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Abstract
Background The cerebellum controls descending motor com-
mands by outputs to primary motor cortex (M1) and the
brainstem in response to sensory feedback. The cerebellum
may also modulate afferent input en route to M1 and the
brainstem.
Objective The objective of this study is to determine if anodal
transcranial direct current stimulation (tDCS) to the cerebel-
lum influences cerebellar brain inhibition (CBI), short afferent
inhibition (SAI) and trigeminal reflexes (TRs) in healthy
adults.
Methods Data from two studies evaluating effects of cerebel-
lar anodal and sham tDCS are presented. The first study used a
twin coil transcranial magnetic stimulation (TMS) protocol to
investigate CBI and combined TMS and cutaneous stimula-
tion of the digit to assess SAI. The second study evaluated
effects on trigemino-cervical and trigemino-masseter reflexes
using peripheral nerve stimulation of the face.
Results Fourteen right-handed healthy adults participated in
experiment 1. CBI was observed at baseline and was reduced
by anodal cerebellar DCS only (P<0.01). There was SAI at
interstimulus intervals of 25 and 30 ms at baseline (both

P<0.0001), but cerebellar tDCS had no effect. Thirteen
right-handed healthy adults participated in experiment 2. In-
hibitory reflexes were evoked in the ipsilateral masseter and
sternocleidomastoid muscles. There was no effect of cerebel-
lar DCS on either reflex.
Conclusions Anodal DCS reduced CBI but did not change
SAI or TRs in healthy adults. These results require confirma-
tion in individuals with neurological impairment.
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Introduction

The cerebellum plays a key role in human motor control and
learning via extensive projections to sensory and motor areas
of the cortex and brainstem [1]. Dysfunction of the cerebellum
may, therefore, contribute to motor deficits in movement dis-
orders by defective modulation of its projection targets [2–4].
Non-invasive stimulation of the cerebellum can modify the
connectivity between the cerebellum and primary motor cor-
tex (M1), by putative polarisation of Purkinje cells in the cer-
ebellar cortex [5, 6]. Small clinical studies have indicated that
non-invasive cerebellar stimulation has potential as a novel
treatment intervention in neurological conditions exhibiting
cerebellar pathology [7–12]. However, the mechanisms of ac-
tion are incompletely understood [6, 10, 13]. Direct current
stimulation (DCS) electrodes or a magnetic stimulating coil
targets the lateral cerebellum, an area of the cerebellar cortex
that specifically projects to the dentate nucleus of the deep
cerebellar nuclei [14]. Fibres project from the dentate nucleus
to the ventrolateral motor thalamus via the superior cerebellar
peduncle and onto M1 as the dentate-thalamo-cortical
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pathway. The intermediate hemisphere and vermis of the cer-
ebellum project to brainstem motor nuclei [14]. Interestingly,
modulation of M1 by the cerebellum can also occur via mod-
ulation of sensory inputs en route to the cortex. This was
evidenced by findings that paired-associative stimulation
(PAS) of M1 is enhanced or suppressed by non-invasive stim-
ulation of the cerebellum in a polarity-specific manner [13, 15,
16]. PAS is a neuroplastic M1 response to repetitive paired
peripheral and cortical stimuli, inducing long-term potentia-
tion or depression-like effects that are N-methyl-D-aspartate
receptor-dependent [17, 18]. It appears that the cerebellum
may prime the degree of neuroplastic reorganisation in M1
by modulating ascending somatosensory inputs at a subcorti-
cal level [15, 16]. The control of motor output by the cerebel-
lum is likely a complex balance between direct efferent con-
trol of cortical and brainstemmotor nuclei and modification of
afferent input to the same structures.

The question is raised as to whether the cerebellum can
prime M1 by modulating activity in other sensory pathways
known to be abnormal in movement disorders, such as short
afferent inhibition (SAI) [19–21] or trigeminal reflexes (TRs)
[22–24]. This may be important, as greater knowledge of cer-
ebellar modulation of sensorimotor circuits might improve
understanding of pathophysiology of motor deficits underly-
ing movement disorders. Single pulses of transcranial magnet-
ic stimulation (TMS) paired with electrical stimulation to the
median nerve at the wrist or cutaneous stimulation of a digit
can be used to probe the degree of M1 inhibition imposed by
afferent input [25–27]. Afferent inhibition is mediated by cho-
linergic and GABAA-dependent circuits [28, 29]. TRs are
evoked by stimulation of trigeminal sensory branches of the
face, and responses are recorded in facial and neck muscles
using electromyography [30–32]. There has been no report of
cerebellar modification of TR reflexes although an anatomical
pathway exists [4]. Understanding the influence of the cere-
bellum on SAI and TRs may support non-invasive stimulation
of the cerebellum in movement disorders with dysfunction of
somatosensory processing, such as dystonia [33, 34].

