:7 0.47b

Height, cm (mean ± SD) 157.04 ± 7.54 158.55 ± 6.63 0.61b

Body weight, kg (mean ± SD) 58.05 65.85 ± 11.23 0.14a

BMI (mean ± SD) 23.30± 3.22 26.24 ± 4.57 0.09a

Hoehn and Yahr, (median and range) 1, range 1∼3 2, range 1∼3 0.78b

LED, mg (mean ± SD) 564.91 ± 350.79 766.58 ± 267.35 0.13a

10MWT, m/s (mean ± SD) 1.11 ± 0.19 1.15 ± 0.26 0.68a

TUG, sec (mean ± SD) 10.35± 2.85 9.82± 1.97 0.60a

FRT, cm (mean ± SD) 20.14 ± 7.34 17.77± 6.24 0.41a

FOG-Q (mean ± SD) 7.27 ± 2.28 8.72± 3.52 0.25a

FOG-Q #3 (n,%) 0.15b

Point 0 0 0

Point 1 6 (54.5) 4 (33.3)

Point 2 5 (45.5) 6 (50.0)

Point 3 0 2 (16.7)

Point 4 0 0

BBS (mean ± SD) 44.18 ± 3.68 40.75 ± 7.35 0.17a

DGI (mean ± SD) 18.18 ± 4.58 15.50 ± 3.63 0.95c

K-MMSE (mean ± SD) 28.00 ± 1.48 28.42 ± 1.24 0.47a

GDS (mean ± SD) 5.55 ± 2.50 7.08 ± 4.29 0.31c

MDS-UPDRS Part 1 (mean ± SD) 11.45 ± 4.55 12.75 ± 5.26 0.54a

MDS-UPDRS Part 2 (mean ± SD) 9.45 ± 3.64 12.58 ± 6.33 0.44c

MDS-UPDRS Part 3 (mean ± SD) 33.64 ± 16.06 34.50 ± 12.67 0.89a

MDS-UPDRS Part 4 (mean ± SD) 1.09 ± 2.12 3.50 ± 4.91 0.14c

MEP, rMT of Lt leg (mean ± SD) 36.45 ± 6.19 40.25 ± 9.35 0.27a

MEP, rMT of Rt leg (mean ± SD) 41.09 ± 9.03 43.17 ± 7.00 0.54a

MEP, AMP of Lt leg (mean ± SD) 525.18 ± 212.37 576.08 ± 360.24 0.68a

MEP, AMP of Rt leg (mean ± SD) 749.91 ± 423.43 621.50 ± 503.29 0.18c

tDCS, Transcranial Direct Current Stimulation; BMI, Body Mass Index; LED, Levodopa

Equivalent Dose; TUG, Timed Up and Go Test; FRT, Functional Reach Test; FOG-Q,

Freezing of Gait Questionnaire; BBS, Berg Balance Scale; DGI, Dynamic Gait Index;

K-MMSE, Korean Mini-Mental State Examination; GDS, Geriatric Depression Scale;

MDS-UPDRS, Movement Disorder Society-sponsored revision of the Unified Parkinson’s

Disease Rating Scale; MEP, Motor Evoked Potential; rMT, Resting Motor Threshold; AMP,

Amplitude. a Independent t-test; bChi-square test; cMann-Whitney test.

Study Design
A prospective, analytical, double-blinded, randomized, sham-
controlled clinical trial was carried out. This study was double-
blinded for researchers and patients. Among researchers, the two
researchers whomeasured gait performances of subjects were not
involved in the interventions and were unaware of the assigned
groups. This is a pilot study for investigating the safety and
effectiveness of multichannel tDCS applied simultaneously with
treadmill gait training for patients with PD.

Participants were randomized to (1) treadmill with real
tDCS and (2) treadmill with sham tDCS. The trial duration
was 4 weeks, with a total of 10 sessions of intervention, and
endpoint assessment was performed 4 weeks after the end of
the intervention period. Patients in Group I (r-tDCS) received

tDCS for the first 20min of a 30-min period of treadmill gait
training. Patients in Group II (s-tDCS) received sham tDCS
during the same physical training. Outcomes were recorded
before intervention (T0), immediately after intervention (T1),
and 4 weeks after intervention (T2).

Treadmill Gait Training
For treadmill gait training, the GAT SYSTEM Pro (Cybermedia
Inc., Korea) treadmill was used. The velocity can be adjusted
in increments of 0.1 km/h through a display embedded in the
treadmill. The velocity range is 0–8 km/h. Treadmill gait training
was performed at a self-selected speed for 30min. Self-selected
treadmill gait speeds of both the groups in each section are
reported in Supplementary Table 1. To perform timed tests of
gait after the intervention, the patients determined a comfortable
treadmill speed before every session during 2min of warm-up
walking. After 3min of rest, the intervention began. During
treadmill training, we used a harness to protect against falls, but
it was not supporting the body weight. While the patient was
walking on the treadmill, safety personnel were by their side.

