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Abstract
Cerebellar transcranial direct current stimulation (c-tDCS) enhances motor skill acquisition and motor learning in young 
and old adults. Since the cerebellum is involved in the pathophysiology of Parkinson’s disease (PD), c-tDCS may represent 
an intervention with potential to improve motor learning in PD. The primary purpose was to determine the influence of 
long-term application of c-tDCS on motor learning in PD. The secondary purpose was to examine the influence of long-term 
application of c-tDCS on transfer of motor learning in PD. The study was a randomized, double-blind, SHAM-controlled, 
between-subjects design. Twenty-one participants with PD were allocated to either a tDCS group or a SHAM stimulation 
group. Participants completed 9 practice sessions over a 2-week period that involved extensive practice of an isometric pinch 
grip task (PGT) and a rapid arm movement task (AMT). These practice tasks were performed over a 25-min period concurrent 
with either anodal c-tDCS or SHAM stimulation. A set of transfer tasks that included clinical rating scales, manual dexter-
ity tests, and lower extremity assessments were quantified in Test sessions at Baseline, 1, 14, and 28 days after the end of 
practice (EOP). There were no significant differences between the c-tDCS and SHAM groups as indicated by performance 
changes in the practice and transfer tasks from Baseline to the 3 EOP Tests. The findings indicate that long-term applica-
tion of c-tDCS does not improve motor learning or transfer of motor learning to a greater extent than practice alone in PD.
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder after Alzheimer’s disease [1]. It is 
characterized by progressive dopaminergic cell loss in the 
substantia nigra, which results in a reduction of dopamine in 
the striatum [2]. These underlying physiological mechanisms 

lead to a number of motor impairments such as bradykin-
esia, rigidity, tremor, and postural instability that severely 
limit the capability of individuals with PD to accomplish 
many essential daily living activities [3, 4]. Although current 
pharmacological, surgical, and physical exercise treatment 
approaches are valuable, they are also associated with limita-
tions such as moderate effectiveness, excessive costs, and an 
array of side effects. Therefore, development of new adjunct 
interventions that are effective and have a realistic potential 
to be implemented into clinical practice are needed in the 
treatment of PD [5].

Transcranial direct current stimulation (t-DCS) could rep-
resent one such intervention that could satisfy many of these 
requirements [6]. Most commonly, tDCS is delivered to the 
motor cortex (M1-tDCS) and has been shown to enhance 
motor skill acquisition and learning in a variety of popu-
lations including PD. Accordingly, the majority of tDCS 
studies have reported motor performance enhancements of 
10–15% during or shortly after a single application lasting 
10–20 min when compared to practice alone in young adults 
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and old adults [7] as well as in PD [8–10]. Most importantly, 
longer-term studies lasting between 3 and 10 days have dem-
onstrated that these improvements in performance can be 
increased to up to twice the magnitude attained in a single 
session in healthy adults [11–13] and in one notable study in 
PD [14]. Despite these positive findings involving M1-tDCS 
in PD, development of new non-invasive brain stimulation 
techniques or the targeting of additional brain areas could 
provide additional avenues to improve motor skill acquisi-
tion and learning in PD. Recently, tDCS delivered to the 
cerebellum (c-tDCS) has also been reported to significant 
improve motor skill in young [15–19] and old adults [20]. 
The ability of c-tDCS to impact motor skill learning in older 
adults is particularly interesting because accumulating evi-
dence suggests that the cerebellum may be the primary 
brain area responsible for the movement impairments often 
observed in older adults [21], and most individuals with PD 
are older adults.

In addition to the positive effects of c-tDCS on motor 
performance in heathy adults, several other lines of evidence 
provide basis for utilizing c-tDCS in PD: 1) the cerebel-
lum contributes to the motor deficits of PD [22, 23]; 2) bi-
directional pathways between cerebellum and basal ganglia 
were recently identified [24], which is particularly relevant 
because tDCS can induce physiological changes in deeper 
and interconnected brain areas not directly stimulated. For 
example, M1-tDCS applied to PD monkeys impacted basal 
ganglia function and improved motor performance [25]; and 
3) cerebellar dysfunction may be a compensatory mecha-
nism in PD in an attempt to mitigate the negative influences 
of abnormal basal ganglia activity. Accordingly, people with 
PD that have greater compared to lower cerebellar activity 
display better motor performance [23]. Therefore, c-tDCS 
could potentially increase motor skill in PD by enhancing 
these compensatory processes via increasing cerebellar 
activity [26].

The contributions of the cerebellum to distinct motor con-
trol processes and motor learning provide further rationale 
for the investigation of c-tDCS in PD. For example, the cer-
ebellum is highly involved in the control of visual guided 
movements, multi-joint movements that involve joint inter-
action torque regulation and complex agonist–antagonist 
muscle coordination patterns, and error detection in goal-
directed movements. The cerebellum also plays a major role 
in specific aspects of motor learning such as motor adapta-
tion learning (modifying motor skills to new environments) 
[27], procedural learning (automatic, non-conscious pro-
cesses) [28], and consolidation of learned movements [29]. 
Most importantly, numerous studies have shown cerebellar 
involvement in both short-term and long-term motor skill 
learning, depending on the details of the motor task and 
the experimental conditions [30]. These processes occur in 
healthy populations and in PD; however, individuals with 

PD display impairments in all of these aspects of motor 
learning [31–33], which could be at least partially associ-
ated with cerebellar dysfunction [23]. Since the cerebellum 
displays notable intrinsic plastic changes during motor learn-
ing and tDCS is known to elicit and heighten plasticity [29], 
c-tDCS could enhance motor learning in PD. Despite these 
interrelated observations, it is surprising that no long-term 
studies have examined the influence of c-tDCS on motor 
learning in PD.

The primary purpose was to determine the influence of 
long-term application of c-tDCS on motor learning in PD. 
The secondary purpose was to examine the influence of 
long-term application of c-tDCS on transfer of motor learn-
ing in PD. This was accomplished by requiring two groups 
of PD patients to perform two practice tasks simultaneous 
with administration of c-tDCS or SHAM stimulation over 
the course of 9 practice sessions. Motor performance on the 
same practice tasks was assessed on these same tasks in 
4 test sessions performed before (Baseline) and 1, 14, and 
28 days after the practice and stimulation sessions ceased. 
In addition, transfer tasks were completed in the test ses-
sions to quantify transfer of motor learning to tasks not 
practiced extensively or performed during c-tDCS. It was 
hypothesized that c-tDCS would enhance motor learning and 
transfer of motor learning to a greater extent than practice 
alone in PD. These predictions were based on the previ-
ous c-tDCS studies in young and old adults [15–20] and 
M1-tDCS studies in PD [8–10, 14, 34, 35] that collectively 
observed significant enhancements in motor skill due to the 
administration of tDCS.

Materials and Methods

Participants

A total of 21 individuals with PD (11 males, 10 females; 
mean age: 71.2 ± 8.9) volunteered to participate in the 
study and provided written informed consent. Additional 
participant demographic information and clinical charac-
teristics are provided in Table 1 and a flow diagram of the 
participants through the phases of the study is depicted in 
Fig. 1. All participants were clinically diagnosed with idi-
opathic PD, free of any other neurological disorder, did not 
meet international non-invasive brain stimulation exclusion 
criteria, and had no uncontrolled medical conditions. The 
handedness of each participant was determined using the 
Edinburgh Handedness Inventory [36]. All participants 
performed the experiments with the dominant hand/arm, 
which was also their primarily affected side. A total of 19 
of the participants were primarily right-side affected and 
right-hand dominant and 2 participants were primarily 
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left-side affected and left-hand dominant. All procedures 
were approved by the University of Nevada Las Vegas insti-
tutional review board and were conducted according to the 
Declaration of Helsinki.

