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Abstract

Background: Despite the connections and clear importance of the cerebellum in motor function, research utilizing cerebellar neuromod-
ulation for treatment of movement disorders is still underdeveloped. Here we conduct a systematic review to investigate non-invasive
neurostimulation of the cerebellum and its potential impact on motor systems and its function. Our aim is to give a general review of
each neurostimulation study focusing on the cerebellum as a treatment target in the past five years at time of search, in order to update
the field on current findings and inspire similar cerebellar neurostimulation research without unnecessary repetition. Methods: Using
the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines, our search included articles over the
past five years that evaluated neurostimulation of the cerebellum (e.g., transcranial magnetic stimulation, transcranial direct current stim-
ulation, and transcranial alternating current stimulation, etc.). Inclusion criteria included: (1) neurostimulation (repetitive transcranial
magnetic stimulation (rTMS), transcranial direct current stimulation (tDCS), transcranial alternating current stimulation (tACS)) of the
cerebellum; (2) only original articles, and (3) outcomes focused on motor functions. Exclusion criteria included: (1) neurostimulation
with the goal of targeting any brain structure other than the cerebellum and (2) reviews and conference abstracts. Results: The search
revealed 82 distinct articles relevant to the research question. Included are 17 articles concerning rTMS, 56 articles concerning tDCS,
and 9 articles concerning tACS. The majority of the studies are controlled trials of varying types, with 79, with two case studies and one
pilot study. Conclusions: Many studies showed significant effects on motor function and circuitry via non-invasive neurostimulation of
the cerebellum. Common targets of cerebellar neurostimulation include visuomotor control, stroke rehabilitation for improvements in
balance and coordination, and motor skill acquisition. The field is still exploring ideal parameters of neurostimulation for each disorder
or function of interest. Future research areas should include the inclusion of individual anatomy, including functional connectivity, and
improving stimulation selectivity.

Keywords: neurostimulation; cerebellum; transcranial magnetic stimulation motor functioning; transcranial direct current stimulation;
transcranial alternating current stimulation

1. Introduction cific disorders, or stimulation not only of the cerebellum.
Here, we conduct a systematic review of non-invasive neu-
rostimulation of the cerebellum choosing to focus on stimu-
lation methods of transcranial magnetic stimulation (TMS),
transcranial direct current stimulation (tDCS), and transcra-
nial alternating current stimulation (tACS). We include only
motor-related non-invasive neurostimulation of the cerebel-
lum related to motor function in this review because motor
dysfunction is a primary diagnostic feature for many clini-

cal presentations.

The cerebellum has been a neglected topic in non-
invasive neurostimulation, despite its link to a myriad of
functions. Historically best known for error correction of
motor movement, its connectivity also supports aspects of
vision, language, attention, and various psychiatric and mo-
toric conditions, such as Parkinson’s Disease. Although
there is clear evidence the cerebellum is a significant node
in neural networks involved in motor function, it is often left
out as a piece of non-vital circuitry among motor and move-

ment literature [1,2]. Consequently, research on neurostim-
ulation of the cerebellum is lagging behind neurostimula-
tion of other motor brain regions. Despite the promise of
cerebellar neurostimulation, there is not a consensus in the
field of neurostimulation for applications in this area. A
general review is needed to bring together results from var-
ious fields to illustrate the broad potential of cerebellar stim-
ulation. Previous reviews have often focused on more spe-

The cerebellum’s impact on motor dysfunction oc-
curs from its complex interconnectivity to various struc-
tures. Briefly, the cerebellum is fed information from the
rest of the nervous system via separate inputs from the cor-
tex, brain stem, spinal cord, and vestibular system [3]. The
cerebellum also sends information to nearly every area of
the brain, either functionally or via neuroanatomic connec-
tions [4,5]. The cerebellum’s function as an adaptive con-
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troller depends on robust functional and structural connec-
tivity to every other part of the brain [6]. Strong connections
both to and from the cerebellum make it a logical target for
neurostimulation given its connections to many regions and
its involvement in a variety of disorders. Vital efferent con-
nections for motor function in particular include the cere-
bellovestibular tract, the cerebelloreticular tract, the corti-
conuclear tract, and the cerebellorubral tract [7]. Afferent
sources of the cerebellum include the dorsal spinocerebel-
lar tract, the cuneocerebellar tracts, the olivocerebellar tract,
the reticulocerebellar tract, and the vestibulocerebellar tract
[8]. Structurally, the cerebellum is divided into three pri-
mary lobes, the anterior lobe, posterior lobe, and flocculon-
odular lobe, and into nine smaller lobules usually referred to
by their respective roman numerals. Generally, these nine
sub-lobules are associated with specific networks or func-
tions, such as visuo-motor control, language, etc., although
this can vary by individual or disease state [9]. Tradition-
ally, as the view of the cerebellum was of motor modula-
tion only, connections to non-motor regions have been ne-
glected. Although in this article we focus on motor appli-
cations of cerebellar stimulation and subsequent connectiv-
ity, our hope is that this is taken as an example of the full
potential of cerebellar stimulation. The motor cortex has
been given extensive attention in the context of neurostim-
ulation. In addition to serving as the stimulation target for
studies of motor functioning, clinical TMS relies on the cor-
tical excitability of the motor strip in order to calculate the
therapeutic dosage for many clinical conditions [10]. While
many studies have been undertaken focusing on motor cor-
tex stimulation, the cerebellum, the backdoor of the brain,
despite its blatant connections to the motor cortex has not
been the focus.

Although non-invasive neurostimulation of the brain
has ancient roots, stimulation targeting the cerebellum it-
self was only commonly experimented with since the 1970s
[1]. Non-invasive neurostimulation generally is performed
in either an excitatory or inhibitory manner, meant to ei-
ther induce firing or prevent firing of the target neuron
[11]. The effects of either can be complicated by subse-
quent targeting of an excitatory or inhibitory neuronal cir-
cuit [3]. Stimulation of the cerebellum is still not com-
monly done, even in motor applications where there are
generally clear and easily defined and testable outcomes.
Types of neurostimulation applied to the cerebellum include
TMS, tDCS, and tACS [12]. TMS uses a wire coil to create
a focused magnetic field to stimulate nerve cells at a tar-
geted location, while tDCS and tACS use electric current
delivered via electrodes on the skin to directly pass current
through the skull and into the brain, resulting in the excita-
tion or inhibition of neurons. All are thought to modify the
nervous system by alteration of excitatory and inhibitory
balances,either by direct firing or inhibition of neurons or
priming of the system. Location of stimulation can also
vary greatly between studies. An example figure of approx-

imate electric fields based on different stimulation locations
of TMS over the cerebellum is shown in Fig. 1. Within this
study, we conducted a thorough and systematic review of
the literature focusing on non-invasive neurostimulation of
the cerebellum and its potential impact on motor function.
This paper provides a general review of each neurostimula-
tion study of the cerebellum related to motor function done
in the last five years at time of search, to update the field on
current findings and inspire similar cerebellar neurostimu-
lation research without unnecessary duplication.

2. Methods
2.1 Search Strategy

Our search focused on articles evaluating neurostimu-
lation of the cerebellum related to motor function, including
transcranial magnetic stimulation, transcranial direct cur-
rent stimulation, and transcranial alternating current stim-
ulation, as well as articles that were included in searches
for unspecified neurostimulation or neuromodulation. This
search was limited to articles published in the last five years
but did not limit the search according to study design, age,
or sex of participants. This review follows Preferred Re-
porting Items for Systematic reviews and Meta-Analyses
(PRISMA) guidelines established by Page et al. (2021)
[13]. The PRISMA checklist can be found in Supplemen-
tary Material. We systematically searched PubMed and
ScienceDirect through September 2021 using the following
keywords: transcranial magnetic stimulation AND cere-
bellum, transcranial direct current stimulation AND cere-
bellum, transcranial alternating current stimulation AND
cerebellum, neuromodulation AND cerebellum, and neu-
rostimulation AND cerebellum. After removing duplicate
entries, two of the authors manually screened articles for
relevance to this review’s focus on motor function. We did
not include reviews or invasive neurostimulation methods,
or non-human studies. The search strategy can be seen in
Fig. 2.

2.2 Study Selection

The following inclusion criteria were used to deter-
mine if studies were eligible for inclusion: (1) neurostimu-
lation (repetitive transcranial magnetic stimulation, rTMS;
tDCS; tACS) of the cerebellum related to motor function
and (2) original articles. The exclusion criteria included the
following: (1) neuromodulation solely targeting any brain
structure other than the cerebellum (i.e., neurostimulation
of the cerebellum had to be the main focus of the study);
(2) reviews and conference abstracts. Several independent
investigators performed the literature search and selection,
and conferred to include or exclude studies with uncertain-
ties. 82 distinct articles relevant to the research question.
Included are 56 articles concerning tDCS, 9 articles con-
cerning tACS, and 17 articles concerning rTMS.
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Fig. 1. Views of the approximate electric field. Views based on (A). TMS stimulation at the inion with the handle pointing to the sub-

jects’ left (B). TMS stimulation 3 cm to the left of the inion with the handle pointing oppositely from the green axis pointer. Simulations
generated by SImNIBS 4.1.0 Version 4.1.0 developed by the Danish Research Centre for Magnetic Resonance (DRCMR) and the Tech-
nical University of Denmark (DTU) in Hvidovre, Denmark. These colormaps can be interpreted only as a very smooth approximation

of the electric field, and does not determine exactly which neurons will be affected by the neurostimulation applied. TMS, transcranial

magnetic stimulation.

2.3 Search Findings

The search revealed 82 distinct articles relevant to
the research question. Included are 56 articles concerning
tDCS, and 9 articles concerning tACS (Table 1, Ref. [14—
78]), 17 articles concerning transcranial magnetic stimula-
tion (Table 2, Ref. [79-95]). The majority are controlled
studies of varying types, along with two case studies and

&% IMR Press

one pilot study. We have divided our review findings into
specific functional areas, including visuomotor, reflexes,
mood and dystonia, whole body control, motor skill acqui-
sition, gait, hand and grip, and excitability and inhibition.
Many of the included studies overlapped these categories
and were placed by best fit.
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Records identified through database searching (n= 9242), Pubmed
(n=1101), Web of science (n= 993), Sciencedirect (n= 7148)

\

(n=4019)

Records after filtering for the last 5 years

(n=2024)

Records after duplicates removed

Records excluded based on title and abstract
(n=1772)
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(n=270)

relevance
(n=254)

Studies assessed for eligibility and clinical

Studies excluded (n=172) with reasons:
not clinically focused, not neurostimulation of

the cerebellum

(n=82)

Studies included in overall review

Fig. 2. Search strategy and number of included papers at each step. 82 total studies are included in the review following Preferred Re-

porting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines (the PRISMA checklist can be found in Supplementary

Material).