tDCS Intervention
tDCS was administered using a battery-driven stimulator (YDS-
401B, ybrain Inc., Korea) that delivers direct electric current
through saline-soaked sponge electrodes. For each real tDCS
session, we applied a direct anodal current of 2mA through
a rubber pad with a sponge-inserted electrode (surface 28.26
cm2, diameter 6 cm, current density 0.071 mA/cm2) through an
anode placed over the CZ (M1leg area target region) of the 10–20
international electroencephalographic system. Anodal electrodes
were symmetrically located around the CZ. Considering the
electric current direction, tDCS intervention was based on
bihemispheric montage. tDCS intervention was conducted for
20 min/day at the beginning of a 30-min period of treadmill
training. Four cathodes were positioned symmetrically over the
FZ, C5, C6, and PZ. In the first 10 s, stimulation was gradually
increased to 2mA, where it was of help, until gradually decreasing
in the last 10-s of the session. The ramp-up and ramp-down times
were each 10 s. The level of impedance was variable to supply
constant current. For safety reasons, the instrument was designed
to deactivate the power supply over a certain level of impedance.
In the s-tDCS group, we placed the anode and cathodes over the
same positions as in the r-tDCS group. The device was turned on
without sending current. We set up the devices out of sight of the
patients and blinded the investigators. We observed events of fall
without injury, fall with hospitalization, hypotension, dizziness,
muscle pain, minor injuries, and self-reported adverse effects
during training and intervention. We listed possible symptoms
and asked patients to respond with “Yes” (if yes, specify the event
type) or “No.” At the end of each session, the side effect survey
was performed by interviewing patients. We used a documented
questionnaire about adverse events and side effects for each
patient. The experiment was performed for 10 sessions with
intervention (3 weekly sessions for 4 weeks) during an “on”
medication period. The study was approved by the Ministry
of Food and Drug Safety of the Republic of Korea. They also
approved this tDCS device for use in this clinical trial.
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Clinical Assessments
Baseline and follow-up evaluations were performed before the
intervention (T0), immediately after 10 sessions (T1), and 4
weeks after completing the intervention (T2). The primary
outcomemeasure was gait speed measured at a comfortable pace.
The 10-m walk test (10MWT) was used to determine gait speed
as it is a common tool reliable for assessing gait speed in patients
with PD (17).

Secondary outcome measures included timed up and go
test (TUG), functional reach test (FRT), freezing of gait
questionnaire (FOG-Q), Berg balance scale (BBS), and dynamic
gait index (DGI). Selective disease-related disabilities, including
non-motor aspects, were assessed by the MDS-UPDRS parts
II and III. We also measured MDS-UPDRS parts I and IV to
investigate additional effects, such as behavior, mood, and motor
complication, of our intervention even though these are not
gait-related outcomes.

We recorded the MDS-UPDRS to determine different aspects
of PD symptoms, gauged the severity and progression of PD,
and analyzed each part separately: part I, non-motor aspects
of experiences of daily living (6 items assessed by interview
and 7 items by self-assessment); part II, motor aspects of
experiences of daily living (13 self-assessed items); part III, motor
examination (18 items resulting in 33 scores by location and
lateralization); and part IV, motor complications (3 items for
dyskinesia and 3 for fluctuation) (18). To evaluate mobility, the
TUG evaluated the time required to rise from a chair, walk
3m at a comfortable pace, turn, return to the chair, and sit
down (19). We assessed a participant’s stability and dynamic
balance, referred to as frailty and risk of falling, respectively,
by measuring FRT (20). Freezing of gait severity was recorded
based on FOG-Q (21). For evaluating balance function during
sitting, standing, and changing positions, BBS (22) wasmeasured.
Also, DGI (23) was assessed to record not only the ability to
maintain balance while walking, but also to walk in the presence
of external demands.

Statistical Analysis
Statistical analyses were performed using the SPSS statistical
software (version 27; SPSS, Inc., Chicago, IL, USA). P values less
than 0.05 were considered significant. The Chi-square test was
used to compare non-parametric data among the two groups.
The Shapiro–Wilk test was applied to explore the normality
of baseline and outcome data. An independent samples t-test
was used to evaluate the group (r-tDCS vs. s-tDCS) differences
in assessment scores between time points (1T1-T0 and 1T2-
T0). The Mann–Whitney test was used for DGI and the MDS-
UPDRS parts III and IV. Repeated measures analysis of variance
(RM-ANOVA) with least significant differences were used to
examine the changes in clinical assessment scores across the
three time-points.

RESULTS

Figure 1 shows the flow diagram of the patients. A total of
24 enrolled patients completed the study, but one patient
in the r-tDCS group was lost to follow-up after the tDCS
intervention was completed. At baseline, neither demographic
nor primary and secondary outcome data differed between
the groups (Table 1). Regarding changes between T1, T2, and
T0, Table 2 shows the mean ± standard error of the mean
of each clinical assessment. In this study, no side effects of
tDCS or treadmill gait training were reported in any of the 23
patients.

Gait
In the r-tDCS group, the increment of 10MWT was significant
between T0 and T1 (p = 0.017) and between T0 and T2 (p =

0.002). On the other hand, in the s-tDCS group, there was no
significant increase in 10MWT between T0 and T1 (p= 0.479) or
between T0 and T2 (p= 0.341) (Figure 2).

Compared to sham intervention, the r-tDCS group showed
decreased TUG at T1 (p= 0.014) and T2 (p= 0.005) compared to

TABLE 2 | Differences between gait and balance measures at various time points between groups undergoing r-tDCS or s-tDCS interventions.