Experimental Design

The study was a randomized, double-blind, SHAM-con-
trolled, between-subjects design. A schematic of the overall 
experimental design and schedule is depicted in Fig. 2A. 

Participants were randomized into either the c-tDCS or 
SHAM group (Research Randomizer; www. randomizer.org) 
by an investigator who did not participate in data collection 
or data analysis but programmed the stimulator in each ses-
sion. Therefore, the investigators who collected and ana-
lyzed data were blinded to the experimental conditions (see 
c-tDCS section below). The study had an overall duration of 
40 days. On Day 1, participants completed the Baseline test 
session followed by the first practice session. Subsequently, 
4 consecutive identical practice sessions were performed 

Table 1  Participant 
demographic information and 
clinical characteristics

All c-tDCS SHAM

Number of Participants 21 11 10
Age, mean (SD) 71.2 (8.9) 70.1 (7.1) 71.5 (10.9)
Hoehn and Yahr stage, mean (SD) 2.1 (0.7) 2.3 (0.6) 2.0 (0.7)
LEDD (mg), mean (SD) 519.1 (389.2) 549.8 (516.2) 485.4 (195.5)
Right-side affected and right-hand dominant 19 10 9
Left-side affected and Left-hand dominant 2 1 1

Fig. 1  Participant flow diagram of the progress of participants through the enrollment, intervention allocation, follow-up, and data analysis 
phases of the study
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followed by a weekend break of 2 days. Next, 4 more con-
secutive weekday practice sessions were conducted in the 
same manner as before. Finally, 3 end of training (EOT) 
test sessions were completed at 1, 14, and 28 days (EOT + 1, 
EOT + 14, EOT + 28) after the last practice day.

Test Sessions

These sessions were conducted in the same manner on all 4 
occasions and the following procedures were performed in 
the order prescribed: 1) participants reported to the lab in 
the morning after a 12-h overnight medication withdrawal 
(practically defined-OFF State) [37]. Participants were tested 
in the OFF state to provide information on the effects of 
c-tDCS on the basic pathology of PD in the relative absence 
of medication influences; 2) the practice tasks (PGT and 
AMT) were performed for 10 trials and 1 block of 20 trials, 
respectively; 3) the Unified Parkinson’s Disease Rating Scale 
Part III (UPDRS-III), Purdue Pegboard Test (PPT), and Jeb-
sen Taylor Hand Function Test (JTT) were administered; 4) 
the lower extremity tests (gait and balance tests) were com-
pleted; 5) the participants ingested their medications, filled 
out the UPDRS II, and rested quietly for one hour allowing 
the medications to take effect; 6) steps 2–4 were repeated 
while the patients were on medications (ON state).

Practice Sessions

Nine practice sessions were performed over period of 
2 weeks (Week 1: 5 sessions, Mon-Fri; Week 2: 4 sessions, 
Mon-Thu; Fig. 2) Each practice session was administered in 
an identical manner on all 9 practice days according to the 
following procedures in the order described: 1) participants 

reported to the lab in the morning in the ON medication 
state; 2) the c-tDCS electrode montage was placed on 
the participant; 3) the stimulator was turned on for 3 min 
while participants sat quietly before starting the first PGT 
trial [18]; 4) 10 trials of the PGT were performed; 5) the 
AMT task was executed for 4 blocks of 20 trials; and 6) the 
stimulator was kept on after completion of the last AMT 
trial block, which usually involved a time period of 1–3 min 
until the 25-min stimulation period elapsed and the stimu-
lator turned off. Thus, in each of these practice days, the 
PGT and AMT practice were performed simultaneous with 
administration of c-tDCS over a practice period of approxi-
mately 20 min. Importantly, it is crucial to emphasize that 
the practice sessions were performed while patients were in 
the ON state. The reasoning for this was that for c-tDCS to 
be a viable intervention in PD, it would need to be able to 
produce improvements in motor performance while patients 
are in the ON state for real world application.

Practice Tasks

The two practice tasks comprised the PGT and the AMT 
and both tasks were performed during both the test sessions 
(no c-tDCS applied) and the practice sessions (concurrent 
with tDCS). This design allowed for the quantification of 
motor learning across both the test sessions and the practice 
sessions.

PGT

The PGT was considered the primary practice task because 
similar isometric precision grip force tasks have been used 
in several long-term tDCS studies [11–13, 16, 38]. The 

Fig. 2  Schematic representation of the experimental schedule, design, 
and protocol. A. Participants completed 4 test sessions that included 
a Baseline session on Day 1 and three end of training (EOT) test ses-
sions at 1, 14, and 28 days (EOT + 1, EOT + 14, EOT + 28) after the 
last practice day. Accordingly, at total of 9 practice sessions were per-
formed over a 2-week practice period comprising 5 practices sessions 
on weekdays of the first week and 4 practices sessions on weekdays 
of the second week (the letters on the x axis denote the days of the 

week). Participants performed 2 practice tasks with their dominant, 
primarily affected hand/arm each of the 9 practice sessions simultane-
ous with administration of c-tDCS. B. A single test session involved 
performing the practice tasks (no-c-tDCS) followed by the transfer 
tasks in the OFF state. Subsequently, participants ingested their medi-
cations, rested for 1 h, and repeated the practice task and transfer task 
testing in the ON state
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experimental arrangement was organized in a similar manner 
to prior studies [39, 40]. Briefly, participants sat in a chair 
with a table positioned to the side of the chair corresponding 
to their dominant, primarily affected hand/arm. A computer 
monitor was located directly in front of the participant a 
meter away at eye level and provided all visual feedback for 
the task. The posture assumed by the participant was as fol-
lows: 1) the forearm was placed on the table and the wrist 
was in neutral and the hand semi-supinated; 2) the shoulder 
was abducted to ~ 45°; and 3) the elbow was flexed to ~ 90°.

The PGT involved attempting to match a target sine wave 
(1 Hz) template by producing isometric force using a preci-
sion grip (index finger and thumb) against a grip device. 
This grip device comprised a custom-made manipulandum 
that was embedded with separate force transducers for each 
digit. The sine wave target template was displayed on the 
monitor and scrolled across the screen with time. To match 
the target template, the participants had to attempt to trace 
the template by producing an appropriate force–time profile. 
Thus, the participants were required to control the sum of 
the index finger and digit forces (total force), which was 
displayed on screen in combination with the template and to 
match the target template as accurately as possible through-
out each PGT trial. The minimums and maximums of the 
target sine wave were 5% and 35% of the precision grip 
maximum voluntary contraction force (MVC) of the same 
PGT task. This MVC value was determined in the first test 
session using previously described methods [41]. Thus, the 
MVC value in the first test session was used to determine 
the PGT target force values and this target force was kept 
the same over the course of the 9 practice sessions. Finally, 
each PGT trial involved matching the target template for 30 s 
followed by a 30-s rest period.

This PGT task was chosen as the primary practice task 
and to be paired with c-tDCS for the following reasons: 1) 
neural control of precision grip tasks have been well-char-
acterized in healthy participants, older adults [42, 43], and 
in PD [44]; 2) the PGT parameters can be made sufficiently 
difficult enough so that performance has the potential for 
continual improvement [11–13] over most of the 9 prac-
tice sessions and due to c-tDCS; 3) the precision grip is a 
complex, functional task required extensively in everyday 
living that involves many muscles and a widely-distributed 
cortical network; 4) there is strong cerebellar involvement 
in visuomotor tracking tasks [45]; and (5) a precision grip 
task variant was employed in long-term M1-tDCS [11–13] 
and a c-tDCS study in young adults [16].

