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ABSTRACT
Objective: This study evaluated the effects of cerebellar tDCS on motor learning for swallowing.
Methods: In a double-blind RCT, 39 healthy adults received either sham, anodal tDCS, or cathodal tDCS
in two sessions on two consecutive days. Following 20min cerebellar tDCS (2mA) or sham, they under-
went swallowing skill training that targeted control of timing and magnitude of submental muscle activa-
tion during swallowing. Linear mixed models were used to identify the effects of stimulation on timing
and magnitude accuracy as measured by the change in task performance for each training session, and
for skill retention on days 3 and 10 post-intervention.
Results: Only the sham group had a reduced temporal error from baseline to all following timepoints.
When compared to error changes in the sham group, changes from baseline in temporal errors were
higher at all timepoints post-intervention for the anodal group, and higher at both retention assessments
for the cathodal group. Amplitude errors were smaller for all conditions at all timepoints post-intervention
compared to baseline.
Conclusions: Cerebellar tDCS was found to inhibit temporal aspects of motor skill learning in swallowing.
For the tDCS parameters used in this study, there is no support for use of tDCS to facilitate swallowing
rehabilitation.

Trial Registry Number (https://www.anzctr.org.au/): ACTRN12615000451505.

! IMPLICATIONS FOR REHABILITATION
! Cerebellar tDCS, in combination with motor skill training, has been demonstrated to increase motor

skill learning in healthy individuals and neurologically impaired patients.
! In this study, cerebellar tDCS applied prior to swallowing skill training adversely affected timing

measures of submental muscle activation during swallowing.
! In contrast to published outcomes in the corticospinal literature, both anodal and cathodal tDCS

resulted in a relative inhibitory effect on motor skill learning in swallowing when compared to the
sham condition.

! Swallowing skill training without tDCS produced increased accuracy in outcomes.
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Introduction

The cerebellum contributes substantially to human motor control,
error correction of movements, and motor skill learning [1]. It has
thus become a target for non-invasive neuromodulation techni-
ques, such as transcranial direct current stimulation (tDCS), with
the aim to improve motor skill learning by modulating cerebellar
function in healthy individuals and in individuals with neuro-
logical disorders.

TDCS uses anodal (positively charged) and cathodal (negatively
charged) electrodes to either depolarize or hyperpolarize neural
tissue underneath the electrodes through current flow [2,3]. TDCS
applied over the cerebellum has been demonstrated to evoke
neurophysiological and behavioral changes in motor function in

healthy volunteers [4–6]. Galea and colleagues [4] evaluated of
2mA tDCS over the right cerebellar hemisphere for 25min using
a paired-pulse transcranial magnetic stimulation (TMS) paradigm.
They measured changes in cerebellar brain inhibition (CBI), a
measure that is commonly used to assess the effects of cerebellar
tDCS on corticospinal excitability. They reported that anodal tDCS
when applied over the cerebellum decreased CBI whereas cath-
odal tDCS increased CBI. These results suggest polarity dependent
effects of cerebellar tDCS.

Small direct currents of 1–2mA for a duration of "20min
applied over the cerebellum can effectively modulate motor
behavior, as revealed in a meta-analysis by Oldrati and Schutter
[7]. In contrast to the polarity-dependent neurophysiological
changes of cerebellar tDCS, the direction of the behavioral
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changes in healthy volunteers is not consistently predictive [7].
Testing both anodal and cathodal tDCS is therefore recommended
to gain further insights into neurophysiological and behavioral
changes.

Clinical application of cerebellar tDCS has been investigated in
many patient groups, including stroke [8]. The clinical application
of tDCS for rehabilitation of motor impairments following stroke
has primarily been explored for limb function using tDCS over M1
and identified additional gains in motor function using tDCS
when provided in conjunction with rehabilitation [9,10]. However,
there are several advantages to application of cerebellar tDCS in
the event of a cerebral stroke as discussed in the review by
Wessel and Hummel [11]. In addition to targeting neural struc-
tures involved in motor skill learning, treatment effects would not
be influenced by lesion site or lesion size of the cerebral cortex,
therefore, eliminating the question about the best stimulation site
for tDCS [11]. Furthermore, placing the electrode centrally on the
cerebellum leads to greater gains in motor performance in bilat-
eral postural control tasks [12] compared to ipsilateral electrode
placement when training limbs in unilateral tasks [13].