Assessment scores 1T1-T0 p value 1T2-T0 p value

r-tDCS s-tDCS r-tDCS s-tDCS

10MWT 0.14 ± 0.16 0.06 ± 0.30 0.450 0.24 ± 0.19 0.07 ± 0.26 0.101

TUG −1.51 ± 1.90 −0.52 ± 2.33 0.279 −2.03 ± 1.86 −0.88 ± 1.93 0.162

FRT 2.34 ± 4.49 6.29 ± 5.08 0.063 3.55 ± 7.04 5.60 ± 3.72 0.391

FOG-Q −2.34 ± 4.49 −6.29 ± 5.08 0.630 −2.55 ± 2.42 −2.5 ± 3.83 0.617

BBS 4.64 ± 3.32 2.92 ± 4.56 0.320 4.45 ± 4.41 2.92 ± 7.20 0.548

DGIa 0.91 ± 4.44 1.83 ± 2.37 0.901 0.63 ± 5.48 2.75 ± 3.31 0.221

MDS-UPDRS part 1 −4.73 ± 3.93 −2.25 ± 3.14 0.108 −3.72 ± 4.73 −3.00 ± 5.49 0.738

MDS-UPDRS part 2 −3.09 ± 3.62 1.67 ± 4.91 0.009* −1.63 ± 3.61 1.75 ± 4.22 0.052

MDS-UPDRS part 3a −23.27 ± 16.38 −19.08 ± 13.10 0.504 −4.64 ± 17.42 −9.75 ± 13.59 0.459

MDS-UPDRS part 4a −1.09 ± 2.12 −2.92 ± 4.68 0.414 −0.82 ± 2.27 −3.33 ± 5.03 0.139

T0, baseline; T1, immediately after intervention; T2, 4 weeks after intervention; 10MWT, 10m Walking Test; TUG, Timed Up and Go Test; FRT, Functional Reach Test; FOG-Q, Freezing

of Gait Questionnaire; BBS, Berg Balance Scale; DGI, Dynamic Gait Index; MDS-UPDRS, Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating

Scale, *p < 0.05, aMann-Whitney test.
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FIGURE 2 | Outcomes measured before intervention (T0), immediately after intervention (T1), and at 4 weeks after completion of the intervention (T2) (A) 10MWT, (B)

TUG, (C) FOG-Q, (D) BBS, (E) FRT, (F) DGI. 10MWT, 10-m walking test; TUG, Timed Up and Go Test; FRT, Functional Reach Test; FOG-Q, Freezing of Gait

Questionnaire; BBS, Berg Balance Scale; DGI, Dynamic Gait Index; *p < 0.05, ** p < 0.005.

T0 (Figure 2). In the s-tDCS group, no significant changes were
noted in TUG.

Freezing of gait improved significantly in both the groups, but
the improvement was greater in the r-tDCS group than in the s-
tDCS group at T2 (p= 0.006 vs. p= 0.045) compared to baseline.
Comparing post-interventional performance with baseline in
each group, the r-tDCS group showed early improvement at
T1 (p= 0.007) compared to baseline (Figure 2). In terms of
frequency of FOG, we analyzed FOG-Q #3 frequency. Both
groups showed improvement at T1 and T2 compared to T0 (r-
tDCS, T1 p = 0.002, T2 p < 0.001; s-tDCS T1 p = 0.005, T1 p =
0.010). There were no differences between the groups.

Balance
Comparing r-tDCS and the s-tDCS groups, tDCS had no effect on
improvement in balance with regard to DGI and FRT (Figure 2).
The s-tDCS group showed improvement at T1 and T2 compared
to T0 (DGI; T1 p = 0.021, T2 p = 0.015, FRT; p = 0.001,
p ≤ 0.001). However, the improvement in balance, measured by
BBS, in both the groups was greater in the r-tDCS than s-tDCS
group at T1 (p = 0.001, p = 0.049). Comparing the 4-week post-
interventional performance with baseline, balance amelioration
remained significant in the r-tDCS group (p= 0.007).

Movement Disorder Society-Sponsored
Revision of the Unified Parkinson’s
Disease Rating Scale
Compared to the s-tDCS group, the r-tDCS group showed
effects on non-motor and motor aspects of experiences of daily
living. In motor examination, both the groups showed significant
improvement. In motor complication, the experimental group
showed trends toward decreasing complication, but they were
not statistically significant (Figure 3). The MDS-UPDRS part I
scores decreased in the r-tDCS group at T1 (p = 0.003) and
T2 compared to T0 (p = 0.026). The s-tDCS group showed a
significantly decreasedMDS-UPDRS part I score at T1 compared
to T0 (p= 0.030). In the MDS-UPDRS part II, the r-tDCS group
showed a significantly decreased score at T1 compared to T0 (p
= 0.018). In addition, the MDS-UPDRS part II demonstrated a
significant interaction effect between the groups (Group∗Time
interaction, p = 0.042), which meant a greater improvement in
the real group than the sham group. The MDS-UPDRS part III
scores were decreased in both the groups at T1 (p = 0.001, p =

0.000) and T2 (p= 0.001, p= 0.000) compared to T0. The MDS-
UPDRS part IV scores were significantly decreased only in the
s-tDCS group at T2 compared to T0 (p= 0.042).
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FIGURE 3 | MDS-UPDRS (Part I to IV) measured before intervention (T0), immediately after intervention (T1), and at 4 weeks after completion of the intervention (T2).