AMT

The AMT was considered the secondary practice task 
because it has not been used as extensively in the most rel-
evant tDCS studies. However, variations of arm movement 

tasks like the AMT have been performed in numerous 
motor control studies in a wide range of populations. In 
addition, arm movement task performance and deficits are 
very well-characterized in PD [46]. The AMT was con-
ducted using almost identical methodology to a previous 
study in healthy young and old adults [47]. Briefly, par-
ticipants performed the AMT with the dominant, primar-
ily affected hand/arm on a digitizer tablet with a digitizer 
pen. Participants were directed to execute the AMT as fast 
and as accurately as possible using a single, uncorrected 
movement that required elbow extension and shoulder 
flexion from a home circle (1.5 cm diameter) to a very 
small target circle (0.5 cm diameter) located 20 cm away 
in a straight line. The sequence of task events was imple-
mented by a customized data acquisition script and visual 
feedback of the task was provided on a computer monitor 
linked to the tablet. Once participants had attained the 
correct starting position in the home circle, a “GO” signal 
was presented. Participants then executed the movement 
at their own convenience (no reaction time component). 
Visual feedback of the cursor movement (trajectory) was 
not provided to participants during the trials. However, 
they received visual feedback of their final endpoint posi-
tion relative to the target in the form of a small dot after 
every trial for a time period of 3 s. Finally, participants 
were told to continually try to minimize their endpoint 
error on each successive trial.

This AMT was chosen as a practice task and paired with 
c-tDCS for the following reasons: 1) there is strong cerebel-
lar involvement in complex, multi-joint arm movement tasks 
that involves the prediction, exploitation, and compensation 
for the effects of joint interaction torques [48, 49]; 2) the 
cerebellum is highly involved in the timing of activation of 
antagonistic muscle groups [50]; and 3) the cerebellum is 
implicated in error detection in goal-directed movements 
[51]. Accordingly, all of these features of the neural control 
of movement are present in the execution of the AMT.

Transfer Tasks

A total of 8 transfer tasks were utilized to quantify transfer 
of motor learning to tasks that were not executed simultane-
ously with c-tDCS application and were not practiced nearly 
as extensively as the practice tasks. This was due to the fact 
that they were only performed in the test sessions for 1–3 
trials each. The transfer tasks were comprised of 2 clinical 
rating scales, 2 manual dexterity tests, and 4 lower extremity 
tests. The manual dexterity tests were considered near trans-
fer tasks as they most closely resembled the muscles of the 
hand-arm system compared to the practice tasks, whereas 
the other 6 transfer tasks were considered far transfer tasks 
as the clinical rating scales only partially involve upper limb 
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movements and the lower extremity tasks involve leg mus-
cles and movements.

Transfer Tasks—Clinical Rating Scales

The clinical ratings scales included the UPDRS-III and 
UPDRS II. The UPDRS-III was completed on the test days 
in both the ON and OFF states. In contrast, the UPDRS II 
was completed only once on each test day (see below). The 
UPDRS-III was administered by an investigator trained by a 
movement disorders neurologist. The UPDRS-III is the gold 
standard clinical test to evaluate motor and symptoms in PD. 
The UPDRS-II is a self-evaluation survey to assess the per-
formance of daily living activities over the prior week. Thus, 
it could potentially measure the degree of global improve-
ments elicited by c-tDCS. In contrast to all the other transfer 
tests, it was only administered once in each testing period 
since it is a questionnaire which involves questions regarding 
the entire previous week making ON and OFF state testing 
inapplicable compared to the other transfer tests.

Transfer Tasks—Manual Dexterity Tests

The manual dexterity tasks were completed on the test days 
in both the ON and OFF states and included the PPT and 
the JTT. The PTT is a standard test to assess multi-joint 
arm and hand dexterity. One trial of the task involves pick-
ing up small pegs from a bowl-shaped tray and inserting 
as many as possible over a time period of 30 s into a col-
umn of holes as fast as possible. The JTT is a well-validated 
test that has commonly used to measure functional manual 
dexterity in aging, movement disorders, and tDCS experi-
ments [52]. It comprises the performance of six tasks that 
mimic customary activities of daily living including: flipping 
cards, handling small objects, feeding, and the stacking and 
manipulation of cans. For each of the tasks, the time taken to 
complete them measured by one of the investigators.

Transfer Tasks—Lower Extremity Tests

The lower extremity tests were administered on the test 
days in both the ON and OFF states and comprised three 
measures of gait performance (step length, step length coef-
ficient of variation (CV), gait velocity) and one measure of 
balance performance (balance composite score). Gait kin-
ematics were measured with a pressure sensor-engineered 
walking mat  (Protokinetics‡, Havertown, PA). Participants 
were asked to walk across the 20-foot mat using their nor-
mal gait with the first step of each trial utilizing the right 
leg. Balance was assessed using the Bertec Balance Sys-
tem Sensory Organization Test (SOT). This test involves 
quantification of the postural sway of the participant while 
they stand in a standardized static position. A total of six 

different conditions are assessed with each condition involv-
ing visual and mechanical perturbations or a combination 
of both for 20-s trials. The system outputs the algorithm-
calculated scores for each of the six conditions as well as 
a balance composite score and sensory scores for the three 
balance sensory systems (i.e., visual, vestibular, and soma-
tosensory). The balance composite score was selected as a 
measure of overall balance performance. Although it could 
also be viewed as counterintuitive that the lower extremity 
tasks could be modulated with the same c-tDCS parameters 
as upper limb tasks. However, one study [19] used the same 
c-tDCS parameters as in upper limb c-tDCS studies and 
found an increase in locomotor adaptation rates.

c‑tDCS

Anodal c-tDCS was delivered with a NeuroConn DC Stimu-
lator Plus/MR via two rubber electrodes (5 × 5 cm) that were 
encased in saline soaked sponges. Accordingly, the anode 
was placed 3 cm lateral to the inion over the cerebellum 
ipsilateral to the primarily affected hand and the cathode was 
placed over the ipsilateral buccinator muscle. The anode was 
positioned ipsilateral to the primarily affected hand because 
outputs from the cerebellar hemisphere on one side of the 
body cross the midline and act on the contralateral M1. 
Since the vast majority of M1 outputs also cross the mid-
line and act on contralateral motor neurons, the cerebellar 
hemisphere on one side of the body influences the hand/arm 
system on the same side (ipsilateral) of the body. Thus, the 
main goal was to enhance performance in the most affected 
limb. The current strength was 2 mA and the stimulation 
duration was 25 min. Collectively, these c-tDCS parameters 
have elicited significant motor performance enhancements 
in numerous previous studies in young and old adults by 
another research group [15–17, 19, 20, 53] and in a previ-
ous study in our lab in young adults [18]. Based on these 
studies and the mixed success of other c-tDCS studies that 
used different parameters, we thought that these parameters 
were the most likely to be successful and would be the most 
reasonable starting point for PD experiments. For SHAM 
stimulation, the current was ramped up and down over 30 s 
according to the most commonly accepted protocol [6]. An 
investigator who did not participate in data collection or 
analysis programmed the stimulator in each session. Finally, 
the investigators who conducted the experiments and ana-
lyzed the data were also blinded to the experimental condi-
tions experienced by the participants.