Projections between the cerebellum and primary motor cor-
tex (M1) can be probed in humans using a twin coil TMS
protocol, known as cerebellar brain inhibition (CBI) [35]. Fur-
thermore, excitability of the CBI pathway can be modulated
by non-invasive stimulation in healthy adults [5] and in neu-
rological disorders [8, 9, 11]. The aim of the present studies
was to test whether cerebellar anodal DCS can modify CBI,
SAI and TRs in healthy humans. The objective was to evalu-
ate the potential of cerebellar DCS as a novel intervention in
neurological disorders with cerebellar dysfunction. We
hypothesised CBI would be reduced by anodal DCS consis-
tent with our results in a previous study [8]. Based on previous
findings from a PAS study [16], we hypothesised that anodal
cerebellar DCS would increase SAI. Because anodal cerebel-
lar DCS enhances activity in inhibitory cerebellar output

pathways [5, 6], we hypothesised that TRs would be increased
by a putative effect on cerebellar-trigeminal brainstem
pathways.

Materials and Methods

A total of 27 healthy adults participated in two separate stud-
ies. All participants were right-handed without a neurological
or musculoskeletal disorder affecting the upper limb (experi-
ment 1) or face and neck (experiment 2). The studies were
approved by the local ethics committee, and all participants
provided informed written consent. Each participant complet-
ed a screening questionnaire, which was reviewed by a study
doctor prior to participation, to ensure safety for TMS and
DCS. In each study, participants attended two sessions, sepa-
rated by at least 5 days as per previous protocols in healthy
adults [8, 36, 37]. Participants underwent anodal or sham
DCS, in counterbalanced order, and all were blinded to the
intervention at each session. In both experiments, participants
sat comfortably in a chair with their hands relaxed on a pillow
placed on their lap during all procedures.

Experiment 1

Fourteen healthy adults (age range 24–83 years, five male)
participated in experiment 1. The aim of the study was to
investigate the effect of cerebellar DCS on CBI and SAI using
TMS. The older adult had been recruited as a control subject
in a similar experiment and exhibited similar responses to
younger adults and experienced no adverse effects and so
was accepted for inclusion in the current study. Other studies
have found that TMS measures can be reliably obtained in
elderly populations [38], with little adverse side effects [39,
40]. Moreover, non-invasive brain stimulation is able to pro-
mote plasticity in the older brain [41].

Electromyography

Surface electromyography (EMG) was recorded from
the right first dorsal interosseous (FDI) using 10-mm-
diameter Ag/AgCl electrodes (Ambu, Ballerup, Denmark).
Electrodes were placed over the muscle belly and the
metacarpophalangeal joint. A 20-mm-diameter reference
Ag/AgCl electrode was placed over back of the hand
(3M Health Care, St. Paul, MN, USA). EMG signals were
sampled at 2000 Hz (CED 1401; Cambridge Electronic
Design, Cambridge, UK), amplified (CED 1902; Cambridge
Electronic Design, Cambridge, UK), band-pass-filtered
(20–1000 Hz) and stored for offline analysis (Signal v5.09,
Cambridge Electronic Design, Cambridge, UK).

Cerebellum (2016) 15:466–474 467



Transcranial Magnetic Stimulation

Single-pulse TMS was delivered with a figure-of-eight coil
(70-mm wing diameter) (Magstim Co., Wales) positioned
over M1 to induce a posterior to anterior directed current in
the underlying motor cortex. The hotspot for evoking motor-
evoked potentials (MEPs) in the right FDI muscle was located
and marked on the scalp. Resting motor threshold (RMT) for
the FDI was determined as the minimum stimulus intensity to
elicit a 50-μV MEP in four out of eight trials [42].