3. Review Findings
3.1 Visuomotor

Visuomotor tasks, or those relating to perception of
environment and the necessary motor responses as well as
visualization of movement, are classic tasks to recruit and
test cerebellar functioning. In a visuomotor task, applied
tACS at 1 mA at either gamma (70 Hz) or beta (20 Hz) to
M1 and/or the right cerebellar hemisphere, only finding im-
provement in task performance for the gamma stimulation
condition, particularly for lower performers [14].

Liew et al. (2018) [15] attempted to show that anodal
tDCS over the cerebellum would improve implicit learn-
ing over a visuomotor adaptation task, with significant ef-
fects on target error and implicit learning, which interest-
ingly was worse during vertical conditions than horizontal
screen task conditions. Notably, these results were highly
variable between individuals. Another group compared a
younger (18-29 years) and older cohort (66—84 years) in
a visuomotor rotation task, with 2 mA stimulation applied
by 5 x 7 cm electrodes at either M1, a cerebellar location,
or sham. Cerebellar stimulation over the right cerebellar
cortex was found to improve task adaptation in both young
and older groups, while M1 stimulation enhanced adapta-
tion for motor movements only [16]. Fleury et al. (2021)
[17] also applied cathodal cerebellar tDCS of 2 mA, 1 cm
below and 4 cm right of the inion, during a prism adaptation
task, combined with a throwing task. They reported cere-

bellar stimulation of this type was associated with impaired
adjustment and greater errors initially during the task, as
well as impairing switching between pointing vs throwing
tasks used to test prism visual shift adjustment [17]. One
group studied motor visualization as impacted by tDCS by
placing anodic electrodes over M1 (0.3 mA) and the right
cerebellum (0.2 mA), 1 cm to the right and 1 cm below the
inion. The stimulation group compared to sham achieved
higher accuracy results for the 5 consecutive days of the
experiment [18]. The same group also concurrently stimu-
lated M1 and the cerebellum, with the anode electrode over
M1 (Cz electrode) and the cathode over the cerebellum (2
cm right and 1 cm below the inion) at 0.4 mA, resulting in
the active tDCS group reaching higher task accuracy levels
faster than the non-stimulation group, although both groups
eventually reached the same level [19]. Hulst ef al. (2017)
[20] studied 20 subjects with cerebellar degeneration. They
applied cerebellar anodal, cathodal, or sham stimulation at
2 mA, and did not find a clinical response in this subject
population [20].

Marotta et al. (2021) [21] studied the concept of
bodily self-perception with a moving rubber hand illusion.
Stimulation was applied by a pair of 5 x 5 cm electrodes at 1
and 2 mA for 25 minutes at the right cerebellum 3 cm lateral
to the inion with a cathode over the right buccinator muscle
[21]. They found that anodal tDCS over the cerebellum en-
hanced proprioceptive drift during the task, indicating that
the cerebellum has a role in motor self-perception. Grami
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Table 1. Articles using tDCS and tACS.

Stimulation Cathodal/

Ref N Participant Type Method Anodal Electrode Position Target Intensity ~ Duration Findings Blind  Active,
t
(treatment, ype noda Sham,
control) Control
Akremi et al., 10, 10 Children between ages tDCS  Concurrent Anodal (1) A 35 em? (7 X 5 cm) anode was centered ~ Motor sequence 2 mA 20 min  They found that this stimulation reduced DB Active,
2022 [74] 10-16 and confirmed on the median line 2 cm below the inion of the learning and upper the number of errors made during the sham

medical diagnosis of DCD. occipital bone. (2) A 25 cm? (5 x 5 cm) limb coordination motor sequence task although it did not

cathode was positioned over the left shoulder. impact coordination or learning observed

outside of the stimulation task.

Azarpaikan et 48,16 Healthy participants. tDCS Offline  Anodal The 5 X 5 cm anode electrode was placed 3 cm Bimanual adaptive 1.5 mA 15min  atDCS over the cerebellum leads to more DB Active,

al., 2021b [56] improvement in motor performance and sham

lateral to the inion with the cathode electrode motor tasks
on the ipsilateral deltoid muscle. transfer in a bimanual coordination task

than atDCS over the right parietal.

Azarpaikan et 105,15 Right-handed healthy tDCS Both Anodal Cathode electrode was placed on the ipsilateral ~ Modulation of 1.5 mA 15 min anodal parietal and cerebellar tDCS No  Active,
al., 2021a [55] individuals with no history deltoid muscle in all groups. Anode was placed oscillatory brain cause changes in brain wave frequencies. sham
of neurological or on the right posterior parietal cortex in groups activity
psychiatric problems. Age 1, 2, and 3, and on the cerebellum in groups 4,
range = 20-31 yrs. 5,and 6.
Azarpaikan et 48,16 Healthy participants. tDCS Both Anodal stimulation was applied to the cerebellum with Two-hand 1.5 mA 15min  The during-tDCS and after-tDCS groups SB Active,
al., 2020 [73] a direct current of 1.5 mA for 15 min. coordination achieved greater improvements in sham
speed/accuracy than the before-tDCS and
sham-tDCS groups.
Baharlouei et 32 Healthy older adults, above  tDCS Offline Anodal (1) In the M1 tDCS group, the anode was Balance 2 mA 20 min Anodal tDCS of the cerebellum and Ml DB Active,
al., 2020 [29] age 60 yrs. centered 1 cm behind the vertex, and the return could improve the postural balance sham
electrode was placed on the forehead. (2) In indices in healthy older adults. These
the cerebellar tDCS group, the anode was two techniques exerted similar effects on
centered 1 cm below the inion of the occipital static balance.
bone, and the return electrode was fixed over
the right shoulder.
Ballard et al., 44 Healthy, young adults, ages  tDCS Offline Both  The electrode placement for both experiments Sequence learning 2 mA 20 min Cathodal stimulation has a positive SB Active,
2019 [42] 18-20 yrs. was focused on the right lateral posterior influence on learning while anodal sham
cerebellum. The “spiral out” approach was stimulation has the opposite effect,
used for cathodal stimulation, and the “spiral relative to sham.
in” approach was used for anodal stimulation.
Beyer et al., 90 Healthy, young tDCS Offline Both The stimulating electrode was centered 3 cm Conditioned 2 mA 20 min No clear polarity-dependent effects of DB Active,
2017 [48] participants- Experiment 1: lateral to the inion over the right cerebellar eyeblinks cerebellar tDCS on CR acquisition and sham
mean age = 23.5, hemisphere. The reference electrode was timing as previously described;
Experiment 2: mean age = placed in a vertical position on the ipsilateral cerebellar tDCS during extinction did not
23.6, Experiment 3: mean deltoid muscle in Experiment 1 and on the modulate extinction or reacquisition.
age =23.3 yrs. buccinator muscle in Experiment 2.
Bocci et al., 20 Right-handed healthy tDCS Both Both Anode: centered on the median line 2 cm Hand blink reflex 2 mA 20 min Did not find an effect of cathodal SB Active,
2018 [24] volunteers with no history below the inion, with its lateral borders about 1 cerebellar tDCS, but found that anodal sham

cerebellar tDCS at 2 mA for 20 minutes
significantly dampened the magnitude of
the hand blink reflexes

of neurological didsorders. cm medially to the mastoid apophysis;

Mean age = 25 yrs. Cathode: over the right shoulder.
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Table 1. Continued.

Stimulation Cathodal/

Ref N Participant Type Method Electrode Position Target Intensity ~ Duration Findings Blind  Active,
(treatment, type Anodal Sham,
control) Control
Bocei et al., 4 Patients with Huntingtons’s  tDCS Offline Anodal Anode: applied on the median line, 2 cm below Dystonia 2 mA 20 min Found that clinical scores improved, in DB Active,
2020 [41] Disease (HD), mean age = the inion, with lateral borders about 1 cm particular symptoms related to dystonia. sham
46.5 yrs. medially to the mastoid apophysis; Cathode: These effects lasted approximately 4
over the right shoulder. weeks.
Bodranghien 20 Healthy participants, mean  tDCS Offline Anodal The anode (size: 5 X 6 cm) was located Self-paced finger 1.5 mA 20 min No significant change in entropy ratios ~ SB Active,
et al., 2017 age =24 yrs. halfway from subject’s mastiod process and the movements and laterality coefficients (LC) after sham
[70] inion on the dominant side. The cathode (size: atDCS of the cerebellum in the 14
9 X 7 cm) was located on the subject’s channels.
acromion.
Chothia et al., 12 Healthy adults; age range= tDCS  Concurrent Anodal Anode: Left parietal lobe, 3 cm lateral from the ‘Whole body 2 mA 15 min Reduced excitation in the descending ~ SB Active,
2016 [40] 23-57 yrs. mid-central scalp (Cz). control pathway without inhibiting cervical sham
propriospinal neurons.
Cathode: Left buccinator.
Craig & 16 Both older and young tDCS  Concurrent Anodal  Anodal electrode was placed on the median ~ Balance difficulty 2 mA 20 min  Younger adults had only offline andnot DB Active,
Doumas, 2017 adults. line 2 cm below the inion. The reference for younger adults task effects, while for older adults both sham
[37] electrode was placed on the right buccinator stimulation over the cerebellum and M1
muscle. were found to increase performance, but
only during stimulation.
Doeltgen et 27 Right-handed healthy tDCS  Concurrent Anodal One electrode positioned 3 cm lateral and 1 cm Cerebellar 2 mA 20 min  Reduced cerebellar brain inhibition, but DB Active,
al., 2016 [75] adults without a inferior to the inion (right lateral cerebellum) inhibition did not impact short afferent inhibition or sham
neurological or and the other over the ipsilateral buccinator impact reflexes.
musculoskeletal disorder muscle.
affecting upper limbs.
Ehsani et al, 14,15  Healthy older adults, mean  tDCS Both Anodal Active (anode) and the returning (cathode)  Postural control in 1.5 mA 20 min Found that postural sway was DB  Active,
2017 [36] age = 65.79 yrs. electrodes were placed over the cerebellum (1 older adults significantly lessened, and balance scores sham
cm below inion of occipital bone) and right significantly improved after anodal tDCS
arm. over the cerebellum.
Emadi et al., 90 Healthy college students tDCS Both Both  For anodal stimulation, the anode was placed 3 ~ Balance control 2 mA 20 min Sway was helped with visual feedback, DB  Active,
2020 [30] with no history of cm laterally to the inion over the cerebellar and effects remained longer when sham
neurological or hemisphere ipsilateral to the participant’s cathodal tDCS was applied, implying it
musculoskeletal disorders. dominant leg, and the cathode was placed over supports the short term maintenance of
the ipsilateral buccinator muscle. For cathodal the positive effects of visual feedback
stimulation, the opposite montage was used therapy for balance.
(i.e., anode over the buccinator muscle and
cathode over the cerebellar hemisphere).
Fernandez et 14 Right-handed healthy tDCS Both Cathodal The centre of the cathodal electrode was gait rthythm 2 mA 20min  Did not observed any detrimental effects DB Active,
al., 2017 [66] adults between the ages positioned 1 cm below the inion and 3 cm to when stimulation was applied during sham
23-37 yrs. the right, while the anodal electrode was placed walking test.

over the right buccinator muscle.
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Table 1. Continued.