Data Analysis

All PGT data were collected and analyzed in custom-
written scripts in Spike2 software (CED, Cambridge UK), 
whereas AMT data were collected using Movalyzer software 
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(Neuroscript; Tempe, Arizona) and analyzed in custom-writ-
ten Matlab scripts according to previous methods [47]. For 
the PGT, performance was quantified as the average error 
in force relative to the target force template over each 30-s 
trial. More specifically, the absolute value of the difference 
at each sampling point between the force template and the 
force produced by that participant was quantified and then 
averaged over the entire 30-s trial. The average of the 5 tri-
als in each test session and 10 trials in each practice session 
(grand averages) were taken as the final force error values 
for analysis. The endpoint accuracy in the AMT was quanti-
fied as the endpoint error [18, 47, 54] using the Pythagorean 
Theorem. Thus, endpoint error was calculated as the shortest 
absolute distance between the target center’s x, y coordinates 
and the final endpoint x, y coordinates of the digitizer pen 
trajectory (for a detailed description of all the associated 
calculations see Poston et al. [47]). The average of the 20 
trials in each test session block was taken as the final end-
point values for analysis for the test sessions. In contrast, the 
average endpoint error for the 4 blocks of 20 trials performed 
on practice days was taken as the final endpoint error val-
ues for analysis for each practice day. The UPDRS-III score 
was quantified as the sum of the items (scored on a 5-point 
scale) and used for all analysis. Similarly, the UPDRS-II 
score was also simply the sum of all the items associated 
with the questionnaire. The PPT score was quantified as the 
average number of pegs placed in the holes within a 30 s trial 
with the average of the 3 trials being used for analysis. For 
the JTT, time to complete each of the 6 tasks was computed 
for each trial and the sum of these times was denoted as the 
total time for a trial. Finally, the average of the 3 trials was 
computed. The gait variables of step length, step length CV, 
and gait velocity were quantified by Protokinetics software 
using the center of pressure data. A total of three passes were 
made across the mat and the average values for these passes 
were used for analysis. For the balance testing, the six bal-
ance conditions were used by the Bertec system algorithm to 
calculate the balance composite score for analysis.

Statistical Analysis

An a priori power analysis was conducted to determine the 
number of participants required using data from a previous 
M1-tDCS study in PD [35]. Specifically, we used extrapola-
tions of UPRDRS III data from Fregni et al. (2006), to esti-
mate effects sizes (Cohen’s D > 1.0), which were then used 
for sample size calculations. A sample of 12 participants 
(including an estimated 10% dropout rate based on previ-
ous studies in our lab) would be sufficient to achieve > 80% 
power at α = 0.05 using the “paired t-test using effect size” 
module on PASS 2020 (NCSS, LLC. Kaysville, Utah, USA, 
www. ncss. com/ softw are/ pass).

After the completion of 21 participants, the Covid-19 
pandemic necessitated that we stop recruitment. Since it was 
anticipated that recruitment would not be allowed under uni-
versity pandemic restrictions for the near future, we decided 
to re-evaluate the trial approach and do an interim analysis 
to estimate the sample size needed for the three primary 
dependent variables (PPT, AMT, UPDRS-III) for the test 
sessions. Thus, this interim futility analysis approach was 
used to determine if additional resources and recruitment 
were needed once the pandemic restrictions were lifted. 
Using the means and standard deviations from these analy-
ses and the “repeated measures analysis” module on PASS 
2020, it was determined that 284 participants (263 additional 
participants) would be needed to achieve sufficient power to 
find statistically significant interactions for the PPT. Further-
more, identical analysis for the AMT and UPDRS-III deter-
mined that 619 participants (598 additional participants) 
and 113 participants (92 additional participants) would be 
needed for statistically significant interactions, respectively. 
Based on the impracticality of recruiting these participants 
and the very small observed effect sizes, we decided to 
terminate the study early for futility because there was no 
apparent treatment effect.

The demographic and clinical characteristic data of age 
and levodopa equivalent daily dose (LEDD) were compared 
between the two groups with unpaired t-tests, whereas 
Hoehn and Yahr scores were compared with a Chi Square 
Test. For the test sessions, all dependent variables except 
for the UPDRS-II were analyzed with three-way mixed 
ANOVAs: 2 group (c-tDCS, SHAM) × 4 test (Baseline, 
EOP + 1, EOP + 14, EOP + 28) × 2 condition (ON state, 
OFF state). The UPDRS-II was analyzed with a two-way 
mixed ANOVA: 2 group (c-tDCS, SHAM) × 4 test (Baseline, 
EOP + 1, EOP + 14, EOP + 28). Post hoc comparisons using 
the Bonferroni adjustment for multiple comparisons were 
performed to locate significant differences when appropri-
ate. For the practice sessions, the percent change in force 
error (PGT) and endpoint error (AMT) from Practice Day 
1 to Practice Day 9 between groups was compared with 
two-tailed unpaired t-tests. The significance level was set at 
α < 0.05 and data are indicated as means ± standard errors 
in the figures.

Results

Demographic and Clinical Characteristics

The age of the participants, LEDD, and Hoehn and Yahr 
stage were non-statistically significant between the c-tDCS 
and SHAM groups (P = 0.883, P = 0.715, and P = 0.273, 
respectfully; Table 1).
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Test Sessions

Practice Tasks For the force error in the PGT, the group × 
test × condition (F(3,57) = 0.120, P = 0.948, η2 = 0.006), 
group × test (F(3,57) = 0.328, P = 0.805, η2 = 0.017), and 
group × condition  (F(1,19) = 0.328, P = 0.805, η2 = 0.017) 
interactions were all non-statistically significant. However, 
there was a significant test × condition interaction (F(3,57) = 
3.33, P = 0.026, η2 = 0.149) and post hoc analyses of the 
interaction indicated that force error was significantly lower 
in the ON compared with the OFF state at EOP+1, EOP+14, 
and EOP+28 (all P values < 0.001; Fig. 3A). According, 
there was also a significant main effect for test (F(3,57) = 
41.547, P = 0.001, η2 = 0.686) and post hoc analyses indi-
cated that force error was significantly lower at EOP+1, 
EOP+14, and EOP+28 compared to Baseline (all P values 
below < 0.001). Finally, the main effect for group  (F(1,19) = 
0.350, P = 0.561, η2 = 0.018) and main effect for condition 
(F(1,19) = 0.714, P = 0.409, η2 = 0.036) were not significant.

For endpoint error in the AMT, the group × test × condi-
tion (F(3,51) = 0.662, P = 0.579, η2 = 0.037), group × test 
(F(3,51) = 0.473, P = 0.703, η2 = 0.027), test × condition 
(F(3,51) = 0.651, P = 0.586, η2 = 0.037), and group × condi-
tion (F(3,51) = 2.270, P = 0.150, η2 = 0.118) interactions were 
all non-statistically significant. In addition, the main effect 
for group (F(1,17) = 0.064, P = 0.803, η2 = 0.004) and main 
effect for condition (F(1,17) = 0.642, P = 0.434, η2 = 0.036) 
were not statistically significant. However, there was a sig-
nificant main effect (F(3,51) = 4.900, P = 0.005, η2 = 0.224) for 
test and post hoc analyses indicated that endpoint error was 
significantly lower at EOP + 1, and EOP + 28 compared to 
Baseline (all P values < 0.001; Fig. 3C).