Cerebellar Brain Inhibition and Short Afferent Inhibition

The TMS test stimulus used to probe CBI and SAI was deter-
mined by increasing stimulus intensity until the maximum
MEP amplitude at rest in the target FDI was observed. The
stimulus intensity was then adjusted to evoke aMEP in FDI of
approximately 50 % of the maximum amplitude (50 %
MEPMAX). For CBI, the stimulus intensity to evoke 50 %
MEPMAX was used as the test stimulus and was conditioned
by TMS over the contralateral lateral cerebellum, using a
figure-of-eight flat coil, 3 cm lateral and 1 cm inferior to the
inion with the handle pointing up [43]. The conditioning stim-
ulus (CS) intensity was set to 100 % of RMT of the FDI
representation in contralateral M1, and the interstimulus inter-
val (ISI) was set to 5 ms [43–46]. For SAI, cutaneous digital
stimulation was applied to the index finger using wire ring
electrodes with the cathode placed over the proximal, and
anode over the distal, phalanx, respectively. Stimulation was
delivered with a 1-ms square wave pulse by a constant current
stimulator (DS7A, Digitimer Ltd). The stimulus intensity was
set at three times perceptual threshold and delivered at two
ISIs (25 and 30 ms). Sixteen non-conditioned MEPs and 16
conditioned MEPs were evoked in randomised order at a rate
of 0.2 Hz to assess CBI and then SAI at each ISI.

Transcranial Direct Current Stimulation

Transcranial DCS was delivered at 2 mA for 20 min via two
25-cm2 saline-soaked sponge electrodes (Chattanooga Ionto,
Hixon, TN), one positioned 3 cm lateral and 1 cm inferior to
the inion (right lateral cerebellum) and the other over the ip-
silateral buccinator muscle [5]. At the onset of both (anodal
and sham) DCS applications, the current was increased in a
ramp-like manner. A total current of 2 mA/cm2 with a current
density of 0.08 mA/cm2 was applied, keeping below the rec-
ommended threshold to avoid tissue damage. Following DCS,
participants sat quietly for 5 min before the post-intervention
outcome measures were collected. Sham DCS was delivered
in an identical manner; however, current intensity was ramped
down to zero after 30 s in accordance with established
protocols [47].

Experiment 2

Thirteen healthy adults (age range 20–55 years, 7 male) par-
ticipated in the second experiment, where the effect of cere-
bellar DCS on TRs was assessed using peripheral nerve stim-
ulation to trigeminal nerves of the face.

Electromyography

Surface EMG was recorded from the right masseter and
sternocleidomastoid muscles using pairs of disposable adhe-
sive 10-mm-diameter Ag/AgCl electrodes (Ambu, Ballerup,
Denmark), positioned 1 cm apart in a bipolar montage. A
ground electrode (Red Dot, 3 m) was placed over the right
clavicle [32]. During the experiment, participants contracted
their right masseter (by teeth clenching and smiling wide)
or right sternocleidomastoid muscle (SCM) (by turning
their head to the left side and tilting the head down to
the right) at their maximum strength [48]. Participants
practiced contracting the target muscles before data collec-
tion and received online visual feedback regarding the
degree of muscle contraction during the experiment. The
EMG signals were amplified [CED 1902; Cambridge Elec-
tronic Design (CED), Cambridge, UK], band-pass-filtered
(20–1000 Hz) and sampled at 2 kHz (CED 1401).

Peripheral Nerve Stimulation

Peripheral nerve stimulation (PNS) was delivered by a
Digitimer DS7A constant current stimulator (Digitimer, Hert-
fordshire, UK) using a 1-ms square wave pulse via adhesive
electrodes positioned over the right infraorbital nerve just be-
low the centre of the orbit on the front of the face. The cathode
was placed over the point where the nerve emerges from the
foramen, and the anode was placed 1 cm lateral to the cathode.
Stimulation intensity was set to three times perceptual thresh-
old for each participant. Sixty responses (delivered 3 s apart)
were recorded from the masseter and sternocleidomastoid
muscles in separate blocks. Participants were given short rest
periods as required (every 20 or 30 responses) in order to
minimise the effect of muscle fatigue.