Stimulation Cathodal/

Ref N Participant Type Method Electrode Position Target Intensity ~ Duration Findings Blind  Active,
(treatment, type Anodal Sham,
control) Control
Ferrucci et al., 40 Healthy participants, mean  tDCS Both Anodal The active electrode was centered on the Motor skill 2 mA 20 min  Did not find that cerebellar tDCS had any N/A  Active,
2019 [46] age = 26.65 yrs. median line 2 cm below the inion with its acquisition impact on spatial navigation skills in a sham
lateral borders about 1 cm medially to the group of healthy subjects.
mastoid apophysis (over the cerebellum) and
the reference electrode over the right deltoid
muscle.
Fleury et al, 16,11 Right-handed healthy tDCS  Concurrent Cathodal — The cathodal electrode was placed over the learning and 2 mA 21 min  Participants in the c-tDCS group showed SB Active,
2021 [17] participants with no right cerebellum (1 cm below and 4 cm right to  visuomotor skills (1) altered error reduction and pointing sham

neurological disorders and the inion) and the anodal electrode was placed trajectories during exposure, mainly

have never experienced over the right deltoid muscle. during the first trials; (2) increased

prisms before the magnitude but reduced robustness of
experiment. pointing after-effects; and crucially, (3)
slightly altered transfer of after-effects to

the throwing task.

Foerster et al., 15 Right-handed and c-tDCS Offline Both The electrodes were placed on the right Balance 1 mA anodal: 13 Found an impairment of performance =~ DB Active,
2017 [34] right-footed healthy cerebellar hemisphere (3 cm lateral to the performance min during a dynamic balance task due to sham
females, aged 21-24 yrs. inion) and over the deltoid muscle in the right cathodal: 9 cathodal cerebellar tDCS, but not an
arm. min improvement of balance performance
during the anodal condition.
Giustiniani et 18 Right-handed healthy tACS  Concurrent Anodal The centre of the active electrode was placed Motor skill 2 mA n/a Gamma stimulation was found to impair DB Active,
al., 2021 [64] participants, mean age: over the right cerebellar hemisphere (1 cm acquisition participant performance in repeated sham
252 yrs. under and 3 cm right to the inion). The centre tasks, but not randomized tasks.
of the return electrode was placed over the
ipsilateral buccinator muscle.
Grami et al., 21 Right-handed healthy tDCS Offline Anodal The anodal electrode (size: 5 X 6 cm) and the  Brain networks 1.5 mA 20 min Observed a behavioral increase in task ~ SB Active,
2022 [22] participants, mean age: 28 reference cathodal electrode (size: 9 X 7 cm) accuracy when compared to sham, and sham
yrs. were placed over the right posterior cerebellar an increase in connectivity between the
hemisphere, i.¢., halfway between subject’s central executive network, salience
mastoid and inion, and over the left acromion. network, and lobule VII of the
cerebellum.
Hulst et al, 20 Right-handed individuals ~ tDCS The anodal electrode was placed on the 22 min Did not find a clinical response in this ~ SB  Active,
2017 [20] with cerebellar position of the right cerebellar cortex, with the subject population. sham
degeneration; age range: center of the anodal electrode 3 cm lateral to
30-74 yrs. the inion, and the cathodal electrode was
placed on the right buccinator muscle.
Tannone et al., 1 Female participant with tDCS Electrode placement on the scalp was Mood and Dystonia 30 min After 10 tDCS sessions there was also  N/A No
2019 [27] generalized dystonia; 45 determined using the International 10-20 EEG improvement in mood with

yIS.

system (surface 35 cm?).

normalization of Beck Depression
Inventory scores. There were no
complications in spite of the implanted
STN-DBS leads.
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Table 1. Continued.

Ref N Participant Type Method Stimulation Cathodal Electrode Position Target Intensity ~ Duration Findings Blind  Active,
(treatment, type Anodal Sham,
control) Control
Inukai et al., 16 Healthy male participants;  tDCS Offline Both In Experiment 1, the center of the stimulation Whole Body 2 mA 20min  Reported a lowering of center of gravity ~SB Active,
2016 [39] mean age: 21. electrode was placed 2 cm below the inion and Control sway during cathodal tDCS for both sham
the other electrode on the forehead. In return electrode conditions.
Experiment 2, the center of stimulation
electrode was also placed 2 cm below the inion
and the other electrode on the right buccinator
muscle.
Jackson et al., 42 Right-handed males who ~ tDCS  Concurrent Anodal ~ Anode 3 cm right of the inion; cathode right Motor learning 2 mA 25 min Complex overhand throwing task that DB Active,
2019 [54] are not participating in a buccinator muscle. cerebellar tDCS enhanced motor learning sham
throwing sport; mean age: via decline in errors.
25 yrs.
Jalali et al., 34 Right-handed healthy tDCS  Concurrent Anodal The anodal electrode was placed over the right GABA and 2 mA 25 min Did not find group changes of GABA  SB Active,
2018 [76] young individuals; mean cerebellar cortex, 3 cm lateral to the inion. The  glutamate with and glutamate due to cerebellar tDCS. sham
age 22 yrs. cathodal electrode (reference) was placed over MRS However, their application of tDCS did
the right buccinator muscle. coincide with motor memory retention
and this was correlated with a decrease in
cerebellar glutamate.
John et al, 14,14 Right-handed individuals ~ tDCS Offline Anodal For cerebellar stimulation the anodal electrode Cerebellar 2 mA 25 min No observation of any change in grip SB Active,
2017 [69] with pure cerebellar was placed over the right cerebellar cortex, degeneration strength in the patient group or controls. sham
degeneration; mean age: with the center of the electrode being 3 cm
50.8 yrs. lateral to the inion, and the cathodal electrode
was placed on the right buccinator muscle. The
anodal electrode for M1 stimulation was
centered over the area of the left primary motor
cortex.
Jones et al., 48 Right-handed tDCS  Concurrent  Both The anode electrode was centered at 10-20 Motor skill 2 mA 30 min c-tDCS did not significantly increase =~ DB Active,
2021 [45] undergraduate students; location F10, and the cathode electrode was acquisition performance on a complex category sham
mean age: 21.4 yrs. centered at 10-20 location T5, also known as learning task.
P7.
Jongkees et 72 Right-handed, healthy tDCS  Concurrent  Both Three electrodes of 35 cm? (5 ¢cm x 7 cm), Motor task learning 1 mA 20 min Anodal tDCS demonstrated increased ~ No Active,
al., 2019 [47] undergraduate students with the target electrode centered over the response latencies, but only when the sham
between 18 and 30 yrs. inion and the two reference electrodes placed previously trained sequence and a
bilaterally over the mastoids to limit the effects transfer sequence had to be performed in
of the reference electrodes on cortical activity. the same experimental block.
Kamali et al., 16 Right-handed participants ~ tDCS ~ Concurrent Anodal The anode electrode (35 cm?) was placed over Motor visualization ~ 2 mA 20 min Found that tDCS improved the average DB Active,
2019 [72] with 2 to 3 years of the right cerebellar area (CB2), 1 and 3 cm shooting score and improved accuracy sham

experience in pistol

shooting.

below and lateral to the inion. The cathode
electrode (16 cm?) was placed over the left
dorsolateral prefrontal cortex (dIPFC).

when anodal stimulation was applied at 1
mA for 20 minutes over the right
cerebellum, 1 cm below and 3 c¢m lateral
to the inion with a cathode electrode over
the left dIPFC.
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Table 1. Continued.

Stimulation Cathodal/

Ref N Participant Type Method Electrode Position Target Intensity ~ Duration Findings Active,
(treatment, type Sham,
control) Control
Katagiri et al., 36 Healthy adult participants;  tDCS Offline One electrode was positioned over the Whole body 2 mA 20 min Found that anodal tDCS induced Active,
2021 [32] mean age: 21.8 yrs. cerebellum (2 cm below the inion of the control cerebellar inhibition that was correlated sham
occipital bone). The other electrode was with learning of postural control.
centered on the supraorbital region.
Kenville et al., 20 Healthy right-handed tDCS Offline The anode (35 cm?, current density: 0.057 Whole body 2 mA 20 min tDCS over M1 and the cerebellum has Active,
2020 [35] participants; mean age: mA/cm?) was placed either over the bilateral control been observed to increase maximum sham
23.29 yrs. M1 leg area or the bilateral cerebellum, with voluntary contraction force,
the cathode (reference; 100 cm?, current
density 0.020 mA/cm?) placed on the medial
part of the supraorbital bone (tDCS of bilateral
M1 leg area) or the right musculus buccinator
(tDCS of bilateral cerebellum).
Koganemaru 14 Healthy, right-handed tACS  Concurrent The electrode (5 X 5 cm) was centred 3 cm Gait rhythm 2 mA 10 min  Significantly entrained their gait rhythm. Active,
et al, 2020 young participants with no left-lateral from the inion, a position that spans sham
[68] history of neurological the cerebellum. The counter electrode (5 X 5
illness or gait disorders; cm) was placed to the right posterior neck.
mean age: 20-23 yrs.
Kumari et al., 30 Healthy individuals aged tDCS  Concurrent The anodal electrode was placed 3 cm lateral to  Task adaptation 2 mA 15 min Increased maintenance of learned Active,
2020 [62] 18 years or above. the inion to position it over the cerebellar walking patterns, implying a role in sham
hemisphere ipsilateral to the dominant leg, anodal tDCS of the cerebellum in motor
which was placed on the fast belt of the adaptation.
split-belt treadmill 20. The cathode was placed
over the ipsilateral buccinator muscle.
Kiiper et al., 48 Healthy individuals aged tDCS  Concurrent For cerebellar stimulation, one electrode was ~ Cerbellar cortex 1.8 mA 20min  Cathodal c-tDCS leads to a disinhibition Active,
2019 [71] 18 years or above. centered 3 cm laterally to the inion and the activity of the dentate nucleus, whereas anodal sham
other electrode was placed on the right c-tDCS may have the opposite effect.
buccinator muscle.
Leow et al., 72 Healthy right-handed tDCS  Concurrent For all groups, the anodal electrode was placed ~ Sensorimotor 1.5 mA 40 min tDCS increased implicit remapping Active,
2017 [50] individuals; mean age: over the scalp area estimated to overly the right adaptation max. during sensorimotor adaptation, sham
22.2 yrs. cerebellar cortex (3 cm lateral to the inion), and irrespective of preparation time
the reference electrode was positioned on the constraints.
skin area overlying the right buccinator muscle.
Liebrand et 25 Healthy right-handed tDCS  Concurrent For IM1 tDCS, the anodal electrode was Motor learning 1 mA 20 min Right cerebellar tDCS led to improved Active,
al., 2020 [61] individuals; mean age: centered at FC3 and the cathodal electrode at sequence performance in Mid-Late time sham
22.6 yrs. CP3. For sham, electrodes were placed either windows and learning-specific increase

with IM1 or rCB montage.

in activity from neuromodulation.
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Table 1. Continued.