Transfer Tasks—Clinical Rating Scales

For the UPDRS-III scores, the group × test × condi-
tion (F(3,57) = 1.171, P = 0.163, η2 = 0.085), group × test 
(F(3,57) = 1.990, P = 0.126, η2 = 0.095), test × condition 
(F(3,57) = 0.351, P = 0.789, η2 = 0.018), and group × con-
dition (F(1,19) = 0.233, P = 0.635, η2 = 0.012) interactions 

Fig. 3  Force error in the PGT and endpoint error in the AMT in 
the test and practice sessions for the c-tDCS and SHAM groups in 
the ON and OFF states. A. Force error declined across the test ses-
sions (P = 0.001), but the reduction in force error was similar for 
the c-tDCS and SHAM groups (P = 0.561). The force error was also 
similar in the ON and OFF states in the test sessions (P = 0.409). B. 
The percent change in force error (decline) from Practice session 1 
to Practice session 9 was similar for the c-tDCS and SHAM groups 

(P = 0.698). C. Endpoint error declined across the test sessions 
(P = 0.005), but the reduction in endpoint error was similar for the 
c-tDCS and SHAM groups (P = 0.803). The endpoint error was also 
similar in the ON and OFF states in the test sessions (P = 0.409). D. 
The percent change in endpoint error (decline) from Practice session 
1 to Practice session 9 was similar for the c-tDCS and SHAM groups 
(P = 0.860)
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were all non-statistically significant. In addition, the main 
effect for group (F(1,19) = 0.131, P = 0.721, η2 = 0.007) and 
main effect for test (F(3,57) = 0.982, P = 0.408, η2 = 0.049) 
were not significant. However, there was a significant main 
effect (F(1,19) = 43.078, P = 0.001, η2 = 0.694) for condition 
and post hoc analyses indicated that UPDRS-III scores were 
significantly higher in the OFF state compared to the ON 
state (Fig. 4A). For the UPDRS-II scores, the group × test 
(F(3,57) = 3.916, P = 0.013, η2 = 0.171) interaction was statis-
tically significant (Fig. 4B) and post hoc analyses indicated 
that UPDRS-II scores were lower for the c-tDCS group at 
EOP + 14 and EOP + 28 (P = 0.002, and 0.004, respectively). 
In addition, there was a significant main effect for test 
(F(3,57) = 7.198, P = 0.001, η2 = 0.275) and post hoc analyses 
indicated that UPDRS-II scores were significantly lower at 
EOP + 14, and EOP + 28 compared to baseline (P = 0.001 
and 0.006, respectively). Finally, the main effect for group 
was not statistically significant (F(1,19) = 0.231, P = 0.636, 
η2 = 0.012).

Transfer Tasks—Manual Dexterity Tests

For the PPT, the group × test × condition (F(3,57) = 1.384, 
P = 0.257, η2 = 0.068), group × test (F(3,57) = 0.440, P = 0.725, 
η2 = 0.023), test × condition (F(3,57) = 1.289, P = 0.227, 
η2 = 0.073), and group × condition (F(1,19) = 0.004, P = 0.953, 
η2 = 0.001) interactions were all non-statistically signifi-
cant. In addition, the main effect for group (F(1,19) = 0.033, 
P = 0.857, η2 = 0.002) was not statistically significant. 
However, there was a significant main effect for condition 
(F(1,19) = 13.289, P = 0.002, η2 = 0.415), which indicated 
that the number of pegs was significantly greater in the ON 
state compared to the OFF state (Fig. 4C). There was also 
a significant main effect for test (F(3,57) = 4.668, P = 0.006, 
η2 = 0.197) and post hoc analyses indicated that the number 
of pegs was significantly greater at EOP + 1 compared to 
Baseline (P = 0.001). For JTT times, the group × test × con-
dition (F(3,57) = 0.536, P = 0.659, η2 = 0.027), group × test 
(F(3,57) = 0.228, P = 0.876, η2 = 0.012), and group × condition 
(F(1,19) = 0.202, P = 0.658, η2 = 0.011) interactions were all 
non-statistically significant. However, there was a signifi-
cant test × condition (F(3,57) = 3.800, P = 0.015, η2 = 0.167; 

Fig. 4  UPDRS-III, PPT, and JTT scores in the test sessions for the 
c-tDCS and SHAM groups in the ON and OFF states along with 
UPDRS-II scores in the test sessions A. UPDRS-III scores were simi-
lar for the c-tDCS and SHAM groups (P = 0.721) and did not change 
across the test sessions (P = 0.408). However, UPDRS-III scores 
were significantly higher in the OFF state compared to the ON state 
(P = 0.001). B. UPDRS-II scores were similar for the c-tDCS and 
SHAM groups (P = 0.636) and were lower at EOP + 14 and EOP + 28 
compared to baseline (P = 0.001 and 0.006, respectively). C. PPT 

scores were similar for the c-tDCS and SHAM groups (P = 0.857) 
and the number of pegs was significantly greater at EOP + 1 com-
pared to Baseline (P = 0.001). PPT scores were significantly higher in 
the ON compared to the OFF state (P = 0.002). D. JTT times were 
similar for the c-tDCS and SHAM groups (P = 0.612) and JTT times 
were significantly lower at EOP + 1, EOP + 14, and EOP + 28 com-
pared to Baseline (P = 0.023, P = 0.003, P = 0.001 respectively). JTT 
times were significantly lower in the ON state compared to the OFF 
state (P = 0.001)
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Fig. 4D) interaction and post hoc analyses indicated that 
JTT times were significant lower in the ON state at Baseline, 
EOT + 1, and EOT + 14 (all P values < 0.009). In addition, 
there was a significant main effect for test (F(3,57) = 9.304, 
P = 0.001, η2 = 0.329) and post hoc analyses indicated that 
JTT times were significantly lower at EOP + 1, EOP + 14, 
and EOP + 28 compared to Baseline (P = 0.023, P = 0.003, 
P = 0.001 respectively). There was also a significant main 
effect for condition (F(1,19) = 13.940, P = 0.001, η2 = 0.423), 
which indicated that JTT times were significantly lower 
in the ON state compared to the OFF state. Finally, the 
main effect for group was not statistically significant 
(F(1,19) = 0.266, P = 0.612, η2 = 0.014).

Transfer Tasks—Lower Extremity Tests

For the step length, the group × test × condition 
(F(3,57) = 1.097, P = 0.358, η2 = 0.055), group × test 
(F(3,57) = 0.489, P = 0.691, η2 = 0.025), test × condition 
(F(3,57) = 0.247, P = 0.863, η2 = 0.013), and group × con-
dition (F(1,19) = 0.362, P = 0.555, η2 = 0.019) interactions 
were all non-statistically significant. In addition, the main 
effect for group (F(1,19) = 0.202, P = 0.658, η2 = 0.011), 
test (F(3,57) = 0.275, P = 0.843, η2 = 0.014), and condition 

(F(1,19) = 0.001, P = 0.973, η2 = 0.000) were not statistically 
significant (Fig. 5A). Similarly, the group × test × condi-
tion (F(3,57) = 0.438, P = 0.727, η2 = 0.023), group × test 
(F(3,57) = 0.551, P = 0.650, η2 = 0.028), test × condition 
(F(3,57) = 0.188, P = 0.904, η2 = 0.010), and group × con-
dition (F(1,19) = 0.659, P = 0.427, η2 = 0.034) interactions 
were all non- statistically significant for the Step Length 
CV (Fig.  5B). In addition, the main effect for group 
(F(1,19) = 0.109, P = 0.745, η2 = 0.006), test (F(3,57) = 0.644, 
P = 0.590, η2 = 0.033), and condition (F(1,19) = 0.369, 
P = 0.551, η2 = 0.019) were not statistically significant. For 
gait velocity, there was a significant group × test × condition 
interaction (F(3,57) = 3.954, P = 0.019, η2 = 0.159). Post hoc 
analyses indicated that the c-tDCS group had a lower gait 
velocity in the ON state at the baseline session (P = 0.021). 
Analogously, the SHAM group had a slower gait veloc-
ity in the ON state at the EOP + 14 session (P = 0.039). 
Furthermore, the group × test (F(3,57) = 0.399, P = 0.754, 
η2 = 0.021), test × condition  (F(3,57) = 0.260, P = 0.854, 
η2 = 0.159), and group × condition (F(1,19) = 0.259, P = 0.616, 
η2 = 0.013) interactions were all non-statistically significant. 
Finally, the main effect for group (F(1,19) = 0.402, P = 0.533, 
η2 = 0.021), test (F(3,57) = 0.209, P = 0.890, η2 = 0.011), and 
condition (F(1,19) = 0.056, P = 0.816, η2 = 0.003) were not 