Patterned motor responses such as swallowing are commonly
impaired following stroke. Swallowing disorders occur with an
incidence of up to 80% in acute stroke patients [14].
Rehabilitation of swallowing, using biofeedback and skill-based
training approaches have successfully been used in patients with
neurological impairments [15–17]. This raises the question: would
cerebellar tDCS enhance the effects of swallowing skill training?
This research investigated immediate and long-term polarity-
dependent effects of cerebellar tDCS on motor skill learning in
swallowing in healthy volunteers. It was hypothesized that anodal
cerebellar tDCS applied prior to swallowing-skill training would
enhance immediate motor skill learning and long-term effects for
up to one week post training. Conversely, it was hypothesized
that cathodal cerebellar tDCS would inhibit motor skill learning in
swallowing.

Materials and methods

Ethical approval was obtained for this study from the regional
Health and Disability Ethics Committee (15/STH/46). Informed con-
sent was obtained from all individuals included in the study.

Subjects

Healthy individuals aged 50 years and older were recruited for
this study. Further inclusion criteria were normal or corrected-to-
normal vision and no history of swallowing, neurological, or
muscular impairment. All subjects were screened using a ques-
tionnaire to enroll participants that were safe to receive tDCS,
consistent with published guidelines for participant enrolment
into tDCS studies [18,19]. Approximate gender and age matching
was achieved when assigning male and female participants into
three age-based subgroups (50–64 years, 65–79 years, and 80þ
years) within each condition (anodal tDCS, cathodal tDCS
or sham).

Cerebellar tDCS

Direct current was delivered using a research-version tDCS stimu-
lator (TCT Research Ltd, Hong Kong), which includes a sham
option and a password-protected stimulation setting for operator
blinding. The direct current was applied via three rectangular rub-
ber electrodes that exactly fitted into 5 cm $ 5 cm sponge covers

(soaked in 0.9% sodium chloride solution). The electrode for cere-
bellar stimulation was centered in the midline 1 cm below the
inion. As the muscles involved in swallowing are bilaterally
recruited, the two electrodes of opposite polarity were split, with
one over each buccinator muscle, providing equal and bilateral
stimulation. The current was ramped over 30 s and delivered at
2mA for 20min (current density of 0.08mA/cm2) preceding exe-
cution of the skill training task. Stimulation could not be provided
concurrently with the treatment due to impact of the stimulation
on the surface electromyographic (sEMG) signal. This method,
applying stimulation at rest prior to the training, has been found
to be as effective as stimulation applied during task training
when targeting motor learning using cerebellar tDCS [13]. No cur-
rent was delivered via the sham setting. All of the participants
were naïve to tDCS and were instructed that they may receive a
low current and that they may or may not feel anything.

Swallowing skill training

Midline submental muscle activity (anterior belly of digastric,
mylohyoid and geniohyoid) for swallowing skill assessment and
training was recorded using triode-patch electrodes (TriodeTM

T3402M, Thought Technology Ltd, Montreal) with an inter-elec-
trode distance of 2 cm. Data were recorded with the NeuroTracVR

Simplex device portable EMG biofeedback device (Verity Ltd, UK)
with a single channel displaying the root-mean-square envelope
of the sEMG signal, with a sensitivity of ± 0.2mV, sampled at
18Hz. The Biofeedback in Strength and Skill Training software
(BiSSkiTCE), Version 1.0.0.1, displayed the acquired information as
a time by amplitude waveform, in real-time on a computer screen.
The x-axis represented time with a pre-set duration of each screen
of 30 s. The y-axis represented the magnitude of submental
muscle activity in mV, with the maximum value on the y-axis com-
puted for each participant as 100% of the participant’s calibration
value, defined as the average peak amplitude of five effortful
swallows.