Stimulation Cathodal/

Ref N Participant Type Method Electrode Position Target Intensity ~ Duration Findings Blind  Active,
(treatment, type Anodal Sham,
control) Control
Liew et al., 111 Healthy right-handed tDCS  Concurrent Anodal  Cerebellar (CB) stimulation utilized a bipolar Visuomotor 2 mA 25min  Different neural regions can be engaged DB Active,
2018 [15] individuals that had not electrode montage with the anode placed over adaptation to improve visuomotor adaptation, but sham
previously participated in a the right cerebellar cortex, located 3 cm to the shows that each region’s effects are
visuomotor adaptation right of the inion, and the reference electrode highly context-dependent and not clearly
study. placed over the right buccinator muscle. dIPFC dissociable from one another.
stimulation utilized a canonical bipolar
electrode montage with the anode placement
corresponding to the F3 position in the
international 10-20 EEG system and reference
placement over the right contralateral
supraorbital region.
Lipp et al., 100 Healthy young individuals; tDCS Offline Anodal  For cerebellar stimulation, one electrode was Extinction 1-2 mA 20 min No direct effects of dIPFC or cerebellar DB Active,
2020 [49] age range: 19-35 yrs. centered 1-2 cm caudal and 3—4 c¢m lateral to tDCS were demonstrated on extinction. sham
the inion ipsilateral to the US (that is, on the
right side). The other electrode was placed
over the ipsilateral (right) buccinator muscle.
Mamlins et al., 120 Healthy right-handed tDCS Offline Both  The active electrode was placed 3 cm lateral to Adaptation 2 mA 19 min Unable to support previous findings of DB Active,
2019 [23] individuals; age range: the inion with its center on the same level as modulatory cerebellar tDCS effects in sham
19-31 yrs. the inion. The return electrode was positioned reaching adaptation tasks.
on the ipsilateral buccinator muscle.
Marotta et al., 45 Healthy right-handed tDCS Offline Anodal The anode was placed over one of the two ~ Causal role of PMc ~ 1-2 mA 25min  Anodal tDCS over the PMc reduced the DB Active,
2021 [21] students; age range: 18-35 target areas according to the international EEG  and cerebellum feeling of agency in the active congruent sham
yIs. 10-20 system for EEG electrode placement. condition, while it enhanced
For tDCS over the left PMc (Experiment 1), the proprioceptive drift when applied over
anode was placed on FC5, which approximates the cerebellum.
the scalp location overlying the left PMc.
Matsugi & 11 Healthy individuals withno  tDCS Offline  Anodal The center of the active electrode was placed at Spinal motoneuron 2 mA 15 min  H-reflex ratio was significantly increased SB  Active,
Okada, 2020 history of epilepsy or other 1 cm below and 3 cm to the right of the inion,  pool excitability by anodal c-tDCS, reduced by cathodal sham
[77] neurological diseases; and the reference electrode was placed on right ¢-tDCS, and not affected by sham
mean age: 21.2 yrs. deltoid muscle. c-tDCS, indicating that the effect of
c-TMS on the H-reflex is modulated by
¢-tDCS in a polarity-specific manner.
Miyaguchi et 30 Healthy right-handed tACS Concurrent N/A  Two active electrodes (5 X 5 cm, 25 cm?) over  Motor learning 1 mA, 70 1 min/8 ~-tACS administered over the M1 and  No Active,
al., 2020 [60] individuals; mean age: 21 the right M1 and left cerebellar cortex regions. Hz trials cerebellar hemisphere during a motor sham
yrs. The center of the M1 electrode was placed on learning task can enhance motor learning

the scalp over the right M1. The center of the
left cerebellar cortex electrode was placed 2

cm below, and 3 cm laterally of, the inion.

retention.
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Table 1. Continued.

Ref N

(treatment,

Participant Type

control)

Stimulation Cathodal/

Method Electrode Position

type Anodal

Intensity ~ Duration

Findings Blind

Healthy right-handed
individuals; mean age:
21.5 yrs.

Miyaguchi et 20
al., 2018 [14]

tACS  Concurrent  N/A The electrodes were placed on the scalp over
the left M1, right cerebellar cortex region and
right cheek. The center of the M1 electrode
was placed on the scalp over the left M1 hot
spot. The center of the right cerebellar cortex
electrode was placed 2.0 cm below and 3.0 cm
laterally to the inion. The reference electrode
was placed the right cheek to minimize any

unintended effect of other cortex.

Motor performance

1.0 mA, 30s/12

Gamma (70 trials

Hz), beta
(20 Hz)

Subjects with poorer motor performance, N/A
tACS with gamma oscillations applied
over the M1 and contralateral cerebellar

hemisphere improved their performance.

Healthy right-handed
individuals; mean age:
21.3 yrs.

Miyaguchi et 20
al., 2019a [25]

tACS Concurrent N/A  Two active electrodes (5 x 5 cm, 25 cm?) over
the left M1 and right cerebellar cortex regions.
The center of the M1 electrode was placed on
the scalp over the left M1. The center of the
right cerebellar cortex electrode was placed
2.0 cm below and 3.0 cm laterally to the inion.
A larger reference electrode (5 x 10 cm,

50 cm?) was placed over the right shoulder.

Motor performance

1.0mA, 30s/10
70 Hz trials

The effect of gamma tACS over the M1 N/A
and the cerebellar hemisphere has phase

specificity.

Healthy right-handed
individuals; mean age:
20.7 yrs.

Miyaguchi et 20
al., 2019b [59]

tACS Concurrent N/A  Two active electrodes (5 X 5 cm, 25 cm?) were
placed over the left M1 region and right
cerebellar cortex regions. The left M1
electrode was placed on the scalp over the area
representing the right first dorsal interosseous.
The centre of the right cerebellar cortex
electrode was placed 2.0 cm below and 3.0 cm

laterally to the inion.

1 mA-2 30s/10
mA, 70 Hz trials

Task error was found to be lower under  No
the anti-phase condition, but not the
in-phase condition when compared to

sham.

Mizuguchi et 24

al., 2018 [53] mean age: 23 yrs.

Healthy male participants;

tDCS Offline Both  The target electrode was placed over the right
cerebellum, 3 cm lateral to the inion, and the
reference electrode was placed over the right

buccinator muscle.

Task performance

2 mA 20 min

Improvement did not differ among DB
stimulation conditions. The magnitude of
improvement was associated with an
individual’s level of task performance

only under cathodal tDCS condition

Naro et al., 25 Healthy individuals; mean  tACS  Concurrent Anodal The active electrode (25 cm?) was positioned ~ Excitability and 2 mA, 3000 5 min Paradigm allowed eliciting CBI from DB Active,

I1

2017 [67] age: 30 yrs.

over the right cerebellar hemisphere in the gait control cycles at 10

lower limbs; and (2) our approach sham

allowed exploring some aspects of
cerebellar networks related to the lower

limbs.

Newstead et 44 Healthy individuals; no
al., 2018 [26]
gender, handedness and

age.

significant differences of

same position used for DCC (and brief tDCS), Hz, 15,000
the reference over the ipsilateral buccinator at 50 Hz,
muscle. and 90,000
at 300 Hz
tDCS Offline Both  One electrode is positioned over the left dIPFC Mood and Dystonia 2 mA 12 min

(F3 position according to the 10-20 electrode
system), whilst the opposing electrode is
positioned over the contralateral lobe of the

cerebellum.

Results revealed significantly elevated ~ SB
mood in participants following both
single and repeated tDCS conditions
compared to sham, with increased mood
from repeated c-tDCS.
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Table 1. Continued.