Transcranial Direct Current Stimulation

Transcranial DCS was delivered in an identical manner
to experiment 1, except that the cathode was positioned
over the ipsilateral cortex, on the forehead. This posi-
tion was necessary as the electrodes recording muscle
activity were already affixed to the ipsilateral side of
the face. Anodal or sham DCS was delivered by a TCT
DCS Stimulator (TCT Technologies Ltd).
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Data Analysis

For TMS data in experiment 1, MEP amplitudes were mea-
sured peak to peak (mV) and averaged. A ratio of conditioned
to non-conditioned MEPs was used to calculate CBI and SAI.
Data were tested for normality with the Shapiro-Wilk test.
One-sample t tests were used to determine CBI and SAI in
the pre-DCS data. The effect of cerebellar DCS on CBI and
non-conditioned MEPs evoked during CBI and SAI was
analysed using a two STIMULATION (anodal, sham DCS)
by a two TIME (pre, post) repeated measures ANOVA
(rmANOVA). The effect of cerebellar DCS on SAI was
assessed using a two STIMULATION (anodal, sham DCS)
by two ISI (SAI25, SAI30) × two-TIME (pre, post)
rmANOVA. Root-mean-square EMG (rmsEMG) during
CBI and SAI was analysed using a two STIMULATION

(anodal, sham), four MEP (three conditioned and one
non-conditioned), by two TIME (pre, post) rmANOVA.
In experiment 2, individual EMG traces from each trial
were full wave rectified and averaged. The onset latency
(ms) and the area (mV ms) of the average reflex re-
sponse for the masseter and sternocleidomastoid were
measured separately. The onset latency was determined
as the time after the stimulus artefact when the EMG
dropped below the average pre-stimulus EMG for great-
er than 10 ms, starting around 50 ms after stimulus
onset [49]. Reflex area was measured between the onset
and the offset (when the EMG returned to average pre-
stimulus values) and expressed as a proportion of the
area below the pre-stimulus mean activity [50]. Data were
analysed for each muscle using separate two STIMULATION

(anodal, sham DCS) by two TIME (pre, post) rmANOVAs.
Statistical Package for the Social Sciences (SPSS) software
(v22 SPSS Inc, Chicago, USA) was used for statistical
analysis in both studies with the level of significance set
to P<0.05. Data were checked for sphericity and corrected
where necessary using the Greenhouse Geisser test. Post
hoc t tests were used to explore main effects and interac-
tions and were corrected for multiple comparisons [51].

Results

There were no adverse effects of DCS reported by participants
in either study. EMG traces from representative participants
for CBI, SAI and TRs are provided in Fig. 1.

Experiment 1

One-sample t tests revealed that there was CBI at baseline
(anodal session 0.85±0.31, P<0.0001; sham session 0.89±
0.048, P<0.05). Following DCS, there was a TIME ×
CONDITION interaction (F1,13=5.46, P<0.05). Post hoc, paired

t tests revealed that CBI was reduced by anodal DCS
(pre 0.85±0.31, post 1.04±0.07, P<0.01) but not by
sham DCS (P>0.5) (Fig. 2a). There were no main effects
(both P>0.07). One-sample t tests revealed that there was
SAI at baseline at ISI 20 (anodal session 0.74±0.074; sham
session 0.78±0.041, both P<0.0001) and ISI 30 (anodal ses-
sion 0.76±0.082; sham session 0.80±0.072, both P<0.0001).
There were no main effects or interactions for SAI following
DCS (all P>0.22) (Fig. 2b). There were no main effects or
interactions for non-conditioned MEPs evoked during CBI
(pre-DCS, 1.64±0.47 mV, post-DCS 1.80±0.50 mV; all
P>0.43) or SAI (pre-DCS, 1.72±0.38 mV, post-DCS 1.85±
0.38 mV; all P>0.25). There was no change in pre-stimulus
rmsEMG for CBI (pre-DCS 0.009±0.002 mV, post-DCS
0.009±0.001 mV; all P>0.66) or SAI (pre-DCS 0.008±
0.001 mV, post-DCS 0.009±0.001 mV; all P>0.54). Experi-
mental conditions therefore, remained consistent during CBI
and SAI.

Experiment 2

At baseline, there was an inhibitory reflex with an average
onset latency of 62.2±15.9 ms and an area of −10.14±
8.19 mV ms in the sternocleidomastoid muscle and an inhib-
itory reflex with an average onset latency of 44.7±9.2 ms and
an area of −11.95±11.28 mV ms in the masseter muscle. For
the sternocleidomastoid muscle, there were no main effects
and no interaction (all P>0.22) of DCS on the area of
the reflex. Likewise, for the masseter muscle, there were
no significant main effects and no interaction on reflex area
(all P>0.11) (Fig. 2c).