MDS-UPDRS, Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale; *p < 0.05, ** p < 0.005.

DISCUSSION

The major finding of this double-blind, randomized, sham-
controlled study is that anodal stimulation of the M1leg with
multi-tDCS and simultaneous treadmill gait training were
safe and effective in improving gait speed and other gait
performances, including FOG and balance. The results of this
study indicate that subjects with PD who undergo real tDCS and
treadmill gait training improved in 10MWT, TUG, FOG, and
BBS, but not in FRT or DGI. Furthermore, the s-tDCS group
showed increases in motor aspects of activities of daily living
(MDS-UPDRS part II) and motor examination (MDS-UPDRS
part III). In addition, the s-tDCS showed improvement in FRT
and DGI. In this section, we will discuss our findings in the light
of previous studies and theories.

In previous trials, the therapeutic potential of tDCS for
adjunctive treatment of PD has been assessed with promising
results (24). However, this is the first study that comprehensively
evaluates the therapeutic effect of multi-tDCS with treadmill
gait training in PD in terms of qualitative gait improvement
based on various clinical assessments. The r-tDCS group showed
significant improvement in gait velocity, TUG test, and total
FOG-Q scores. Our results showed that treadmill training with
tDCS intervention can improve gait capacity (10MWT, TUG)
and reduce FOG severity.

The change in mean velocity (T2–T0) of the r-tDCS group
was 0.24 m/s, while that in the s-tDCS group (treadmill gait
training only) was 0.07 m/s. According to previous research data
from 633 patients with PD in the Cochrane database (2015),
treadmill training enhanced the velocity and stride length of gait
without affecting fall risk. Another study showed that treadmill
training alone improved gait speed (mean differences = 0.09
m/s) (25). Considering that minimal detectable change (MDC)
for 10MWT is 0.18 m/s for comfortable gait speed and 0.25 m/s
for maximum gait speed (22), our findings appear reliable for
the r-tDCS group. Quantitative differences between our findings
and treadmill studies must be interpreted with caution because
of the differences in sample size, test frequency, and duration
of training. However, our results provide insight that such
differences also might be caused by additional effects of tDCS.

Our results showed improvement of FOG-Q scores in both
the groups at T2. This result supports the reported effect of
treadmill gait training on improving the severity of FOG (26).
Increased stride length and decreased step length variability due
to treadmill gait training have been attributed to reduced FOG
episodes (27). In our study, both the groups showed significant
improvement at T1 and T2 compared to T0. Therefore, an
additional effect of tDCS on the frequency of freezing gait was
not verified in this study. Further study is required with a large
number of participants to examine the effect of tDCS on FOG
frequency. A previous pilot study (28) reported that application
of anodal tDCS to the DLFPC improved TUG score in patients
with PD and suggested that tDCS stimulation over the DLPFC
might increase modulation of executive functions. We found that
tDCS application to the M1leg also improved TUG in patients
with PD.

Compared to the r-tDCS group regarding improvement
in BBS, the s-tDCS group (treadmill training only) showed
improvement in BBS, FRT, and DGI. The treadmill can provide
proprioceptive signals, triggering intact circuits and bypassing
the defective pallidocortical circuit (29) to increase corticomotor
excitability and induce motor learning (30). Patients with PD
progressively lose flexibility and adaptability due to imbalances of
neurotransmitters in the brain, resulting in trouble modulating
gait parameters and short-step, narrow-based shuffling, and
freezing with impaired internal gait rhythm. Treadmill activity
is thought to cause cortical reorganization, especially in the
supplementary motor area (31). This hypothesis is consistent
with our findings in BBS and FRT.

Parkinson’s disease is caused by the depletion of dopamine
production in neurons in the basal ganglia (32). Basal
ganglia control the ability to learn motor skills, such as
walking and turning, by sending cues and sets to the
cerebral cortex to help regulate the speed and amplitude
of movements (33, 34). Dopamine release theory by
tDCS can explain the significant r-tDCS improvement in
BBS compared to that of s-tDCS. tDCS might cause a
release of dopamine; widespread activation with anodal
tDCS might release dopamine as the mechanism for
improvement (35).
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We designed the study with treadmill gait training and 10
sessions ofmulti-tDCS interventions andmeasured the outcomes
4 weeks later. We hypothesized that supplemental tDCS would
have additional effects over gait training alone in PD and tried
to verify whether the effect of tDCS persists after intervention.
In 10MWT, TUG, FOG-Q, and BBS, tDCS showed effects late
at T2 compared to baseline. As suggested by some authors
(36), modification of the synaptic connections of the N-methyl-
D-aspartate receptor (also known as the NMDA receptor or
NMDAR) involved in long-term potentiation (LTP) can explain
the long-lasting beneficial effects of tDCS. Some previous studies
suggested that the efficacy of tDCS is enhanced when repeated,
but the number of sessions for optimal response remains
unknown (37). Further study is needed to determine optimal
doses of tDCS intervention and the prolonged effects in PD.