In the skill training protocol, the BiSSkiTCE software randomly
positioned a square target for each trial on the computer screen,
varying in both the vertical and horizontal position. The partici-
pants were instructed to swallow such that the peak of the wave-
form (reflecting submental muscle activity) was placed inside the
target, as close as possible to the centre of the box. The range of
movement of the target was limited to 4–26 s on the x-axis. On
the y-axis, the target movement range was limited to be between
20 and 70% of the calibration value [15,20]. The initial size of the
target was set to 50% of the allowable y-axis target movement
range.

The target size automatically decreased or increased by 10%
following three successful or unsuccessful trials, respectively [15].
Visual on-screen feedback was provided for each successful “hit”
or unsuccessful “miss,” with a numerical value indicating the dis-
tance in mm from the peak of the sEMG waveform to the center
of the target. Participants performed 20min of swallowing skill
training, which equated to 40 swallowing trials per training
session.

Swallowing skill assessment

The skill training protocol of the BiSSkiTCE software was used to
test motor skill learning. Since the assessment of motor skill learn-
ing requires a variation of the practiced skill [21] and can only be
assessed in the absence of the feedback by which the skill was
obtained [22], no visual feedback was provided during these
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swallowing trials. The waveform disappeared randomly 2–5 s prior
to the target, requiring participants to perform the task based on
their intrinsic representation of the screen and motor control
model. Furthermore, since swallowing is presumably already func-
tioning at its maximum in healthy individuals, a smaller target
size of 30% (instead of the usually pre-set target size of 50%) of
the allowed y-axis target movement range was chosen to provide
significant challenge for the assessment. In line with the skill
training protocol, the target was randomly positioned within the
same time and amplitude constraints and the goal of the task
remained the same. The researcher monitored the patient during
this assessment and marked each swallow to ensured that the
EMG peak representing each swallow could be identified in later
analysis. The swallowing skill assessment consisted of 10 saliva
swallowing trials at each assessment timepoint.

Experimental procedures

For this double-blind randomised controlled trial (RCT), partici-
pants were randomly assigned to one of three conditions: anodal,
cathodal, and sham. A research colleague randomly assigned the
participants to one of the three groups, knowing only age and
gender to ensure balance between groups. All participants com-
pleted the same study protocol and completed a single training
session on each of two consecutive days consisting of cerebellar
tDCS preceding sEMG biofeedback swallowing skill training.
Swallowing skill assessments were performed before and after
these sessions, and in two follow-up sessions, on Days 3 and 10.
At the end of Days 1 and 2, a comfort-rating questionnaire
regarding tolerance and side effects of the tDCS intervention [23]
as completed by the participant.

Data collection and post-processing

The BiSSkiTCE software automatically selected the highest peak of
the sEMG signal as the swallowing event. If the maximum value
did not correspond with the observed or reported swallowing
attempt (e.g., artefact due to movement), the researcher manually
selected the sEMG peak associated with swallowing for the
analysis.

A trial was discarded from the overall analysis if the peak was
outside the range of the screen. These events may be explained
by unstable electrode to skin contact, extraneous and simultan-
eous body movements of the participant during the swallowing
attempt or accidental contact between the connection cable and
the sEMG device. The researcher immediately responded following
invalid trials, ensuring sufficient electrode to skin contact and by
reminding the participant to inhibit extraneous movement while
swallowing.

Statistical analysis

The differences between the peak of the sEMG waveform and the
center of the target for temporal (s) and amplitude (lV) domains
were calculated, as depicted in Figure 1. These absolute error
measurements were then normalized to the maximum value of
each axis (relative error). The relative error was chosen to account
for the differences in amplitude between and within participants
across sessions, as the amplitude scale was recalibrated for each
session. The relative error measurements were exported to excel
and averaged across the 10 swallowing trials of each assessment.
Linear mixed effects model analysis was performed in RStudio
(version 3.2.5) using the packages lme4 and lmerTest [24].