Stimulation Cathodal/

Ref N Participant Type Method Electrode Position Target Intensity ~ Duration Findings Blind  Active,
(treatment, type Anodal Sham,
control) Control
Petti et al., 8 Healthy right-handed tDCS Offline Both  One electrode was applied over the cerebellum  Brain networks 2 mA 20 min Cathodal stimulation appeared to have ~ No Active,
2017 [78] individuals; mean age: 3 cm to the right of inion. The second electrode minimal changes from sham, however sham
30.1 yrs. was positioned on the ipsilateral deltoid anodal stimulation was observed with
muscle. lateral synchronization in the
sensorimotor area, as well as network
segregation in sensory-motor rhythms.
Poortvliet et 14,14 Healthy young adults. tDCS Offline Anodal The anode was positioned over the cerebellum  Standing balance 1 mA 20 min Improved postural steadiness duringa DB Active,
al., 2018 [38] with the center of the electrode located platform vibration task. sham
approximately 1.5 cm below the inion. The
reference electrode was positioned centrally on
the forehead to avoid lateralized current flow.
Rauscher et 40 Healthy middle-aged tDCS  Concurrent Anodal  An electrode of the size of 5 cm X 7 cm was Whole body 2.8mA  19min30 “Significant learning effects were found DB Active,
al., 2020 [31] participants between ages placed above the cerebellum. The electrode balance sec in all participants. Balancing sham
5065 yrs. was horizontally oriented. The upper edge of performance and learning rate was
the electrode was located 0.5 cm above the significantly less in the group of
inion (center 2 cm below the inion). Two return middle-aged adults compared to our
electrodes (5 cm x 5 cm) were placed over previous group of young adults. No
each of the buccinator muscles. significant effects of cerebellar tDCS
were observed”.
Rodriguez- 14 Healthy individuals tDCS Offline  Anodal The anode over the primary motor cortex in Cz Motor visualization 0.4 mA 15min  The stimulation group compared to sham SB  Active,
Ugarte et al., between 23 and 38 yrs. and the cathode over the right achieved higher accuracy results for the 5 sham
2018 [18] cerebro-cerebellum (two centimeters right and consecutive days of the experiment.
one centimeter down of the inion).
Rodriguez- 10 Healthy individuals tDCS  Concurrent Anodal A second anode was used over Cz to supply a Motor visualization 0.3-0.2 mA  15min  Active tDCS group reaching higher task SB Active,
Ugarte et al., between 20 and 39 yrs. current slightly higher than the one in the accuracy levels faster than the sham
2018 [19] anode over the right cerebrocerebellum (1 cm non-stimulation group, although both
right and 1 cm down from the inion). groups eventually reached the same level.
Samaei et al., 15,15  Healthy older adults, mean tDCS  Concurrent Anodal  The active anode electrode was placed over Motor learning 2 mA 20 min RT was significantly increased after 35 DB Active,
2017 [58] age = 68.7 yrs. ipsilateral cerebellum (1 cm below inion of minutes and 48 hours in sham tDCS sham
occipital bone and 1 cm medial to mastoid group, which indicates a lack of
process). The returning electrode was placed short-term and long-term offline learning
over right arm. in older adults. AtDCS on cerebellar
region produced more short-term and
long-term offline improvement in RT
compared to sham tDCS.
Schubert et al., 22 Healthy right-handed tACS Both N/A  For rCB tACS, one electrode was placed on the Motor Sequence 1 mA at 10 20 min 10 Hz tACS applied to right cerebellum SB Active,
2021 [65] individuals, age range: right mandibula and the other 1 cm below and Learning Hz showed learning-related o power sham
18-38 yrs. 3 cm right to the inion. For IM1 tACS, one increased in left premotor cortex and was

ring-shaped electrode was placed around
electrode FC3 and one around CP3 rendering

the current flow as precisely as possible to C3.

more coherent with right cerebellum

compared to sham.
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Table 1. Continued.

Stimulation Cathodal/

Ref N Participant Type Method Electrode Position Target Intensity ~ Duration Findings Blind  Active,
(treatment, type Anodal Sham,
control) Control
Seyed Majidi 30 Healthy right-handed tDCS  Concurrent Anodal In all participants of the prefrontal group, the Probabilistic 2 mA 20 min No differences in performance and No Active,
et al, 2017 individuals; age range: anodal electrode was placed over the left classification learning were observed between subjects sham
[43] 19-31 yrs. prefrontal cortex (Fp3) and the reference learning receiving sham stimulation or anodal
(cathodal) electrode was placed over the right stimulation over either the right
supraorbital region (on the forehead). In all cerebellum or the left prefrontal cortex.
participants of the cerebellar group, the anodal
electrode was placed on the right cerebellar
hemisphere (3 cm lateral to the inion) and the
reference electrode was placed on the right
buccinator muscle.
Shimizu et al., 82 Healthy young adults with  tDCS  Concurrent ~ Both The active electrode was centred 2 cm below Fine motor 2 mA 20 min Polarity-specific effects on fine motor ~ No Active,
2017 [57] amean age of 21.28 yrs. the inion in order to target the cerebellum. The sequence learning sequence learning and generalization; an sham
reference electrode was placed on the cheek inhibitory effect of cathodal tDCS was
ipsilateral to the dominant hand in order to found during practice, anodal tDCS
keep the path of current flow similar relative to enhanced transfer performance.
the hand being used.
Steiner et al., 48 Healthy individuals; age tDCS  Concurrent Both  The cerebellar electrode (7 cm height x 5 cm Balance time 2.8 mA n/a No significant tDCS effects on learning  N/A Active,
2020 [33] range: 20-29 yrs. width) was centered at the inion in a vertical the balance task were observed. sham
orientation (upper edge 2.5 cm above the
inion). Two return electrodes (5 cm X 5 cm)
were placed over the buccinators muscles.
Summers et 14 Healthy individuals; mean c¢-tDCS Concurrent Anodal  Active electrode placement was intended to Motor Training 2 mA 20 min c-tDCS applied during task trainingis DB Active,
al., 2018 [52] age: 28.8 yrs. target the vermal region and bilateral capable of modulating or interfering with sham
hemispheres of the cerebellum. The reference practice-related changes in corticospinal
electrode (50 x 70 mm) was placed on the excitability without disrupting
buccinator muscle ipsilateral to the training performance improvement.
hand.
van der Vliet 117 Healthy right-handed tDCS  Concurrent Both 5 x 5 cm sponge electrodes placed on the right Motor skill 2 mA 15 min Carriers of the BDNF Val66Met DB  Active,
et al, 2018 individuals side of the scalp, 3 cm lateral to the inion learning polymorphism were more likely to be sham
[51] (target electrode) and on the ipsilateral learners. Within the group of learners,
buccinator muscle (reference electrode). anodal tDCS supported eyeblink
conditioning in BDNF Val66Met
non-carriers, but not in carriers.
Verhage et al., 40 Healthy right-handed tDCS Anodal  The target electrode was placed over the right Learning 1.5mA 20 min cerebellar tDCS does not modulate SB Active,
cerebellum 3 cm lateral to the inion, and performance and learning on an implicit sham

2017 [44] college students; age range:

20-31 yrs. reference electrode was placed over the

ipsilateral buccinator muscle.

categorization task.
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Table 1. Continued.

Stimulation Cathodal/

Intensity ~ Duration

Findings

Blind  Active,

Ref N Participant Type Method Electrode Position Target
(treatment, type Anodal Sham,
control) Control
Weightman et 162 Healthy younger adults; tDCS Both Anodal  For M1 stimulation the anodal electrode was ~ Motor adaptation 2 mA 17 min Stimulation of the cerebellum can SB Active,
al., 2020 [16] age range: 18-29 yrs. positioned over the ‘hand area’ of the left in tasks dominated selectively improve motor adaptation sham
Healthy older adults; age motor cortex, and the cathode electrode was by movement of using arm movements, whereas M1
range: 66—84 yrs. placed over the contralateral supraorbital ridge. the distal versus tDCS selectively improves adaptive
For cerebellar stimulation the anode was proximal upper performance when using the
centred over the right cerebellar cortex, 3 cm limb hand/fingers. This effect was found in
lateral to the inion and the cathode was placed two separate age groups.
on the superior aspect of the right trapezius
muscle.
Wessel et al., 15 Healthy young tACS Both N/A  The active electrode was placed 3 cm lateral to Acquisition 2 mA 20min  Active stimulation did not enhance skill DB Active,
2020 [63] right-handed participants; the inion and the return electrode over the acquisition or retention. Minor effects on sham
age range: 18-35 yrs. ipsilateral buccinator muscle. striato-parietal FC were present.
Yosephi et al., 65 Older adults with high fall ~ tDCS Both Anodal The active (anode) and the returning (cathode) Balance 2 mA 20 min Postural training with M1 or bilateral DB Active,
electrodes were placed bilaterally over the cerebellar atDCS, especially bilateral sham

2018 [28]

risk; ages: 60-85 yrs.

cerebellum (1 cm below inion of occipital

bone) and the right buccinator muscle.

cerebellar atDCS, can significantly
improve postural control or balance in

older adults with high fall risk. Two
weeks of postural training alone or two
weeks cerebellar atDCS alone is not a

sufficient intervention.

Abbreviations: tDCS, transcranial direct current stimulation; DCD, developmental coordination disorder; DB, double-blind; SB, single-blind; c-tDCS, cerebellar transcranial direct current stimulation; atDCS, anodal transcranial direct current
stimulation; EEG, electroencephalogram; tACS, transcranial alternating current stimulation; rCB, right cerebellum; BDNF, brain-derived neurotropic factor; CR, conditioned response; STN-DBS, subthalamic nucleus deep brain stimulation; N/A,

not applicable; GABA, gamma-aminobutyric acid; MRS, magnetic resonance spectroscopy; TB, triple blind; FC, functional connectivity; US, unconditioned stimulus; PMc, premotor cortex; C-TMS, Cerebellar transcranial magnetic stimulation;

Ss3id NI

DCC, double-containment coil; CBI, cerebellar inhibition; CP, centroparietal; RT, resting threshold.
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Table 2. Articles using TMS.

Ref N (treat- Participant Method Stimulation Stimulation Location Hz %MT  Sessions; Duration  Pulses/Session Target Findings Blind Active,
ment, Demographics type sham,
control) control
Du et al 20 Healthy individuals; ~ TMS Both Left Motor Cortex (M1): Motor evoked  single  80% and 60 pulses/block for ~Single pulse/each Motor Cerebellar evoked prefrontal N/A Active,
2018 [90] ages 20-62 yrs potentials (MEPs), Posterior Cerebellum:  pulses 120% each intensity block ranged from coordination and  synchronization was positively sham
the middle of the bilateral Crus I/II, Left 4t010s cognition associated with working memory
Prefrontal Cortex (PFC): The junction of but negatively associated with
the middle and anterior thirds of the coordinated rapid finger tapping.

middle frontal gyrus, corresponding to
the junction between posterior regions of
Brodmann area (BA) 9 and the superior

section of BA 46.
Ferrari et 20 Healthy college 1TMS Both Left and Right Primary Motor Cortex 1 Hz 100% 15 min/2 sessions 900 pulses Motor cortical The posterolateral (left) No  Active/sham
al., 2021 students; mean age = (M1): MEPs in contralateral FDI muscle, excitability cerebellum modulates motor
[81] 23.1 yrs Left Posterior Cerebellum: specifically, cortical response to negative
the Crus II area. emotional stimuli. This implies a
fascinating interaction between
cerebellar impact on mood and
motor function.
Hassan et 15,15 (1) Individuals with ~ TMS Both Cerebellum: Conditioning stimulus single 95% 10 trials per 70 trials total Hepatic Lowered cerebellum inhibition No No
al., 2019 hepatic applied at the midpoint between the pulses condition, intertrial encephalopathy was achieved via TMS,
[92] encephalopathy mastoid process and the inion. interval of 10 & correlating with disease severity,
(HE); mean age = Contralateral M1: Test stimulus applied 0.5 s, interstimulus and implying a connection of
64.1. yrs. (2) over the vertex. Right FDI Muscle: Used interval of 4, 5, 6, disease state with GABAergic
Healthy participants; for recording MEPs. 7, and 8 ms neurotransmission in the
cerebellum.