Gait disturbances originate from various pathophysiological
mechanisms, which might differ in their response to tDCS and
its target regions. The mechanisms by which tDCS improves
gait, balance, and other motor performance in PD are not
known. The best evidence supporting the efficacy of brain
stimulation was observed with DBS (4). DBS supposedly
interferes with pathological activity and induces changes in
activity (38, 39) and excitability (40) of the motor cortex,
suggesting a possible mechanism that acts trans-synaptically
along cortico–striato–thalamo–cortical circuits. According to a
previous study (41), tDCS current can modulate membrane
excitability and induce shifts in cortical excitability without rapid
depolarization, directly generating action potentials. Anodal
stimulation increases excitability and firing of active neurons and
supposedly reverses decreased activity in motor and prefrontal
cortices in PD. tDCS has been reported to enhance brain-derived
neurotrophic factor (BDNF) secretion and tyrosine receptor
kinase B (TrKB) activation in vitro, suggesting that it can
improve motor learning through the promotion of synaptic
plasticity (42).

Regarding the MDS-UPDRS, part I was improved in both the
groups, but the increase was higher with r-tDCS. Part I mainly
was developed to serve as an assessment of mentation, behavior,
and mood. However, gait disorder in PD is multifactorial and
might consist of different phenotypes, of whichmood or behavior
disorder is one expression. Part I of the MDS-UPDRS is limited
to conclude an association between depression/mood problem
and gait in our study. We speculated that tDCS increased
extra-striatal dopamine release, similar to the mechanism of
transcranial magnetic stimulation (TMS) (43), and it might affect
non-motor performance improvement. While the r-tDCS group
showed an increasing trend after intervention, the s-tDCS group
experienced worsened score of the MDS-UPDRS part II. These
contrasting results might be the effect of real tDCS intervention
on motor aspects of daily living. Part III showed improvement in
both the groups. In the MDS-UPDRS part IV, participants who
received s-tDCS showed greater improvement than did the r-
tDCS group. The average score of part IV in the s-tDCS group
at baseline was higher than that in the r-tDCS group. In the
same vein, the lack of improvement of DGI for the r-tDCS group
is related to the better baseline function of the r-tDCS group
compared to the s-tDCS group.

There are many study limitations that need to be addressed.
Our small sample size and baseline functional differences
preclude us from determining whether other demographic
factors can account for differences in results. This is a pilot study
with a small sample size, so further larger studies are needed to
verify the clinical effect of tDCS on gait performance of patients
with PD. Regarding MDC, only that of 10MWT was meaningful.
Considering MDC for BBS is 5 points (22), the changes in
both the groups fell short of the MDC. Neither TUG nor DGI
in either group showed meaningful change (beyond random
measurement error). Without a sufficient number of subjects, it
was difficult to document large changes in MDC.

Compared to previous studies, we used a multichannel tDCS
montage. This study is limited by the lack of conventional
tDCS group. Comparison between multichannel tDCS and
conventional tDCS would provide greater confidence in the
outcomes of the study. There is no confirmed evidence of
the superiority of multichannel tDCS over conventional tDCS.
We hypothesized that targeting a distributed brain network of
primary leg motor cortical areas rather than an isolated cortical
region would facilitate better functional connectivity and motor
learning in PD. One study (8) demonstrated that multi-tDCS
could modulate ACC activity. Further study would be needed
to confirm a neurophysiological change of multi-tDCS in PD. In
addition, most patients with PD presented with mild to moderate
disability without cognitive impairment, and so we were unable
to determine whether our proposed intervention could be helpful
to patients who have severe gait dysfunction. We used the
K-MMSE to screen for mild cognitive impairment, despite
knowing that the Montreal Cognitive Assessment (MoCA) is
superior to theMMSE for detection ofmild cognitive impairment
or dementia in PD. Future studies using MoCA should be
conducted to confirm the results withmild cognitive impairment.
Though there were no group differences in sex (p = 0.47), the
number of women was higher in r-tDCS group. It has been
suggested that anodal stimulation causes a stronger excitability
response in women than men (44). Sex ratio and its influence on
the results should be considered in the future study.

CONCLUSION

This study demonstrated that that multichannel tDCS combined
with treadmill gait training is well-tolerated, safe, and effective
in improving gait velocity (10MWT), gait capacity (TUG, FOG-
Q), BBS, and motor aspects of the MDS-UPDRS. Our results
of the primary outcome (gait velocity) indicate that tDCS with
treadmill intervention is effective. The current study extends
the knowledge of potential clinical therapeutic strategies. Since
gait training rehabilitation is critical to treat gait disturbances of
patients with PD, we suggest that clinical gait rehabilitation in
patients with PD be combined with tDCS to enhance the effects.
Also, as the concept of telerehabilitation is gaining popularity,
which comprises home-based, professionally guided training
sessions accessed via home-based devices such as video calls (45),
the development of telerehabilitation with tDCS intervention
could be a useful tool to improve functional outcomes.