Effects of cerebellar tDCS on motor skill learning in swallowing
Changes in motor skill learning between and within stimulation
groups across timepoints were evaluated in separate models
for each of the temporal and amplitude error. In the linear mixed-
effects analysis, main effects of stimulation condition and time-
point, and the interaction effect between stimulation and time-
point, were entered into the model as fixed effects, intercept for
subject was included as a random effect. The inclusion of each of
the fixed effects in the model was evaluated by model compari-
son using a likelihood ratio test. The overall effect was considered
not significant and dropped from the model if the p-value was
bigger than 0.05. Model comparisons were performed using a
likelihood ratio test. The chi-square, degrees of freedom and p-
values of this test are reported. If the likelihood ratio test was sig-
nificant for any of the effects of interest, the minimal adequate
model obtained from these comparisons was then evaluated, the
coefficient estimates, standard error (SE), and p-values of this
model are reported. A p-value of < 0.05 was considered signifi-
cant. The stimulation condition “Sham” and the timepoint
“Baseline” were set a priori as reference categories. This allowed
evaluation of differences from baseline in motor skill learning of
the stimulation conditions compared to the sham condition
over time.

Online, offline and consolidation effects
The impact of cerebellar tDCS on online, offline and consolidation
stages of motor skill learning was tested in a separate mixed
effects analysis for the two response variables (temporal and amp-
litude error). The learning phase (online, offline, consolidation)
and stimulation condition (anodal, cathodal, sham) were included
in the model as fixed effects and intercept for subject as the ran-
dom effect. Model comparisons were carried out as described pre-
viously. Online effects were defined as the changes from before
to after the training sessions, offline effects as the changes
between consecutive sessions and consolidation effects as
changes over the follow-up period where no stimulation or train-
ing took place. Calculation of the effects were performed as fol-
lows (adapted from Cantarero et al. [6]):

! Online effects ¼ (RV Post-Day 1 – RV Baseline) þ (RV Post-
Day 2 – RV Pre-Day 2).

! Offline effects ¼ (RV Pre-Day 2 – RV Post-Day 1) þ (RV
Follow-up 1 day – RV Post-Day 2).

! Consolidation effects ¼ (RV Follow-up 1 day – RV Follow-up
1 week).

Figure 1. Computation of the temporal and amplitude error. Amplitude in micro-
volts (mV) and time in seconds (s).
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Results

Participant characteristics

Forty-four healthy individuals consented to participate in this
study. Thirty-nine complete sets of data were collected (6 male
and 7 female for each condition, Figure 2). The mean years of age
of the participants in each condition was 71, ranging from 56 to
86. Data from two participants were discarded for methodological
complications, including insufficient electrode-to-skin contact
which resulted in an inaccurate display of the sEMG signal during
data collection. Two participants were not able to follow task
instructions and one withdrew because of illness unrelated to the
research.

Data analysis

Unusable data from 0.6% of the swallowing trials were discarded
post data collection but prior to the analyses due to movement
artefact in the sEMG signal. Descriptives for the amplitude and
time errors at each time point for each stimulation group are
reported in Table 1 as median and interquartile range (IQR). Log-
transformations (natural logarithm with base e) were applied to
both outcome measures (amplitude and temporal errors) in the
models for the analysis of the effects of cerebellar tDCS on motor
skill learning in swallowing to account for a violation of the non-
constant residual variance assumption. The model coefficients
were exponentiated to transform them back to their original
scale. Model results are expressed in terms of geometric means
and percent change between the different timepoints and

stimulation groups when compared to the reference category.
The assumptions were met for all other analyses.

Effects of cerebellar tDCS on motor skill learning in swallowing

Amplitude error
The minimal adequate model for the amplitude error included
only timepoint as a fixed effect. The likelihood ratio test was non

Figure 2. CONSORT flowchart (tDCS¼ transcranial direct current stimulation, sEMG¼ surface electromyography).

Table 1. Median and Interquartile Range (IQR) for the time and amplitude
errors across timepoints and stimulation condition.