mean age = 60.3 yrs
Koch et al., 36 (study Study (1) Healthy cTBS/iTBS Both Theta Burst Stimulation (TBS): Applied 50 Hz 90% 2 sessions (study 2) cTBS: three-pulse Visuomotor  Found that intermittent theta burst ~ N/A Active,

2020 [79] 112 individuals; mean over the lateral cerebellum, specifically 1 bursts, repeated adaptation improved adaptation, with fewer sham
(study 2) age =26.2 yrs. Study cm inferior and 3 ¢cm right to the inion. every 200 ms for errors observed. In contrast,
(2) Healthy TMS/EEG Recordings: Applied over the 40s. iTBS: 2 s train continuous theta burst stimulation
individuals; mean left primary motor cortex (M1). repeated 20 times, slowed learning, specifically the
age = 25.6 yrs every 10 s for total rate of error reduction.
of 190 s
Matsugi et 14 Healthy individuals;  TMS  Concurrent Primary Motor Cortex (M1) Stimulation: ~ single 90% 10 trials/4 20-40 ms after Cortical silent ~ cSP was significantly shorter in 1 No No
al., 2020 mean age = 19.5 yrs Applied to the left M1 at the hotspot for  pulses conditions single-pulse period (cSP) X RMT condition than in 1.3 X
[89] the right FDI, with the coil orientation RMT by C-TMS, and cSP was
directed from anterior to posterior. significantly shorter for ISI of
Cerebellar Stimulation: Applied to the 20-40 ms than for the no-C-TMS
right cerebellar hemisphere, positioned 1 condition.

cm below and 3 cm to the right of the
inion, with the coil oriented to induce an

upward current.
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Table 2. Continued.

Ref N (treat- Participant Method Stimulation Stimulation Location Hz %MT  Sessions; Duration  Pulses/Session Target Findings Blind Active,
ment, Demographics type sham,
control) control
Matsugi 14 Study (1) Healthy tSMS Offline  Motor Cortex (M1): Applied to the left  single 90% 10 consecutive  ISI of 0, 10, 20, 30, Cerebellar brain ~ TMS delivered to the cerebellar SB Active,
& Okada, individuals; mean M1 at the hotspot for the right FDI, with  pulses stimuli 40, 50, 60, 70, 80  inhibition (CBI)  hemisphere transiently reduces sham
2017 [93] age =19.7 yrs. Study the figure-of-eight coil oriented to direct ms cerebellar inhibitory output but
(2) Healthy current from anterior to posterior. tSMS does not affect the excitability of
individuals, mean Over Cerebellum: Applied to the right the contralateral motor cortex.
age =229 yrs cerebellum, with the cylindrical magnet
positioned 1 cm below and 3 c¢cm to the
right of the inion. The magnet’s south
pole was used, and it was held in place
for 15 minutes using a stand with a clip.
Mirdamadi 54 Healthy young c¢TBS Both Motor Cortex (M1): Stimulation at the SHz 70% 3 sessions for 10, Three pulses at 50  Proprioception A cerebellar stimulation group No sham
&  Block, adults; ages 18-33 FDI hotspot on the left M1 with the 120, or 150 trials ~ Hz, repeated at 5 demonstrated offline decrements
2021 [85] yrs figure-of-eight coil oriented to induce PA Hz for 40 s, for a in proprioceptive function.
current. S1: Stimulation 1 cm posterior total of 600 stimuli
and 2 cm lateral to the left FDI hotspot
on the left S1 with the coil handle 45°
from the midline. Cerebellum (CB):
Stimulation 3 cm lateral and 1 cm inferior
to the inion on the right cerebellum with
the coil handle pointing superiorly.
Odorfer et 16,16 Individuals with c¢TBS Both  MI: Stimulation at the left M1 “hotspot” 50 Hz 80% 3 sessions/8 min. 600 pulses/2 Cervical dystonia ~ The cortical silent period was SB Active,
al., 2019 idiopathic cervical for the right FDI with the coil handle conditions for a decreased in patients with sham
[86] dystonia (CD) pointing backward. PMd: Stimulation 2 total of 40 s dystonia, and that stimulation of
cm anterior and 1 cm medial to the M1 the lateral cerebellum impacting
hotspot with the coil handle pointing finger movements may impact
backward. Cerebellum: Stimulation 3 cm disinhibition via purkinje cells.
lateral and 1 cm inferior to the inion with
the coil handle pointing upwards.
Pauly et al., 20 Experiment (1) rTMS, Concurrent M1: Left M1 “hotspot” for right FDI, 1 Hz, 50  90% varied by method  varied by method Plasticity Cerebellar 1 Hz rTMS increases No Active,
2021 [95] Healthy individuals;  c¢TBS, with a 70 mm figure-of-eight coil, handle Hz net corticospinal excitability and sham
mean age =27 yrs. and tDCS directed posteriorly. PMd: Left PMd, 2 facilitatory interactions in

(2) Healthy
individuals; mean

age =27 yrs

cm anterior and 1 cm medial to M1, with
a 25 mm figure-of-eight coil, handle
directed posteriorly. Cerebellum: Right
cerebellum, 3 ¢cm lateral and 1 cm
inferior to the inion, with a 70 mm
figure-of-eight coil, handle directed

upwards.

cerebello-M1 and PMd-M1
pathways, whereas cerebellar PAS

reduces corticospinal excitability.
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Table 2. Continued.

Ref N (treat- Participant Method Stimulation Stimulation Location Hz %MT  Sessions; Duration  Pulses/Session Target Findings Blind Active,
ment, Demographics type sham,
control) control
Porcacchia 12,13 (1) Individuals with iTBS and Concurrent M1: Left M1, at the “hotspot” for right  single 90% 2 sessions 20 trials for 6 Isolated cervical In control subjects, they were able No No
et al., 2019 cervical dystonia cTBS FDI muscle, using a 70 mm pulses conditions dystonia to induce increases and decreases
[87] (disease duration: 8 figure-of-eight coil. Cerebellum: Right in motor cortex excitability, where
=+ 5 yrs); mean age = cerebellum, 3 ¢cm lateral and 1 cm the same effect was not observed
47 yrs. (2) Healthy inferior to the inion, using a 70 mm in the dystonia patient group.
individuals; mean figure-of-eight coil.
age =45 yrs.
Richard et 22 Healthy individuals; TBS  Concurrent  Supplementary Motor Area (SMA)- 50 Hz 80%  repeated every 200 600 Gait initiation  Cerebellar stimulation was found DB sham
al, 2017 mean age = 29.5 yrs. determined through neuro-navigation and ms continuously  pulses/three-pulse to increase the co-activation of
[88] MRI-based localization. Coil Position: for40 s bursts relevant muscle groups, along
Midline with handle backward for with decreasing execution
posterior-to-anterior current direction. duration when compared to sham.
Cerebellum: Lobule VIII of the
cerebellum.
Rurak et 59 (1) Healthy younger =~ TMS  Concurrent M1 Stimulation Site: Left primary motor 5 kHz 90% 4 experimental 2.5 min blocks X 3 Motor control There was no difference found DB No
al., 2022 adults; age range = cortex, determined by the site eliciting blocks with 24 conditions between unilateral and bilateral,
[82] 18-32 yrs. (2) consistent MEPs in the FDI muscle. Coil trials however there was a statistical
Healthy older adults; Position: Figure-of-eight coil placed difference between unilateral
age range = 60-82 tangentially with a posterior-to-anterior stimulation and control.
yIS. current direction. Cerebellum
Stimulation Site: Right cerebellar
hemisphere, 3 cm lateral and 1 cm
inferior to the inion, targeting the hand
motor region.
Shin et al., 1 One 57 year old T™S Offline  Cerebellum Stimulation Position: Right 1 Hz 80% For 5 days, 600 20 trains with a Focal leg Dystonia was partially improved No No
2019 [83] female with isloated cerebellum, 3 cm lateral and 1 cm stimulations per duration of 30 s dystonia after stimulation delivered at 90%
focal leg dystonia. inferior to the inion, aligning with the day each, separated by RMT 3 cm lateral and 1 cm
hand motor region of the cerebellar 10s inferior to the inion.
cortex.
Spampinato 32 Healthy individuals; ~ TMS  Concurrent M1 Excitability: Right FDI Muscle: single 5% 11 sessions 20/session Motor learning  CBI changes only for the effector No No

et al., 2017
[80]

mean age = 23.9 yrs.

Stimulation over the motor pulses at below the

representation using a figure-eight coil. Ss brainstem
Right TA Muscle: Stimulation over the intervals — motor
motor representation (Experiment 1). threshold
CBI Measurements: Brainstem Motor to the
Threshold: Over the inion with a cerebel-
double-cone coil. Conditioning lum

Stimulus: 3 cm lateral to the inion over

the cerebellum. Test Stimulus: Over the

motor cortex (M1) for the right FDI or
TA using a figure-eight coil.

involved in the movement;
learning-related changes in
cerebellar-M1 connectivity reflect

a somatotopy-specific interaction.
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Table 2. Continued.

Ref N (treat- Participant Method Stimulation Stimulation Location Hz %MT  Sessions; Duration  Pulses/Session Target Findings Blind Active,
ment, Demographics type sham,
control) control
Tanaka et 29 (1) Healthy TMS  Concurrent  Primary Stimulation Site: Left M1 single 90% 10 trials per 1 pulse per trial ~ Cerebellar brain The cerebellum exerts facilitatory ~ N/A N/A
al., 2018 individuals; mean (Motor Cortex) over the representation of  pulses condition inhibition control over M1 excitability
[94] age =26.6 yrs. (2) the right FDI muscle using a figure-eight during imaginary muscle
Healthy individuals; coil. Conditioning Stimulus (CS): contraction but not during
mean age = 24.6 yrs. Applied to the cerebellum 3 c¢m lateral to imaginary muscle relaxation.
the inion using either a figure-eight or
double-cone coil. Test Stimulus (TS):
Delivered over the left M1 to elicit MEPs
in the right FDI muscle.
Yildiz et al., 26 (1) Individuals with ~ rTMS Offline  Left Motor Cortex (M1): Stimulation to 1 Hz 90% single 600 pulses Cortical After application of rTMS over DB No
2018 [91] multiple system elicit MEPs with a figure-of-eight coil, session/within 30 excitability the cerebellum in MSA-C
atrophy-cerebellar current from posterior to anterior. min patients, the maladaptive
subtype (MSA-C); Cerebellum: Stimulation with a disinhibition and RT results
predominated figure-of-eight coil, placed between the showed an improvement
cerebellar inion and mastoid process, current compared to their previous results.
dysfunction); mean directed downward. Median Nerve: For
age = 56.7 yrs. (2) peripheral conditioning, stimulating just
Individuals with above the motor threshold.
Alzheimers Disease
(AD); mean age =
80.6 yrs. (3) Healthy
individuals; mean
age = 53.4 yrs.
Zabihhosseinian 8, 8 Healthy individuals;  TMS  Concurrent First Stimulation (Cerebellum): single 40,50, 2.5-hsession/15 TS 10 stimulations at Motor Both groups improved in accuracy ~ N/A Control
et al., 2020 aged between 18 and Delivered by a double-cone coil over the  pulses 60,70, and 15 CS-TS trials each level performance following acquisition and
[84] 40 yrs. ipsilateral cerebellum, 5 ms before the and 80% retention, but the control group

second stimulation. Second Stimulation

(M1): Delivered by a figure-of-eight coil

over the contralateral M1. Conditioning

Stimulus: Applied over the cerebellum.