Frontiers in Neurology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 804206

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


Na et al. Effect of Multichannel tDCS in Parkinson’s Disease

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board (IRB) of Samsung
Medical Center, Seoul, South Korea. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

YN, JinK, S-HL, JL, SYS, WHC, JWC, and Y-HK
designed the experiment. JinK, S-HL, and JihK collected
the data. YN and JinK performed data and statistical
analyses with assistance on approach and interpretation
from SYS, JL, WHC, and Y-HK. YN wrote the

manuscript. Y-HK critically evaluated the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Samsung Medical Center and
the National Research Foundation of Korea (NRF) grants funded
by the Korean government [NRF-2020R1A2C3010304, NRF-
2017M3A9G5083690].

ACKNOWLEDGMENTS

We thank all participants for enrollment in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.804206/full#supplementary-material

REFERENCES

1. Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol

Neurosurg Psychiat. (2008) 79:368–76. doi: 10.1136/jnnp.2007.131045
2. De Lima ALS, Evers LJ, Hahn T, Bataille L, Hamilton JL, Little

MA, et al. Freezing of gait and fall detection in Parkinson’s disease
using wearable sensors: a systematic review. J Neurol. (2017) 264:1642–
54. doi: 10.1007/s00415-017-8424-0

3. Smulders K, Dale ML, Carlson-Kuhta P, Nutt JG, Horak FB. Pharmacological
treatment in Parkinson’s disease: effects on gait. Parkinsonism Relat Disord.

(2016) 31:3–13. doi: 10.1016/j.parkreldis.2016.07.006
4. Benninger DH, Lomarev M, Lopez G, Wassermann EM Li X, Considine

E, et al. Transcranial direct current stimulation for the treatment
of Parkinson’s disease. J Neurol Neurosurg Psychiat. (2010) 81:1105–
11. doi: 10.1136/jnnp.2009.202556

5. Chen R. Transcranial direct current stimulation as a treatment for Parkinson’s
disease—interesting, but not ready for prime time. J Neurol Neurosurg

Psychiat. (2010) 81:1061. doi: 10.1136/jnnp.2010.205112
6. leFauCHeur J. antal a, ayaCHe ss, benninGer dH, brunelin J, CoGiaManian

F, et al. Evidence-based guidelines on the therapeutic use of transcranial
direct current stimulation (tDCS). Clin Neurophysiol. (2017) 128:56–
92. doi: 10.1016/j.clinph.2016.10.087

7. Masina F, Arcara G, Galletti E, Cinque I, Gamberini L, Mapelli
D. Conventional vs. high-definition tDCS: a comparison of
neurophysiological and behavioural effects. ResearchGate. (2020)
1–11. doi: 10.21203/rs.3.rs-128899/v1

8. To WT, Eroh J, Hart J, Vanneste S. Exploring the effects of anodal
and cathodal high definition transcranial direct current stimulation
targeting the dorsal anterior cingulate cortex. Sci Rep. (2018) 8:1–
16. doi: 10.1038/s41598-018-22730-x

9. Otal B, Dutta A, Foerster Á, Ripolles O, Kuceyeski A, Miranda PC,
et al. Opportunities for guided multichannel non-invasive transcranial
current stimulation in poststroke rehabilitation. Front Neurol. (2016)
7:21. doi: 10.3389/fneur.2016.00021

10. Tomlinson CL, Patel S, Meek C, Herd CP, Clarke CE, Stowe R, et al.
Physiotherapy intervention in Parkinson’s disease: systematic review and
meta-analysis. Bmj. (2012) 345. doi: 10.1136/bmj.e5004

11. Picelli A, Melotti C, Origano F, Neri R, Waldner A, Smania N. Robot-assisted
gait training versus equal intensity treadmill training in patients with mild

to moderate Parkinson’s disease: a randomized controlled trial. Parkinsonism
Relat Disord. (2013) 19:605–10. doi: 10.1016/j.parkreldis.2013.02.010

12. Carda S, Invernizzi M, Baricich A, Comi C, Croquelois A, Cisari C. Robotic
gait training is not superior to conventional treadmill training in parkinson
disease: a single-blind randomized controlled trial. Neurorehabil Neural

Repair. (2012) 26:1027–34. doi: 10.1177/1545968312446753
13. Palasz E, Niewiadomski W, Gasiorowska A, Mietelska-Porowska A,

Niewiadomska G. Neuroplasticity and neuroprotective effect of treadmill
training in the chronic mouse model of Parkinson’s disease. Neural Plast.
(2019) 2019:1–14. doi: 10.1155/2019/8215017

14. Fisher BE,WuAD, SalemGJ, Song J, Lin C-HJ, Yip J, et al. The effect of exercise
training in improving motor performance and corticomotor excitability in
people with early Parkinson’s disease.Arch Phys Med Rehabil. (2008) 89:1221–
9. doi: 10.1016/j.apmr.2008.01.013

15. Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson disease. Arch
Neurol. (1999) 56:33–9. doi: 10.1001/archneur.56.1.33

16. Julious SA. Sample size of 12 per group rule of thumb for a pilot study.
Pharmaceut Stat. (2005) 4:287–91. doi: 10.1002/pst.185

17. Lindholm B, Nilsson MH, Hansson O, Hagell P. The clinical significance
of 10-m walk test standardizations in Parkinson’s disease. J Neurol. (2018)
265:1829–35. doi: 10.1007/s00415-018-8921-9