Stimulation
condition Timepoint

Time error (%)
median (IQR)

Amplitude error (%)
median (IQR)

Anodal Baseline 2.38 (2.17) 14.8 (15.6)
Post 1 2.01 (1.84) 14.94 (7.59)
Pre 2 2.4 (2.93) 16.11 (8.95)
Post 2 2.32 (2.8) 15.61 (8.7)
Follow-up Day 3 3.25 (3.48) 13.37 (7.75)
Follow-up Day 10 2.06 (2.68) 14.93 (6.7)

Cathodal Baseline 2.77 (3.54) 19.48 (8.52)
Post 1 2.93 (2.43) 16.8 (13.64)
Pre 2 2.42 (3.08) 17.18 (10.25)
Post 2 2.13 (2.23) 14.93 (6.27)
Follow-up Day 3 2.65 (4.79) 16.28 (11.83)
Follow-up Day 10 2.77 (4.25) 16.41 (12.73)

Sham Baseline 5.23 (4.91) 23.09 (23.89)
Post 1 3.68 (3.87) 13.58 (15.23)
Pre 2 2.92 (3.45) 15.26 (15.74)
Post 2 2.55 (2.72) 13.93 (19.44)
Follow-up Day 3 2.20 (3.10) 10.73 (14.87)
Follow-up Day 10 2.88 (3.10) 16.20 (18.73)

Post 1¼ Post-training session 1 assessment; Pre 2¼ Pre-training session 2
assessment; Post 2¼ Post-training session 2 assessment.
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significant for the interaction effect between stimulation and
timepoint [v2(10) ¼ 9.40, p¼ 0.50] nor for the stimulation group
[v2(2) ¼ 1.56, p¼ 0.46]. The likelihood ratio test was significant for
timepoint [v2(5) ¼ 21.705, p< 0.001]. When evaluating the final
model, a lower amplitude error at all timepoints when compared
to baseline was found, with the highest estimated change
recorded at follow-up Day 3, see Table 2.

Temporal error
The minimal adequate model for the time error included the
interaction effect between stimulation group and timepoint with
a significant likelihood ratio [v2(10) ¼ 20.85, p¼ 0.02]. When eval-
uating the final model, the three stimulation conditions were not
significantly different from each other at baseline [p> 0.30]. The
change from baseline in the anodal group was lower to the
change from baseline in the sham condition at all timepoints, see
Table 3. The change from baseline in the cathodal group was
only lower than the change from baseline in the sham at the fol-
low-up assessments. Only the sham group significantly decreased
in the temporal target error from baseline to all other timepoints,
see Table 4.

Online, offline and retention effects

Amplitude error
The likelihood ratio test was not significant for the interaction
effect between stimulation and timepoint [v2(4) ¼ 4.07, p¼ 0.40]

nor for the stimulation group [v2(2) ¼ 0.37, p¼ 0.83]. The minimal
adequate model for the amplitude error included only learning
phase as a fixed effect [v2(2) ¼ 15.83, p< 0.001]. The estimated
average value for the online effects was &6.024% [95% CI ¼
&8.880, &3.168; p< 0.001]. The amplitude error was higher for
the offline and retention effects with an estimated difference of
6.31% [95% CI ¼ 2.277, 10.356; p< 0.001] for offline to online
effects and 7.95% [95% CI ¼ 3.917, 11.996; p< 0.003] for retention
to online effects.

Temporal error
The likelihood ratio test was not significant for the interaction
effect between stimulation and timepoint [v2(4) ¼ 8.49, p¼ 0.08]
nor for the stimulation group [v2 (2) ¼ 3.08, p¼ 0.22] nor for the
learning phase [v2(2) ¼ 5.05, p¼ 0.08].

Discussion

This is the first study to assess the effects of cerebellar tDCS on
motor skill learning in swallowing. Both anodal and cathodal tDCS
had a relative inhibitory effect on skill learning in swallowing
compared to the sham condition. Cerebellar tDCS applied prior to
swallowing skill training affected temporal accuracy but not the
magnitude accuracy of submental muscle activation during swal-
lowing. However, in contrast to the hypotheses and the cortico-
spinal literature, anodal tDCS inhibited motor skill learning in the
temporal aspects of swallowing. Similar to the corticospinal litera-
ture, cathodal tDCS inhibited motor skill learning of temporal
accuracy when compared to the sham condition.