Fig. 5  Step length, step length CV, gait velocity, and balance com-
posite score in the test sessions for the c-tDCS and SHAM groups in 
the ON and OFF states. A. Step length was similar for the c-tDCS 
and SHAM groups (P = 0.658), did not change across the test sessions 
(P = 0.843), and was similar in the ON and OFF states (P = 0.973). 
B. Step length CV was similar for the c-tDCS and SHAM groups 
(P = 0.745), did not change across the test sessions (P = 0.590), and 

was similar in the ON and OFF states (P = 0.551). C. Gait velocity 
was similar for the c-tDCS and SHAM groups (P = 0.533), did not 
change across the test sessions (P = 0.890), and was similar in the 
ON and OFF states (P = 0.816). D. Balance composite score was 
similar for the c-tDCS and SHAM groups (P = 0.120), did not change 
across the test sessions, and was similar in the ON and OFF states 
(P = 0.717)
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statistically significant (Fig. 5C). For the balance composite 
score, the group × test × condition (F(3,57) = 0.233, P = 0.873, 
η2 = 0.014), group × test (F(3,57) = 0.851, P = 0.472, 
η2 = 0.028), and group × condition (F(1,19) = 0.201, P = 0.659, 
η2 = 0.012) interactions were all non-statistically significant. 
However, the test × condition interaction was significant 
(F(3,57) = 7.601, P = 0.001, η2 = 0.309), and post hoc analyses 
indicated that balance composite scores were higher in the 
OFF state at EOP + 14 (P = 0.012, respectively). Similarly, 
there was a significant main effect for test (F(3,57) = 4.331, 
P = 0.009, 22 = 0.203), but none of the post hoc compari-
sons were statistically significant (all P values > than 0.05). 
Finally, the main effect for group (F(1,19) = 0.325, P = 0.120, 
η2 = 0.130) and the main effect for condition (F(1,19) = 0.136, 
P = 0.717, η2 = 0.008) were not significant (Fig. 5D).

Practice Sessions

The percent change (decline) in force error in the PGT from 
Practice Day 1 to Practice Day 9 was not statistically signifi-
cantly (P = 0.698) different between the c-tDCS and SHAM 
groups (Fig. 3B). Similarly, the percent change (decline) in 
endpoint error in the AMT from Practice Day 1 to Practice 
Day 9 not significantly (P = 0.860) different between the 
c-tDCS and SHAM groups (Fig. 3D).

Discussion

The primary purpose was to determine the influence of 
long-term application of c-tDCS on motor learning in PD, 
whereas the secondary purpose was to examine the influ-
ence of long-term application of c-tDCS on transfer of motor 
learning in PD. The study produced six main findings: 1) 
the force error in the PGT significantly declined across the 
test sessions, but the reduction in force error was similar 
for the c-tDCS and SHAM groups; 2) the endpoint error in 
the AMT significantly declined across the test sessions, but 
the reduction in force error was similar for the c-tDCS and 
SHAM groups; 3) clinical rating scale scores (UPDRS-III 
and UPDRS-II) displayed no systematic changes across the 
test sessions and were not significantly different between 
the c-tDCS and SHAM groups; 4) the manual dexterity 
tests (PPT, JTT) improved slightly and to varying degrees 
across the tests sessions, but were not significantly different 
between the c-tDCS and SHAM groups; 5) lower extremity 
tests displayed no systematic changes across the test sessions 
and were not significantly different between the c-tDCS and 
SHAM groups; and 6) the UPDRS-III, PTT, and JTT were 
the only outcomes that exhibited improved scores in the ON 
state compared to the OFF state. These findings indicate 

that long-term application of c-tDCS concurrent with motor 
practice does not enhance motor learning to a greater extent 
than practice alone in PD. Similarly, long-term application 
of c-tDCS does not increase transfer of motor learning in 
PD. Collectively, these findings provide no evidence that 
c-tDCS applied repeatedly over multiple days is an effective 
intervention to improve motor learning in PD.

Influence of c‑tDCS on Motor Learning in Hand 
and Arm Tasks of the Upper Limb in PD

Motor skill acquisition is a short-term, potentially temporary 
change in motor performance quantified during or in brief 
time periods (minutes to a few hours) during or after a prac-
tice session. Conversely, motor learning refers to a relatively 
long-term adaptation in motor performance that is usually 
quantified in retention tests in the days, weeks, or even 
months following practice. Furthermore, it has been shown 
that the processes of motor skill acquisition and learning 
involve different underlying physiological mechanisms real-
ized over different time scales [26, 55]. A common criticism 
of many tDCS studies is that a single day of stimulation is 
insufficient to induce increases in motor learning and that 
repeated daily stimulation protocols are preferable due to 
possibility of M1-tDCS [11–13, 38] or c-tDCS [16] eliciting 
accumulating effects over multiple days or consolidation of 
motor learning.

Accordingly, the current study quantified motor learning 
in two practice tasks performed simultaneously with admin-
istration of c-tDCS across 9 days of practice as well as in 
retention tests performed 1, 14, and 28 days after practice 
ceased. It was originally hypothesized that c-tDCS would 
enhance motor learning in practice tasks to a greater degree 
than practice alone in PD. Contrary to this set of expecta-
tions, the improvements in motor learning in the practice 
tasks as indicated by significant reductions in force error 
in the PGT and endpoint error in the AMT across the test 
and practice sessions was similar between the c-tDCS and 
SHAM groups. Thus, c-tDCS did not significantly enhance 
the magnitude of motor learning exhibited in the practice 
task by individuals with PD. Furthermore, the practice task 
performance assessment results obtained in the test sessions 
revealed that the same pattern of results was present in both 
the ON and OFF medication states.

These negative outcomes contrast with the positive out-
comes reported in previous single session c-tDCS studies in 
young and old adults [15, 17, 19, 20] as well as a study that 
applied c-tDCS for three consecutive days in young adults 
[16]. In particular, this includes a recent study in our labora-
tory [18], which found that c-tDCS significantly increased 
motor skill acquisition during a single day of practice and 
motor learning quantified in a retention test a day later in 
a very difficult overhand throwing task in young adults. 
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The current results are also not consistent with the motor 
skill improvements observed in the majority of short-term 
M1-tDCS in PD [8–10, 34, 35]. Most notably, the results 
differ from a highly relevant study that applied M1-tDCS 
for 5 consecutive days in a cross-over design. Specifically, 
Valentino et al. (2014) reported significant reductions in the 
number and duration of freezing of gait episodes as well as 
UPDRS scores in PD at the end of the 5 stimulation ses-
sions and at 2 and 4 weeks after stimulation had ended [14]. 
Conversely, a recent study in young adults found that c-tDCS 
did not increase whole body dynamic balance [56]. Further-
more, the present findings are in agreement with a study 
where a single administration of c-tDCS failed to improve 
scores in a clinical writing task in dystonia patients [57]. 
These results would seem to strongly support the current 
observations that c-tDCS may not be effective in augment-
ing motor skills in basal ganglia disorders, despite the fact 
that the cerebellum contributes to the motor impairments 
in these disorders [22, 23]. Taken together, the results of 
previous M1-tDCS studies in PD and the current findings 
indicate that targeting the cerebellum with tDCS may not be 
the most successful strategy to enhance motor skill acquisi-
tion and learning in PD.