18. Disease MDSTFoRSfPs. The unified Parkinson’s disease rating scale
(UPDRS): status and recommendations. Movem Diso. (2003) 18:738–
50. doi: 10.1002/mds.10473

19. Podsiadlo D, Richardson S. The timed “Up & Go”: a test of basic
functional mobility for frail elderly persons. J Am Geriatr Soc. (1991) 39:142–
8. doi: 10.1111/j.1532-5415.1991.tb01616.x

20. Behrman AL, Light KE, Flynn SM, Thigpen MT. Is the functional reach
test useful for identifying falls risk among individuals with Parkinson’s
disease? Arch Phys Med Rehabil. (2002) 83:538–42. doi: 10.1053/apmr.2002.
30934

21. Giladi N, Shabtai H, Simon E, Biran S, Tal J, Korczyn A. Construction
of freezing of gait questionnaire for patients with Parkinsonism.
Parkinsonism Relat Disord. (2000) 6:165–70. doi: 10.1016/S1353-8020(99)
00062-0

22. Steffen T, Seney M. Test-retest reliability and minimal detectable change on
balance and ambulation tests, the 36-item short-form health survey, and the
unified Parkinson disease rating scale in people with parkinsonism. Phys Ther.
(2008) 88:733–46. doi: 10.2522/ptj.20070214

Frontiers in Neurology | www.frontiersin.org 9 March 2022 | Volume 13 | Article 804206

https://www.frontiersin.org/articles/10.3389/fneur.2022.804206/full#supplementary-material
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.1007/s00415-017-8424-0
https://doi.org/10.1016/j.parkreldis.2016.07.006
https://doi.org/10.1136/jnnp.2009.202556
https://doi.org/10.1136/jnnp.2010.205112
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.21203/rs.3.rs-128899/v1
https://doi.org/10.1038/s41598-018-22730-x
https://doi.org/10.3389/fneur.2016.00021
https://doi.org/10.1136/bmj.e5004
https://doi.org/10.1016/j.parkreldis.2013.02.010
https://doi.org/10.1177/1545968312446753
https://doi.org/10.1155/2019/8215017
https://doi.org/10.1016/j.apmr.2008.01.013
https://doi.org/10.1001/archneur.56.1.33
https://doi.org/10.1002/pst.185
https://doi.org/10.1007/s00415-018-8921-9
https://doi.org/10.1002/mds.10473
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1053/apmr.2002.30934
https://doi.org/10.1016/S1353-8020(99)00062-0
https://doi.org/10.2522/ptj.20070214
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Na et al. Effect of Multichannel tDCS in Parkinson’s Disease

23. Huang S-L, Hsieh C-L, Wu R-M, Tai C-H, Lin C-H, Lu W-S. Minimal
detectable change of the timed “up & go” test and the dynamic gait
index in people with Parkinson disease. Phys Ther. (2011) 91:114–
21. doi: 10.2522/ptj.20090126

24. Kaski D, Dominguez R, Allum J, Islam A, Bronstein A. Combining physical
training with transcranial direct current stimulation to improve gait in
Parkinson’s disease: a pilot randomized controlled study. Clin Rehabil. (2014)
28:1115–24. doi: 10.1177/0269215514534277

25. Mehrholz J, Kugler J, Storch A, Pohl M, Hirsch K, Elsner B. Treadmill
training for patients with Parkinson’s disease. Cochr Datab System Rev. (2010)
1:CD007830. doi: 10.1002/14651858.CD007830.pub3

26. Lo AC, Chang VC, Gianfrancesco MA, Friedman JH, Patterson TS, Benedicto
DF. Reduction of freezing of gait in Parkinson’s disease by repetitive robot-
assisted treadmill training: a pilot study. J Neuroeng Rehabil. (2010) 7:1–
8. doi: 10.1186/1743-0003-7-51

27. Chee R, Murphy A, Danoudis M, Georgiou-Karistianis N, Iansek R.
Gait freezing in Parkinson’s disease and the stride length sequence effect
interaction. Brain. (2009) 132:2151–60. doi: 10.1093/brain/awp053

28. Manenti R, Brambilla M, Rosini S, Orizio I, Ferrari C, Borroni B, et al.
Time up and go task performance improves after transcranial direct current
stimulation in patient affected by Parkinson’s disease. Neurosci Lett. (2014)
580:74–7. doi: 10.1016/j.neulet.2014.07.052

29. Bello O, Sanchez JA, Fernandez-del-Olmo M. Treadmill walking in
Parkinson’s disease patients: adaptation and generalization effect. Movem

Diso. (2008) 23:1243–9. doi: 10.1002/mds.22069
30. Herman T, Giladi N, Hausdorff J. Treadmill training for the treatment of gait

disturbances in people with Parkinson’s disease: a mini-review. J Neural Trans.
(2009) 116:307–18. doi: 10.1007/s00702-008-0139-z

31. Miyai I, Fujimoto Y, Ueda Y, Yamamoto H, Nozaki S, Saito T, et al. Treadmill
training with body weight support: its effect on Parkinson’s disease. Arch Phys
Med Rehab. (2000) 81:849–52. doi: 10.1053/apmr.2000.4439