Polarity independent result

Findings from this research contradict the majority of neuro-
physiological and behavioral studies on cerebellar tDCS, which
have documented opposing effects for the two polarity protocols
[4,25–28]. However, in line with the current study, Ferrucci and
colleagues [29] found an inhibitory effect of both anodal and
cathodal cerebellar tDCS at midline on reaction time in a working
memory task. In contrast, Shah et al. [30] demonstrated enhanced
behavioral effects for both anodal and cathodal cerebellar tDCS
on motor performance of a lower-limb tracking task. The contra-
dictory effects of the two polarities may be explained by the dif-
ferent tasks used to document outcomes or the different
electrode placements over the cerebellum used for these investi-
gations. For example, Ferrucci et al. [29] and the current study
used an electrode placement at midline that targeted both cere-
bellar hemispheres simultaneously, whereas Shah and colleagues
[30] utilized a unilateral electrode placement. Since the electrode
placement influences the direction of the current flow through

Table 2. Percentage of changes from baseline for the amplitude error for each
timepoint regardless of stimulation conditions.

Timepoint
% change from

baseline
Lower
95% CI

Upper
95% CI p-value

Post 1 –22.87 –33.44 –10.48 <0.001'
Pre 2 –19.31 –30.48 –6.34 <0.005'
Post 2 –23.61 –34.19 –11.34 <0.001'
Follow-up Day 3 –28.88 –37.86 –16.29 <0.001'
Follow-up Day 10 –16.45 –28.02 –3.03 ¼0.019'

Post 1¼ Post-training session 1 assessment; Pre 2¼ Pre-training session 2
assessment; Post 2¼ Post-training session 2 assessment; 95% CI ¼ 95% confi-
dence interval; ' ¼ statistically significant effect. Raw data was used for the
statistical analysis, change from baseline is used for demonstration pur-
poses only.

Table 3. Percentage of changes in the temporal error from baseline to each of
the following timepoints for the two stimulation groups compared to the
change from baseline to every other timepoint of the sham group.

Stimulation condition
and timepoint

Difference in % change
from baseline when
compared to %

change of
sham group

Lower
95% CI

Upper
95 % CI p-value

Anodal Post 1 10.90 –16.76 47.76 0.045'
Anodal Pre 2 3.84 –22.06 38.35 0.019'
Anodal Post 2 –10.68 –32.96 19.01 0.042'
Anodal Follow-up Day 3 5.28 –20.98 40.27 <0.001'
Anodal Follow-up Day 10 –13.52 –35.09 15.23 0.025'
Cathodal Post 1 –15.13 –36.3 13.08 0.470
Cathodal Pre 2 –13.97 –35.43 14.62 0.144
Cathodal Post 2 –22.59 –41.9 3.14 0.175
Cathodal Follow-up Day 3 –22.14 –41.56 3.74 0.021'
Cathodal Follow-up Day 10 –4.48 –28.31 27.27 0.007'

Post 1¼ Post-training session 1 assessment; Pre 2¼ Pre-training session 2
assessment; Post 2¼ Post-training session 2 assessment; 95% CI ¼ 95% confi-
dence interval; ' ¼ statistically significant effect. Raw data was used for the
statistical analysis, change from baseline is used for demonstration pur-
poses only.

Table 4. Percentage of changes from baseline in the temporal error for the
sham group when compared to its baseline.

Timepoint
% change

from baseline
Lower
95% CI

Upper
95% CI p-value

Sham Post 1 –26.93 –44.61 –3.59 0.034'
Sham Pre 2 –36.50 –51.87 –16.23 0.002'
Sham Post 2 –41.58 –55.71 –22.93 <0.001'
Sham Follow-up Day 3 –51.88 –63.54 –36.52 <0.001'
Sham Follow-up Day 10 –45.81 –58.93 –28.50 <0.001'

Post 1¼ Post-training session 1 assessment; Pre 2¼ Pre-training session 2
assessment; Post 2¼ Post-training session 2 assessment; 95% CI ¼ 95% confi-
dence interval; ' ¼ statistically significant effect. Raw data was used for the
statistical analysis, change from baseline is used for demonstration pur-
poses only.
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neural tissue [31], this is could explain the opposing polarity
dependent results.