Discussion

These experiments demonstrate that anodal DCS did not mod-
ulate SAI or inhibitory TRs in healthy adults, at least using the
methods applied in the present studies. Excitability of the
cerebellum was influenced by anodal DCS, as indicated by a
reduction in CBI. Therefore, the lack of effect on SAI and TRs
cannot be explained by a failure of DCS to modify activity
within the cerebellum. Our findings provide preliminary evi-
dence that the cerebellum may not significantly modulate the
afferent pathway responsible for producing SAI in the M1 or
brainstem circuits modulating TRs in healthy adults. The path-
ways under examination are, therefore, likely not responsible
for the benefits of cerebellar non-invasive brain stimulation
reported in small clinical populations [7–9, 11, 12].

Non-Invasive Cerebellar Stimulation

The neural mechanisms underlying neuromodulation of the
cerebellar cortex are still uncertain. Studies from basic science
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indicate that electrical currents applied to the cortical surface
of the cerebellum in the turtle influence the cell body and both
proximal and apical dendrites of the Purkinje cells [52]. Fur-
thermore, epidural anodal DCS of the cerebellum of rodents
induces reorganisation of M1, reducing its excitability along
with that of the motoneurons in the anterior horn of the
spinal cord [53]. Investigations aimed at modelling the
DCS electric field in humans demonstrated that maximal
activation was localised to the targeted cerebellar hemi-
sphere [54]. In contrast, repetitive TMS protocols in
Parkinson’s disease patients were found to alter metabolic
activity in both cerebellar cortex and the deep cerebellar
nuclei [55]. Similarly, cerebellar DCS does not alter the

excitability of M1 to single pulse TMS, while cerebellar
repetitive TMS increased the MEP response [56]. Diffe-
rences in neural and non-neural structures within the cere-
bellum that may be influenced by DCS and rTMS might
explain these discrepancies.

Cerebellar Brain Inhibition

The lateral cerebellum controls M1 excitability by inhibiting
activity of the disynaptic dento-thalamo-cortical pathway
[14]. It might be expected that cerebellar neuromodulation
would follow the polarity-dependent effect on output path-
ways similar to that observed for M1 [57]. However,

a

c

b
NC Con

20ms

0.5 
mV

ConNC

20ms

0.01 mV

Fig. 1 Experimental data from
one representative individual of
each study 1 and 2. Upper trace
depicts MEPs prior to DCS, and
lower trace depicts MEPs after
anodal DCS. a Effect of anodal
tDCS on cerebellar brain
inhibition. b Effect of anodal
DCS on short afferent inhibition.
C conditioned response, NC non-
conditioned responses. c Effect of
anodal DCS on trigeminal
reflexes. Upper trace represents
TRs prior to DCS, and lower
trace represents TRs after DCS.
The sternocleidomastoid muscle
is on the left, and the masseter
muscle is on the right.
Approximate onset and offset of
each reflex are indicated by the
arrows
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modulation by excitatory non-invasive brain stimulation on
cerebellar output in the form of CBI has been inconsistent to
date. Initial reports were of an increase in CBI after anodal
DCS [5]. In contrast, CBI was reduced in the current result and
our previous study in people with focal hand dystonia [8].
Furthermore, another study using intermittent theta-burst
stimulation in patients with cerebellar stroke also reported a
reduction in CBI [9]. While a reduction of CBI secondary to
greater activation of inhibitory Purkinje cells in the cerebellar
cortex appears counter-intuitive, there are a number of possi-
ble explanations. There are multiple layers of cells in the cer-
ebellar cortex and, in turn, synaptic connections with the po-
tential to undergo neuroplastic modulation by non-invasive
stimulation. Superficially located inhibitory interneurons