Test Stimulus: Applied over M1 with the

coil positioned to maximize the MEP

amplitude in the target muscle.

improved significantly more
versus lower improvements for

the fatigue group.

Abbreviations: TMS, transcranial magnetic stimulation; rTMS, repetitive transcranial magnetic stimulation; iTBS, intermittent theta burst stimulation; MEP, motor evoked potential; cTBS, cerebellar theta burst stimulation; FDI, first dorsal interosseous;

RMT, resting motor threshold; ISI, interstimulus interval; tSMS, transcranial static magnetic field stimulation; PMd, dorsal premotor cortex; PAS, paired associative stimulation; CS-TS, conditioning stimulus- test stimulus.
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et al. (2022) [22] focused specifically on the impact of
cerebellar tDCS to brain networks. Specifically, they ap-
plied anodal stimulation at 1.5 mA for 20 minutes over the
right posterior cerebellar hemisphere halfway between the
mastoid and inion [22]. They observed a behavioral in-
crease in task accuracy when compared to sham, and an
increase in connectivity between the central executive net-
work, salience network, and lobule VII of the cerebellum.
Mamlins et al. (2019) [23] did not find an impact on cere-
bellar tDCS delivered 3 cm lateral to the inion, with a return
electrode on the buccinator muscle at a current of 2 mA over
5 x 5 cm electrodes. They observed no change in reach-
ing adaptation or force during a visuomotor task in young
healthy subjects [23].

Koch et al. (2020) [79] focused on a combination of
learning and visuomotor skills, and used theta burst stimu-
lation over the cerebellum before a visuomotor adaptation
task. They tested both continuous and intermittent theta
burst stimulation (iTBS) and found that intermittent theta
burst improved adaptation, with fewer errors observed [79].
In contrast, continuous theta burst stimulation slowed learn-
ing, specifically the rate of error reduction. Spampinato et
al. (2017) [80] delivered a conditioning pulse of TMS to the
cerebellum before a pulse over the motor cortex in a group
of 32 subjects to measure cerebellar inhibition (CBI). The
conditioning stimulus was delivered 3 cm lateral to the in-
ion and 5 ms before a test stimulus targeting the contralat-
eral M1 representation of first dorsal interosseous (FDI) or
tibialis anterior (TA). They found that a conditioning pulse
not only impacted the targeted muscle of the right hand, but
also the inhibition/excitation balance of distal muscles such
as the leg.

Given the complexity of the visuomotor network, and
its functioning being foundational for motor learning, it
makes sense that overall potential benefit is mixed. It ap-
pears that there are limited to no gains when applying this
to healthy individuals in the context of improved visuomo-
tor functioning. Although this is the case, instances of in-
creased errors, lower functioning, or neuroanatomic impair-
ments, the overall process can be improved. On the other
hand, the literature suggests that there are benefits to spe-
cific aspects of the process (i.e., the motor component).

3.2 Reflexes

Reflexes are automatic motor responses after the ex-
posure of specific types of external stimulation (e.g., phys-
ical touch, puff of air). While many of them fade over
the course of development, when primitive reflexes remain,
motor dysfunction tends to be prominent [96]. Bocci et
al. (2018) [24] did not find an effect of cathodal cerebel-
lar tDCS on a hand blink reflex; however, found that anodal
cerebellar tDCS at 2 mA for 20 minutes significantly damp-
ened the magnitude of the hand blink reflexes, interestingly
implying the involvement of the cerebellum in defensive re-
flexes. Miyaguchi et al. (2019) [25] demonstrated that dur-
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ing tACS over both left M1 and the right cerebellar hemi-
sphere of either 1 mA or 2 mA at 70 Hz, lower performers
improved more in a visuomotor task during the stimulation
conditions than sham. Taken together, it appears that cere-
bellar stimulation can influence the magnitude of reflexes.
This can be a good first step to treat conditions in which re-
flexive responses are dysregulated, such as in gait disorders,
ataxia, nystagmus, and others.

3.3 Mood Related to Motor Function

Mood disorders remain a common and difficult to treat
area of neuropsychiatric conditions. Cerebellar neurostim-
ulation is not traditionally considered as a treatment op-
tion, however, many studies show promise in treating mood
as well as accompanying motor complaints. Cerebellar
transcranial direct current stimulation (c-tDCS) was used
to assess improvements in mood in clinically healthy pa-
tients [26]. Results revealed significantly elevated mood in
participants following both single and repeated inhibitory
tDCS conditions compared to sham, with increased mood
from repeated c-tDCS. C-tDCS has also been evaluated
in its ability to alleviate dystonic movements and improve
mood in a case study involving a participant who previ-
ously underwent deep brain stimulation (DBS) [27]. Along
with improvement in dystonic movements, they also found
a significant reduction of depression symptoms on the Beck
Depression Scale. This study suggests fronto-cerebellar
tDCS influences mood in those with depression secondary
to other conditions. Ferrari et al. (2021) [81] using cerebel-
lar rTMS to investigate whether the cerebellum influences
the modulation of motor cortical excitability in response
to emotional stimuli found increased motor evoked poten-
tials during the viewing of fearful faces compared to neu-
tral faces. Their findings suggest the posterolateral (left)
cerebellum modulates motor cortical response to negative
emotional stimuli.

These studies suggest a fascinating interaction be-
tween cerebellar impact on mood and motor function, and
show that TMS and tDCS may have similar effects under
the right conditions. The associated positive impact appears
to be present in both non-clinical and clinical populations.
Overall, it appears that this may be an exciting frontier for
neuromodulation researchers.

3.4 Whole Body Control

Cerebellar stimulation has been applied to many motor
applications, including a variety of studies attempting to im-
prove total body balance, posture, and lower limb strength.
One study found that bilateral anodal tDCS over the cere-
bellum improved postural stability indices, greater than that
of M1 stimulation alone [28]. Another found equal bene-
fit in balance in older adults for cerebellar and M1 tDCS in
both the mediolateral and anteroposterior balance directions
[29]. Emadi Andani and colleagues [30] delivered stimula-
tion over the cerebellar hemisphere ipsilateral to the dom-
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inant leg for 20 min at 2 mA in a group of 90 participants
[31]. They tested cathodal, anodal, and sham stimulation
along with differences in provisional or visual balance feed-
back. Sway was lessened with visual feedback, and effects
remained longer when cathodal tDCS was applied, imply-
ing it supports the short-term maintenance of the positive
effects of visual feedback therapy for balance, or learning
how visual feedback can contribute to balance more quickly
than without neurostimulation [30].

One group focused on learning of a whole-body bal-
ance task in a group of 40 subjects between 50 and 65 years
old, where learning occurred but was not statistically im-
proved by tDCS applied at 2.8 mA through 5 x 7 cm elec-
trodes placed above cerebellum 0.5 cm above the inion,
with return electrodes on the buccinator muscles. This is
similar to an earlier study referenced in the paper by the
same group, where no effects of tDCS were observed with
a suspected ceiling effect in younger adults [31]. Katagiri
et al. (2021) [32] examined single session cerebellar tDCS
for anodal, cathodal, and sham conditions at 2 mA for 20
minutes. They found that anodal tDCS induced cerebellar
inhibition that was correlated with learning of postural con-
trol [32].

Steiner et al. (2020) [33] looked at the effect of 2.8
mA tDCS cerebellar stimulation centered on the inion with
return electrodes over the buccinator muscles, and found no
effect on dynamic balance tasks or learning thereof. Foer-
ster et al. (2017) [34] found an impairment of performance
during a dynamic balance task due to cathodal cerebellar
tDCS, but not an improvement of balance performance dur-
ing the anodal condition. Stimulation was applied at 1 mA
over the right cerebellar hemisphere and the deltoid muscle
in the right arm, where anodal stimulation was applied for
13 minutes, and cathodal for 9 minutes. Anodal tDCS over
M1 along with the cerebellum was observed to increase
maximum voluntary contraction force, a measure of physi-
cal fitness, when compared to sham in a group of 25 healthy
subjects. Stimulation was applied at 2 mA for 20 minutes
over the bilateral cerebellum [35]. Ehsani e al. (2017) [36]
also looked at postural control in older adults. They found
that postural sway was significantly lessened, and balance
scores significantly improved after anodal tDCS over the
cerebellum at 1.5 mA for 20 minutes [36].

Craig & Doumas (2017) [37] compared anodal tDCS
over the cerebellum in younger and older adults, with a
higher level of balance difficulty for younger adults. In
younger adults, stimulation 2 cm below the inion at 2 mA
for 20 minutes had only offline and not task effects, while
older adults receiving stimulation over the cerebellum and
M1 were found to increase performance, but only during
stimulation [37]. Another group also found that tDCS of the
cerebellum improved postural steadiness during a platform
vibration task when delivered at 1.5 cm below the inion at
1 mA for 20 minutes [38].
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Inukai et al. (2016) [39] compared tDCS over the
cerebellum, 2 cm below the inion at 2 mA for 20 minutes,
with return electrodes in two separate experiments on the
forehead and right buccinator muscle for sham, cathodal,
and anodal stimulation. They reported a lowering of cen-
ter of gravity sway during cathodal tDCS for both return
electrode conditions. Chothia et al. (2016) [40] found that
anodal tDCS of the cerebellum at 2 mA for 15 minutes re-
duced excitation in the descending pathway without inhibit-
ing cervical propriospinal neurons.