Inhibitory effects of anodal tDCS

In this study, anodal tDCS study resulted in a relative inhibition of
temporal motor skill learning, a finding which is contrary to most
commonly reported results in the corticospinal system [32]. One
explanation might be found in differences in the corticobulbar
and corticospinal pathways. This is supported by reports of inhib-
ited behavioral effects following anodal cerebellar tDCS in the cor-
ticobulbar system [33], in contrast to enhanced effects of anodal
tDCS reported for the corticospinal system [5]. Jayasekeran et al.
[34] provided further neurophysiological evidence in support of
this explanation. They demonstrated facilitory neural connections
of the cerebellum for motor cortical output from the pharyngeal
area using paired-pulse TMS to test CBI. This is contrary to the
corticospinal system where inhibitory connections have been
demonstrated using a similar neurophysiological assessment [35].
Stimulation parameters that have successfully been used to
enhance motor skill learning in the corticospinal system might
therefore not be transferable to corticobulbar motor tasks.

The inhibitory effects of anodal cerebellar tDCS could also be a
consequence of different tDCS parameters in the current study,
such as stimulation intensity or electrode placement. Computer
modelling studies of cerebellar tDCS and animal studies suggest
that an intensity of 2mA is required to reach the neurons within
the cerebellum [36,37]. Midline placement over the cerebellum is
strong enough to evoke changes in cerebellar excitability without
spreading to brainstem structures [38], causing behavioral
changes, such as slower reaction times on a working memory task
[29]. Therefore, a stimulation intensity of 2mA over the cerebel-
lum at midline was used in this study. However, dividing the ref-
erence electrode to the buccinator muscles to suit a bilaterally
innervated motor task might have diminished the electric current
in both of the cerebellar hemispheres to approximately 1mA. In
contrast to studies that used 2mA over one cerebellar hemi-
sphere, studies that used 1mA or 1.5mA of unilateral cerebellar
tDCS reported significant but heterogeneous behavioral effects
[30,39,40]. Furthermore, decreasing the tDCS intensity to 1mA per
hemisphere might have shifted the direction of excitability
changes. Similar effects have been demonstrated for cathodal
tDCS of M1, where inhibition changed into excitation by increas-
ing the stimulation intensity from 1mA to 2mA [41]. More
research is required to identify effects of different tDCS intensities
and electrode placements on the same behavioral or neuro-
physiological outcome measures for cerebellar tDCS.

The polarity of cerebellar tDCS did not result in the polarity
dependent change in behavior as hypothesized in the present
study, which is in line with the results from the meta-analyses by
Oldrati and Schutter [7]. The hypotheses for this study were based
on the polarity dependent behavioral and neurophysiological
findings from Galea and colleagues [4,5]. This research group
replicated their study more recently and did not identify polarity
dependent effects of cerebellar tDCS on visuomotor adaptation
using the same behavioral measure [42]. The main reason for this
finding is discussed as a large variability across participants to
detect a measurable effect of cerebellar tDCS in a small sample of
10–15 participants. With a sample size of 13 participants per con-
dition, variability across participants may have also affected the
results of this study.