project onto Purkinje cells and are modulated by parallel fibres
from granule cells [58]. If in the present study, anodal DCS
produced LTP-like plasticity at the parallel fibre-inhibitory
interneuron synapse, Purkinje cells would receive greater in-
hibition. In turn, less excitable Purkinje cells would disinhibit
the dentate nucleus and reduce inhibition imposed upon M1,
as we observed. Alternatively, there are both excitatory and
inhibitory interneurons within M1 that are targets for
cerebello-thalamo-cortical projections [43, 45, 46]. Anodal
DCS may have directly excited the Purkinje cells themselves
and reduced activity along the cerebello-thalamo-cortical
pathway. However, if the cerebello-thalamo-cortical projec-
tions terminate onto M1 GABA-ergic intracortical inhibitory
neurons, then corticomotor neurons would be disinhibited in
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turn. We did not assess GABA-ergic intracortical inhibition in
the current study and so cannot determine for certain which
explanation is more likely. Regardless, the fact that cerebellar
inhibition of M1 was reduced by anodal DCS provided evi-
dence that cerebellar excitability was modulated in the present
study.

Short Afferent Inhibition

Contrary to our hypothesis, there was no effect of cerebellar
DCS on SAI in these healthy adults. This finding contrasts
with previous studies using the PAS paradigm, where anodal
DCS or intermittent theta-burst stimulation to cerebellum re-
duced PAS responses in primary motor cortex [15, 16]. The
authors suggested that non-invasive cerebellar stimulation
may prime M1 responses to PAS by Bgating^ activity in as-
cending pathways within the olivary nucleus or thalamus [16].
Alternatively, M1 excitability evoked by PAS may be directly
modulated by extra-thalamic projections from the cerebellum
[15]. Our result suggests that there is a difference in how
cerebellar stimulation affects neurons intercalated in the affer-
ent pathways mediating SAI and PAS in the M1 of healthy
adults. One explanation could be that NMDA, but not cholin-
ergic, circuits are modulated by the cerebellum or its projec-
tion targets. In agreement, a previous study also reported no
effect on SAI evoked by median nerve stimulation after cere-
bellar theta-burst stimulation in healthy adults [21]. In the
same study, cerebellar TBS did partially normalise the reduced
SAI observed in patients with Alzheimer’s disease, a disorder
associated with pronounced deficits in cortical cholinergic
function [21]. It might be that SAI is modified by cere-
bellar stimulation only when there is cholinergic dysfunc-
tion [21]. Future studies are warranted to assess responses
to non-invasive cerebellar stimulation in other patient pop-
ulations where SAI is reduced, but who do not exhibit
overt deficits in cholinergic function such as cervical dys-
tonia [59], Parkinson’s disease patients on dopaminergic
medication [20] or after stroke [19].

Trigeminal Reflexes

Trigemino-cervical reflexes are mediated by trigeminal senso-
ry afferents and cervical motoneurons. Pathophysiological
modification of these reflexes has been reported in cervical
dystonia [22, 60] and other neurological disorders [24, 32].
We hypothesised that excitability of these reflexes might be
mediated by the cerebellum, as there are direct projections
between cerebellum and the trigeminal nuclear complex [4,
61]. Our aim was to examine whether cerebellar stimulation
would alter TR activity in healthy individuals, to determine if
there might be benefits for translation into a neurological pop-
ulation. The reason why TRs were unaffected in the present
study is not clear. One potential explanation may be that other

nuclei in the cerebello-trigeminal network, such as the basal
ganglia and superior colliculus, may also modulate the
TRs [4, 60]. Thus, stimulation of the cerebellum alone
may not have been sufficient to alter TR activity in the
healthy brainstem. Alternatively, activity in the aforemen-
tioned nuclei may have adjusted in compensation for al-
tered cerebellar activity, producing a null net effect. It may
be worth investigating whether cerebellar stimulation can
modify TRs when there is widespread disruption of motor
networks including the basal ganglia and the cerebellum
such as dystonia and Parkinson’s disease [2, 3].

Conclusion

Non-invasive cerebellar stimulation is a safe and potentially
effective method to modulate cerebellar function [6].We dem-
onstrate that anodal DCS reduces CBI but has little effect on
SAI or TRs in healthy adults. From these data, it appears that
cerebellar anodal DCS might not be a useful intervention in
neurological disorders exhibiting aberrant sensory processing
in the cortex (SAI) or brainstem (TRs). However, these
findings require confirmation in individuals with neurolog-
ical impairment such as cerebellar stroke, ataxia, dystonia
or Parkinson’s disease, as our hypothesised effects may
only become apparent under certain impaired neurological
conditions.
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