Influence of c‑tDCS on Transfer of Motor Learning 
in PD

A fundamental issue associated with motor learning and 
tDCS studies is whether performance improvements in a 
practice tasks can be generalized to non-practiced tasks. Any 
intervention will be of limited benefit if it is only applica-
ble to a practice task as it is impractical to practice every 
impaired task in PD due to the myriad of motor tasks per-
formed in daily activities. Despite the importance of the 
issue of transfer of motor learning, the number of studies 
that investigate transfer of motor learning relative to motor 
learning in general is exceedingly small. Accordingly, the 
influence of tDCS applied to any brain area in any popula-
tion on transfer of motor learning has only been directly 
investigated in a handful of single session studies in young 
and older adults [15, 58, 59] and one long-term study in 
stroke [38], and these studies have provided contradictory 
findings.

Therefore, the current study employed 4 upper and 4 
lower extremity transfer tasks that were evaluated over a 
time frame of several weeks. In addition, the upper extremity 
tasks had varying degrees of similarities with the practice 
tasks regarding the same vs different muscle groups, more 
complex versus less complex tasks, contraction types, and 
proximal vs distal control of the upper limb. Thus, the upper 
extremity transfer tasks could probably be assumed to repre-
sent different gradations of near transfer tasks, whereas the 
lower extremity tasks were obviously far transfer tasks. The 

results indicated that c-tDCS failed to improve performance 
of any of the transfer tasks in the c-tDCS group to a greater 
extent than in the SHAM group. More specifically, partici-
pants did improve their performance in a few of the transfer 
tasks (PTT, JTT, UPDRS-II) as evidenced by significant 
changes at various timepoints between the Baseline and EOP 
tests. However, the magnitude of these improvements did not 
differ between the c-tDCS and SHAM groups. Conversely, 
the remaining transfer tasks and, therefore, the majority dis-
played little modulation across the test sessions for either 
group, which also meant that c-tDCS did not produce any 
systematic effects on the transfer of motor learning. Thus, 
long-term c-tDCS did not improve transfer of motor learning 
in either far or near transfer tasks in the current study.

These findings differ from Orban de Xivre et al. (2011), 
which found that M1-tDCS induced generalization in 
some, but not all features of arm movement performance in 
young adults [58]. However, the present results are similar 
to a study in older adults that reported that performance 
augmentations in a trained task done concurrently with 
M1-tDCS did not translate to improved performance in 
two tasks involving the hand [59]. In addition, Block et al. 
(2013) found no evidence for transfer of adaptation learning 
due to c-tDCS, although the comparison in this study was 
unique as it was based on transfer to the opposite limb [15]. 
Furthermore, in another study that utilized nearly identical 
tasks to the current study, it was observed that application 
of M1-tDCS led to improvements in the accuracy of a pinch 
grip task did not generalize to either PPT or JTT scores in 
chronic stroke patients [38]. Taken together, the majority of 
the available evidence supports the current results and sug-
gests that both M1-tDCS and c-tDCS exhibit a limited abil-
ity to induce transfer of motor learning in any study popula-
tion including PD. Therefore, it appears that both M1-tDCS 
and c-tDCS primarily elicit task-specific modulatory effects 
that are only manifested when tDCS is applied in association 
with a particular motor task. Nonetheless, due to the paucity 
of research on the topic, there is clearly a need for a better 
understanding of the ability of tDCS to elicit improvements 
in the transfer of motor learning.

Possible Factors Responsible for Failure of c‑tDCS 
to Improve Motor Learning in PD

The lack of ability of c-tDCS to improve motor skill and 
learning in arm and hand tasks in PD were unexpected find-
ings based on the balance of the available literature. A close 
examination of review articles on motor skill acquisition and 
motor learning in M1-tDCS and c-tDCS studies in young 
and old adults [15–19] as well as M1-tDCS [7] in PD [8, 9] 
appears to reveal that about 75% of tDCS studies have shown 
positive effects. Thus, a smaller, but non-trivial number of 
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studies are in accord with the present findings. Conversely, 
a higher percentage of long-term tDCS studies in the afore-
mentioned populations appear to demonstrate positive 
results. Nonetheless, the contradictory findings between the 
current study and the majority of the literature implies that 
it should not be readily assumed that M1-tDCS or c-tDCS 
applied in the long-term always lead to enhancements in 
motor skill acquisition and learning. Accordingly, there are 
several possible factors responsible for the failure of c-tDCS 
to improve motor learning or transfer in PD.

The most likely explanation is due to the well-charac-
terized imbalances in inhibitory and excitatory pathways 
from the cerebellum to M1, basal ganglia, and other cortical 
targets in PD compared to healthy young and older adults. 
Thus, c-tDCS administration in PD does not lead to the same 
positive motor outcomes as in healthy adults. For example, 
it has been clearly demonstrated using single and paired 
pulse TMS (transcranial magnetic stimulation) delivered 
to the cerebellum that at least one and likely several cere-
bellar-thalamic-cortical pathways provide inputs to differ-
ent interneuronal populations in M1 [60–62]. For instance, 
the most commonly studied pathway involves a cerebellar-
thalamic-cortical tract that bifurcates out of the thalamus 
such that one pathway induces net inhibition on corticospi-
nal output cells in M1, whereas the other pathway induces 
net facilitation (see Fig. 6 in Reis et al. 2008) [60]. Fur-
thermore, another TMS study that used anterior–posterior 
and posterior–anterior directed TMS currents, which have 
been shown to activate two different subsets of interneurons 
in M1, demonstrated that these two neuronal populations 
receive inputs from separate cerebellar pathways [61]. Most 
importantly, previous studies have provided evidence that 
when single TMS pulses, repetitive TMS, and c-tDCS are 
applied to the cerebellum they are not selective enough to 
activate these or any additional cerebellar pathways indi-
vidually. Therefore, it is plausible that the widespread altera-
tions, dysfunction, and compensatory processes present in 
these cerebellar-M1 pathways in PD could have contributed 
to the lack of c-tDCS effects in the current study. Finally, 
analogous processes would likely occur in the recently iden-
tified pathways between the cerebellum and basal ganglia, 
which also ultimately impact the output cells of M1 through 
the basal ganglia-cortico loop. Taken together, the extensive 
system-wide network dysfunctions in numerous neural cir-
cuits between cerebellum, basal ganglia, and M1 may have 
led to the lack of positive c-tDCS effects on motor learning 
in PD.