Cerebellar tDCS affects temporal not magnitude accuracy

Cerebellar tDCS influenced the learning of the temporal control of
submental muscle contraction but not the magnitude of muscle
activation during swallowing. These findings are in line with find-
ings from Cantarero et al. [6], who found that cerebellar tDCS
only affected one component of motor learning. In their study on
motor learning in the upper limb, only accuracy but not speed in
a speed-accuracy trade off task was affected by cerebellar tDCS.
Cantarero et al. discussed that “different components of motor
skill learning (i.e., error and speed) may be predominantly con-
trolled by different neural circuits with the cerebellum largely
influencing error reduction” [6, p. 3289]. In contrast to volitional
cortical control of accuracy and speed in upper limb movements,
temporal and magnitude control of submental muscle activity
during swallowing are components of a primarily brainstem
driven, semi-reflexive motor function. However, oral and pharyn-
geal motor sequences during swallowing can be modulated from
higher cortical centres [17,43–45]. Therefore, the results of the
current study support Cantarero et al.’s [6] findings, indicating
that different neural control mechanisms may be used for differ-
ent components of motor skill learning, and that they may
respond differently to tDCS.

Cathodal tDCS only inhibited long-term retention of motor skill
learning

While anodal cerebellar tDCS inhibited temporal motor learning
across all timepoints, the effects of cathodal tDCS developed over
time and only inhibited temporal motor learning following con-
solidation periods and two days of skill training. Retention of
learned motor skills has been recognized to be the result of more
permanent alterations in cerebellar connections in the form of
long-term depression (LTD) of Purkinje cells [46]. The current
study demonstrated that both polarities of cerebellar tDCS in
combination with motor training might evoke LTD-like processes
in the cerebellum for motor skill learning of corticobulbar motor
functions.

Cerebellar tDCS did not differentially affect different phases of
motor learning

There were no differences between the three groups for the
online learning phases (pre- to post-session) of the two days of
motor skill training, nor the offline learning phases between the
training and follow-up sessions. The absence of a difference
between groups for online learning is contrary to findings of a
similar single-case study by Cantarero and colleagues [6] in the
corticospinal system. This could be the result of differences in the
study protocols.

One main difference in the study protocol of this study com-
pared to Cantarero et al. [6] was the timing of the stimulation. In
the current study, cerebellar tDCS was applied prior to swallowing
skill training for the following reasons. Several minutes of cerebel-
lar tDCS have been demonstrated to result in lasting changes of
neural excitability of up to 30min after the stimulation was termi-
nated [4]. In addition, concurrent application of tDCS and sub-
mental sEMG elevated the baseline of the EMG signal ("20 mV)
and introduced oscillation due to interference. Lastly, studies
exploring the effects of tDCS over M1 found that only stimulation
applied prior to motor training, but not concurrent with or after
the training, had an effect on corticospinal excitability [47].
However, when cerebellar tDCS was applied during the perform-
ance of a limb motor task, differences between online and offline
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learning have been demonstrated [6]. These results are contrary
to the findings in this study, suggesting that the timing of cere-
bellar tDCS, applied to an active or passive neural network, might
be a crucial variable. Technical solutions to reduce the interfer-
ence of concurrent tDCS in the EMG signal would be required to
test the effects of cerebellar tDCS concurrent with swallowing skill
training using submental sEMG.

Conclusion

In contrast to the hypotheses and the corticospinal literature,
both anodal and cathodal cerebellar tDCS inhibited temporal
motor skill learning in swallowing. This suggests differences in the
effects of cerebellar tDCS on corticobulbar and corticospinal
motor functions. Therefore, recent neurophysiological findings on
functional differences in the tracts between the cerebellum and
the cortex for corticobulbar and corticospinal tasks are supported
[34]. A direct comparison of the effects of cerebellar tDCS on
neurophysiological and behavioral measures is necessary to
receive more insights into the differences between these two sys-
tems. Furthermore, polarity-dependent mechanisms in cerebellar
tDCS deserve being addressed in future research, as anodal tDCS
was not the behavioral inverse of cathodal tDCS, as seen in the
limb literature.

The protocol of midline cerebellar tDCS used in this study
inhibited motor skill learning in swallowing in healthy individuals.
Therefore, this study provides no definitive support for use of
tDCS using this protocol to facilitate swallowing skill rehabilita-
tion. Further research is required to confirm this. However, swal-
lowing skill training without tDCS was demonstrated to improve
motor performance and motor skill learning in swallowing. This
provides a strong indication for future research into the potential
implementation of skill training in swallowing rehabilitation.
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