32. Abbruzzese G, Berardelli A. Sensorimotor integration in movement disorders.
Movem Diso. (2003) 18:231–40. doi: 10.1002/mds.10327

33. Cunnington R, Iansek R, Bradshaw JL, Phillips JG. Movement-related
potentials in Parkinson’s disease: presence and predictability of temporal
and spatial cues. Brain. (1995) 118:935–50. doi: 10.1093/brain/118.
4.935

34. Morris ME, Iansek R, Matyas TA, Summers JJ. Stride length regulation in
Parkinson’s disease: normalization strategies and underlying mechanisms.
Brain. (1996) 119:551–68. doi: 10.1093/brain/119.2.551

35. Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA, Paulus W, et al.
How does transcranial DC stimulation of the primary motor cortex alter
regional neuronal activity in the human brain? Eur J Neurosci. (2005) 22:495–
504. doi: 10.1111/j.1460-9568.2005.04233.x

36. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol. (2000)
527:633–9. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

37. Orru G, Baroni M, Cesari V, Conversano C, Hitchcott PK, Gemignani
A. The effect of single and repeated tDCS sessions on motor symptoms

in Parkinson’s disease: a systematic review. Arch Ital Biol. (2019) 157:89–
101. doi: 10.12871/00039829201925

38. Davis KD, Taub E, Houle S, Lang AE, Dostrovsky JO, Tasker RR, et al. Globus
pallidus stimulation activates the cortical motor system during alleviation of
parkinsonian symptoms. Nat Med. (1997) 3:671–4. doi: 10.1038/nm0697-671

39. Limousin P, Greene J, Pollak P, Rothwell J, Benabid AL, Frackowiak R.
Changes in cerebral activity pattern due to subthalamic nucleus or internal
pallidum stimulation in Parkinson’s disease. Ann Neurol. (1997) 42:283–
91. doi: 10.1002/ana.410420303

40. Cunic D, Roshan L, Khan F, Lozano A, Lang A, Chen R. Effects of subthalamic
nucleus stimulation on motor cortex excitability in Parkinson’s disease.
Neurology. (2002) 58:1665–72. doi: 10.1212/WNL.58.11.1665

41. Fregni F, Boggio PS, Santos MC, Lima M, Vieira AL, Rigonatti
SP, et al. Noninvasive cortical stimulation with transcranial direct
current stimulation in Parkinson’s disease. Movem Diso. (2006)
21:1693–702. doi: 10.1002/mds.21012

42. Fritsch B, Reis J, Martinowich K, Schambra HM Ji Y, Cohen LG,
et al. Direct current stimulation promotes BDNF-dependent synaptic
plasticity: potential implications for motor learning. Neuron. (2010) 66:198–
204. doi: 10.1016/j.neuron.2010.03.035

43. Cho SS, Strafella AP. rTMS of the left dorsolateral prefrontal cortex modulates
dopamine release in the ipsilateral anterior cingulate cortex and orbitofrontal
cortex. PLoS ONE. (2009) 4:e6725. doi: 10.1371/journal.pone.0006725

44. Chaieb L, Antal A, Paulus W. Gender-specific modulation of short-term
neuroplasticity in the visual cortex induced by transcranial direct current
stimulation. Vis Neurosci. (2008) 25:77–81. doi: 10.1017/S0952523808080097

45. Langer A, Gassner L, Flotz A, Hasenauer S, Gruber J, Wizany L,
et al. How COVID-19 will boost remote exercise-based treatment in
Parkinson’s disease: a narrative review. NPJ Parkinson’s Dis. (2021) 7:1–
9. doi: 10.1038/s41531-021-00160-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Na, Kim, Lee, Kim, Lee, Shin, Chang, Cho and Kim. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 10 March 2022 | Volume 13 | Article 804206

https://doi.org/10.2522/ptj.20090126
https://doi.org/10.1177/0269215514534277
https://doi.org/10.1002/14651858.CD007830.pub3
https://doi.org/10.1186/1743-0003-7-51
https://doi.org/10.1093/brain/awp053
https://doi.org/10.1016/j.neulet.2014.07.052
https://doi.org/10.1002/mds.22069
https://doi.org/10.1007/s00702-008-0139-z
https://doi.org/10.1053/apmr.2000.4439
https://doi.org/10.1002/mds.10327
https://doi.org/10.1093/brain/118.4.935
https://doi.org/10.1093/brain/119.2.551
https://doi.org/10.1111/j.1460-9568.2005.04233.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.12871/00039829201925
https://doi.org/10.1038/nm0697-671
https://doi.org/10.1002/ana.410420303
https://doi.org/10.1212/WNL.58.11.1665
https://doi.org/10.1002/mds.21012
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1371/journal.pone.0006725
https://doi.org/10.1017/S0952523808080097
https://doi.org/10.1038/s41531-021-00160-3~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Multichannel Transcranial Direct Current Stimulation Combined With Treadmill Gait Training in Patients With Parkinson's Disease: A Pilot Study
	Introduction
	Methods
	Participants
	Study Design
	Treadmill Gait Training
	tDCS Intervention
	Clinical Assessments
	Statistical Analysis

	Results
	Gait
	Balance
	Movement Disorder Society-Sponsored Revision of the Unified Parkinson's Disease Rating Scale

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