Another plausible explanation could be that two weeks 
of c-tDCS application may not be sufficient to substantially 
improve motor learning in PD. However, this is generally 
a more common criticism of single day tDCS studies that 
do not find positive results in movement disorders. For 
instance, it was argued justifiably in an acute c-tDCS study, 

which failed to enhance writing skills in dystonia, that one 
c-tDCS session is unlikely to be adequate to supersede years 
of disease processes [57]. However, this criticism is rarely 
directed toward multi-day tDCS studies, despite the obvious 
observation that 3–10 stimulation sessions over 1–2 weeks is 
a very short time span relative to the time disease processes 
have been consolidating for years. Perhaps this is due to the 
fact that the vast majority of long-term M1-tDCS [11–13] 
a long-term c-tDCS study in young adults [16], as well as a 
2-week study in PD [14], have all reported large increases 
in motor learning. Nonetheless, the relatively short stimula-
tion period of the current study relative to the time most PD 
patients have had the disease may not have been long enough 
for c-tDCS to enhance motor learning. Accordingly, what is 
considered a long-term tDCS study is not a long time period 
relative to the time since diagnosis for most individuals with 
PD as to our knowledge no tDCS studies in the motor sys-
tem have applied stimulation for more than 10 sessions. In 
conclusion, it is possible that longer time periods of c-tDCS 
administration could evoke improvements in motor learning 
in PD, but this explanation is very unlikely.

An additional explanation is that the parameters of 
c-tDCS (montage size and position, current strength, stimu-
lation duration per session) or motor tasks utilized were not 
optimal. Accordingly, a number of previous c-tDCS studies 
in healthy adults have attained positive results with slightly 
different combinations of c-tDCS parameters [63, 64]. While 
this proposition is possible, it appears to be highly improb-
able as the current study used identical c-tDCS parameters 
to whose that elicited large motor skill and learning enhance-
ments in a previous study in our lab [18] and in many other 
c-tDCS studies from another research group [15–17, 19, 20]. 
It is also highly doubtful that the practice tasks chosen in 
the present study were not ideal as numerous studies have 
demonstrated that these tasks are characterized by high cer-
ebellar involvement [45, 48–50] and are highly responsive 
to tDCS [12, 13, 16, 38, 52, 65, 66].

A final possible factor for the lack of c-tDCS effects 
could due to the interindividual variability in the responses 
to tDCS that are thought to be mediated by a combination of 
biological, anatomical, and physiological factors [67]. These 
factors likely lead to differences in the amount of tDCS cur-
rent reaching the brain and the magnitude of behavioral 
responses. The cerebellum could be especially subject to 
individual differences in these aspects due to the variation 
in nerve fiber orientation and convoluted nature of the cer-
ebellar cortex [29]. These findings are supported by several 
neuroimaging studies. In regard to general activation, two 
studies displayed different results in that anodal c-tDCS sig-
nificantly increased cerebellar activation in one study [68], 
whereas anodal c-tDCS did not increase cerebellar cortex 
or dentate activation in another study [69]. This was despite 
the c-tDCS parameters being very similar, but not identical, 
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across studies and in the current study. Furthermore, a mag-
netic resonance spectroscopy study found large individual 
variability in cerebellar gamma-aminobutyric acid (GABA) 
and glutamate (GLU) in response to c-tDCS [70]. At the 
same time, group level analyses found no significant differ-
ences in visuomotor task performance or GABA and GLU 
levels during stimulation between the c-tDCS and SHAM 
groups. However, c-tDCS enhanced performance in the 
motor task during a retention test, but only in a sub-group 
of participants who displayed decreased cerebellar GLU 
levels. Apparent interindividual differences in responses to 
c-tDCS were also seen by Liebrand et al. (2020) as sequence 
learning was improved in a group who received c-tDCS [71]. 
This behavioral improvement occurred concomitant with a 
significant decrease in learning-specific negative modulation 
of putamen to cerebellar connections as revealed by fMRI. 
However, there was no correlation between the increase in 
behavioral performance and the changes in the putamen to 
cerebellar connections. These neuroimaging results are sup-
ported by a series of recent studies (reviewed in [29]) where 
several different research groups have not been able to repli-
cate their own previous studies that found enhancements of 
motor performance due to c-tDCS. Finally, the absence of 
improvements in motor learning in the present study could 
be due to some combination of the factors described above 
and these possibilities should be addressed in subsequent 
research.

Limitations

Despite the clear findings that c-tDCS did not enhance 
motor learning in PD, the study had various limitations 
that should be acknowledged. The major limitation was the 
relatively small sample size. This may have precluded the 
ability to detect significant effects due to c-tDCS. However, 
the sample size was close to the average tDCS motor skill 
study, which appears to be ~ 13 (see tables of Buch et al. 
[7]). It could also be argued that the low sample size issue 
is somewhat mitigated based on the futility analysis results 
and because multiple days of tDCS usually leads to large, 
accumulating effects [12, 13, 16, 38]. Thus, if c-tDCS would 
have elicited positive effects, they most likely would have 
been apparent over the 9 days of stimulation. Another limita-
tion of the study was that most of participants were Hoehn 
and Yahr Stage 2. Thus, it is possible that c-tDCS could 
have been effective if only more or less affected individuals 
with PD were enrolled. However, this could also have led to 
ceiling or floor effects.

The study was also subject to general limitations inher-
ent to tDCS. For instance, some research has shown that 
a large percentage of the current may not reach the brain 
area of interest [72]. Similarly, a few studies have found that 

c-tDCS causes only superficial, focal excitability changes in 
the cerebellum and in M1 [73, 74]. This is consistent with a 
recent meta-analysis [75] which concluded that the available 
studies show mixed findings on the influence of c-tDCS on 
M1 excitability. Specifically, some studies observed a slight 
increase in MEPs, whereas others found a slight decrease. 
The overall results of the meta-analysis indicated that the 
influence of c-tDCS on MEP amplitude was non-significant 
[75]. This is most likely because c-tDCS activates both 
inhibitory and excitatory circuits in M1 [76, 77], which may 
lead to a lack of observeable changes in global measures 
of M1 excitability such as resting motor threshold, recruit-
ment curves, and MEPs. In addition, it has been established 
that increases in MEP amplitudes induced by tDCS of M1 
are not correlated with the amount of motor learning [78]. 
This implies that when enhancements in motor learning are 
observed following c-tDCS, they are likely disassociated 
from any MEP changes induced in M1. Another possible 
limitation was identified in a recent study, which found that 
the effects of a related method of transcranial electrical 
stimulation were due to the transcutaneous stimulation of 
peripheral nerves [79]. Theoretically, if this were to also be 
true for tDCS, complex consequences could result that could 
attenuate, interfere, or even be responsible for the normally 
observed tDCS effects. Finally, other forms of non-invasive 
brain stimulation that are more focal or have effects that 
are mediated through different physiological mechanisms 
compared with tDCS could be more effective in PD. For 
instance, transcranial alternating current stimulation (tACS) 
of the cerebellum can also improve motor performance in 
healthy adults [80] and has the potential advantage of being 
able to induce entrainment at specified frequencies between 
different brain regions. This differs from the actions of tDCS 
where a certain brain area is facilitated or inhibited. Accord-
ingly, accumulating evidence has underscored the impor-
tance of abnormal network oscillations (oscillopathies) in 
neurodegenerative diseases, especially PD [81]. All of these 
issues and limitations need to be addressed in future studies.

Conclusions

In summary, the long-term application of c-tDCS simulta-
neous with motor practice did not enhance motor learning 
of hand and arm motor tasks to a greater extent than prac-
tice alone in PD. In addition, the long-term application of 
c-tDCS did not increase transfer of motor learning to clinical 
rating scales with motor components, manual dexterity tasks 
involving the hand and arm, or lower extremity gait and bal-
ance tasks in PD. Collectively, these findings provide no 
evidence that c-tDCS applied repeatedly over multiple days 
is an effective intervention to improve motor learning in PD. 
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Future studies, should probably focus on the examination 
of long-term administration of tDCS to cortical areas such 
as dorsolateral prefrontal cortex, premotor cortex, supple-
mentary motor area, and especially M1 to improve motor 
learning in PD.
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