In a study measuring cerebellar inhibition on the motor
cortex, a factor important for motor control, dual site TMS
was used to measure inhibition in younger subjects versus
older adults [82]. They tested differences in improvement
in balance in the elderly via bilateral, unilateral, or sham
stimulation. There was no difference found between unilat-
eral and bilateral, however there was a statistical difference
between unilateral stimulation and control.

In summary, tDCS and TMS stimulation at combined
motor and cerebellar locations tended to yield improved
motor control, relative to sham or other stimulation loca-
tions. Notably, the effect was generally short-lived with-
out post-stimulation effects. Taken together, these pro-
tocols only entailed a few sessions which may have not
been enough for lasting change. The path forward may
rely on confirming the most successful stimulation loca-
tions, patterns, and intensities as well as including individ-
ual anatomy factors.

3.5 Motor Skill Acquisition
3.5.1 TMS

Motor skill acquisition is highly relevant not only for
normal adaptation and function but also for recovery post
injury or disorder. Neurostimulation of the cerebellum may
play a role in the rate or improvement of motor learning for
a variety of conditions. For the below studies, if neurostim-
ulation conditions are not included in the interest of space
they can be found in Table 1. Shin et al. (2019) [83] found
that in a single subject case study with isolated focal leg dys-
tonia due to an acute cerebellar infarction who underwent
600 stimulations of rTMS for 5 days at 1 Hz on the right
cerebellum, dystonia was partially improved after stimula-
tion delivered at 90% resting motor threshold (RMT) 3 cm
lateral and 1 cm inferior to the inion. One group found that
neck fatigue impacted the extent to which TMS over the ip-
silateral cerebellum impacted skill acquisition, concluding
that motor fatigue may play a role in this circuit learning
[84]. Theta burst magnetic stimulation can also be used for
cerebellar stimulation. One group used continuous theta-
burst stimulation (cTBS) over the left primary somatosen-
sory cortex (S1), right lateral cerebellum, or a sham con-
dition. Both the S1 and cerebellar stimulation conditions
demonstrated interruptions in learning, the S1 group in im-
paired proprioceptive function and the cerebellar group in
decrements in proprioceptive function. Stimulation was de-
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livered at three pulses at 50 Hz, repeated at 5 Hz for 40 s
at 70% resting motor threshold [85]. Odorfer ef al. (2019)
[86] used continuous bilateral continuous theta-burst stimu-
lation, with each side stimulated individually, at 80% active
motor threshold bilaterally for 40 seconds. They found that
the cortical silent period was decreased in patients with dys-
tonia, and that stimulation of the lateral cerebellum impact-
ing finger movements may impact disinhibition via purkinje
cells [86]. Porcacchia ef al. (2019) [87] applied a paired-
pulse transcranial magnetic stimulation over the right cere-
bellum and left motor area to a group of 12 subjects with iso-
lated cervical dystonia. In control subjects, they were able
to induce increases and decreases in motor cortex excitabil-
ity, where the same effect was not observed in the dystonia
patient group, implying a need for an intact circuit to mod-
ify [87]. Bocci et al. (2020) [41] applied 2 mA anodal cere-
bellar transcranial direct current stimulation (cTDS) to four
subjects with Huntington’s Disease and found that clinical
scores improved, in particular symptoms related to dysto-
nia. These effects lasted approximately 4 weeks [41].

3.5.2tDCS

Cerebellar function has been found to be tied to ac-
quisition and maintenance of motor skills, which is a sep-
arate focus from that of performance during the task it-
self. C-tDCS was used to assess cognitive learning among
healthy participants during motor tasks. One study inves-
tigated motor-sequence-learning and found cathodal stim-
ulation to the lateral posterior cerebellum positively influ-
enced learning a new motor sequence, while anodal stim-
ulation had the opposite effect [42]. Regarding probabilis-
tic and implicit categorized learning tasks among healthy
participants [43,44], authors found c-tDCS did not signifi-
cantly impact learning on these complex tasks compared to
sham. Similarly, a 2021 study found that c-tDCS did not
significantly increase performance on a complex category
learning task [45]. Ferrucci et al. (2019) [46] did not find
that cerebellar tDCS had any impact on spatial navigation
skills in a group of healthy subjects. Jongkees et al. (2019)
[47] observed that anodal tDCS of the cerebellum, com-
pared to cathodal and sham, demonstrated increased task
response latencies, indicating behavioral interference, pos-
sibly revealing effects of anodal cerebellar tDCS on motor
task learning. Stimulation for all conditions was applied
with a 5 x 7 cm target electrode over the inion and two
reference electrodes over the mastoid muscles. In another
study, tDCS was applied to the right cerebellar hemisphere
ipsilateral to the unconditioned stimulus of an eyeblink re-
sponse. Stimulation patterns investigated included anodal,
cathodal, or sham stimulation while double blinded. This
study revealed no effect of stimulation pattern on eyeblink
conditioned response, in contrast to other study [48].

In a group of 100 healthy subjects, five stimulation
groups were tested for delay during eyeblink conditioning;
anodal tDCS of the cerebellum, cathodal tDCS of the cere-
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bellum, anodal tDCS of the dorsolateral prefrontal cortex
(dIPFC), cathodal tDCS of the dIPFC, and sham. Renewal
effects were found for all subjects except those that received
anodal tDCS of the dIPFC during extinction. No effects for
dIPFC or cerebellar tDCS were shown for extinction. As
stated by the authors the methods laid out in this study may
not adequately test cerebellar involvement in neural extinc-
tion [49]. Leow et al. (2017) [50] tested implicit remapping
of sensorimotor processes during adaptation and found that
cerebellar anodal tDCS improved this skill when applied at
1.5 mA to the right cerebellum.

Evidence of TMS improvement in motor learning top-
ics implies interaction of TMS with an existing neural adap-
tation mechanism, such as that involved with brain-derived
neurotropic factor (BDNF). One group looked at subjects
with the BDNF Val66Met polymorphism as it is associated
with motor skill learning. Subjects performed an eyeblink
conditioning task and received sham, anodal, or cathodal
tDCS, or participated in a vestibulo-ocular reflex adapta-
tion task and received sham and anodal tDCS. Stimulation
at 2 mA was delivered through saline-soaked 5 x 5 cm
sponge electrodes 3 cm lateral to the inion on the right side
of the scalp, along with a reference electrode on the ipsilat-
eral buccinator muscle. Val66Met polymorphism subjects
were found to be more adaptable to task conditions, and an-
odal tDCS was found to support eyeblink conditioning in
those without this polymorphism. No effects were found
for the vestibulo-ocular reflex adaptation task. Effects of
tDCS may then depend on both genotype and task type [51].

Summers et al. (2018) [52] also examined cerebellar
activity, its modulation with tDCS and the effect on task
training. Anodal stimulation was applied at 2 mA for two
15 min sessions and tracking accuracy along with motor
excitability was measured [52]. Effects on corticospinal
excitability were noted, without an effect on performance.
Mizuguchi et al. (2018) [53] applied 2 mA cerebellar tDCS
during a dart throwing task. Improvement was seen with
only cathodal and not anodal or sham tDCS, and only for
lower performers with cathodal stimulation, supporting the
idea of a ceiling effect for neural stimulation. Another study
found in a complex overhand throwing task that cerebellar
tDCS enhanced motor learning via decline in errors. They
studied a total of 42 total subjects, with stimulation of 25
min, 2 mA, anode 3 cm to the right of the inion, cathode to
the right buccinator muscle ipsilateral to the right hand with
5 x 5 cm electrodes in saline sponges [54].

One group was concerned with the effects of anodal
tDCS on bimanual adaptive motor tasks. They found that
bilateral cerebellar stimulation 2.5 cm from the inion re-
sulted in faster movement and lower error compared to
sham and parietal stimulation [55]. The same group stud-
ied anodal tDCS applied to the cerebellum at 1.5 mA 3 cm
lateral to the inion for 15 min, was observed to increase
alpha, beta, and sensorimotor rhythm power bands as ob-
served by electroencephalogram (EEG), along with an in-
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crease in offline learning [56]. Shimizu et al. (2017) [57]
found that anodal tDCS enhanced motor learning perfor-
mance, and cathodal tDCS inhibited learning. Stimulation
was applied 2 cm below the inion at 2 mA [57]. Another
group was interested in online, during practice of a new mo-
tor skill, and offline, after training sessions, motor learning
in a group of older adult subjects. Anodal stimulation was
applied at the cerebellum at 2 mA for 20 minutes, and only
for 30 seconds in the sham group. Stimulation on the cere-
bellum was associated with lower error rate compared to
sham and a faster reaction time, although reaction time was
not significant [58].

Miyaguchi et al. (2019) [59] studied the phase rela-
tionship of tACS specific improvement of motor learning
via interference with cerebellar circuits. They applied stim-
ulation with 5 x 5 cm active electrodes over the left M1 and
right cerebellar cortex regions. tACS was applied at 70 Hz
at 1 mA for 30 seconds for 10 trials. Sham was compared
to a 180 degree phase difference in the two cortical target
areas vs 0 degree phase difference. Task error was found
to be lower under the anti-phase condition, but not the in-
phase condition when compared to sham. Another group
compared a younger (18-29 years) and older cohort (66—84
years) in a visuomotor rotation task, with 2 mA stimulation
applied by 5 x 7 cm electrodes at either M1, a cerebellar
location, or sham. In another study, cerebellar stimulation
over the right cerebellar cortex was found to improve task
adaptation in both young and older groups, while M1 stimu-
lation enhanced adaptation for motor movements only [16].
Another article by Miyaguchi et al. (2020) [60] looked at
Gamma tACS over the cerebellum and cerebellum on mo-
tor learning specifically. Motor learning was found to be
greater in gamma-tACS stimulation and not sham in a group
of 15 subjects each when stimulation was applied with 5 x
5 cm electrodes over the right M1 and left cerebellar cortex
2 cm below and 3 c¢m laterally of the inion, with a 70 Hz 1
mA stimulation pattern for 8 60 s trials.

Delving into mechanisms, Liebrand et al. (2020) [61]
found that tDCS over the right cerebellum was accom-
panied by functional magnetic resonance imaging (fMRI)
measured increased activity in right M1, left cerebellar lob-
ule VI, left inferior frontal gyrus, and right inferior pari-
etal lobule. With slightly different results than many stud-
ies, Kumari et al. (2020) [62] found that anodal cerebellar
tDCS at 2 mA for 15 minutes 3 cm lateral to the inion during
a split-belt treadmill task did not increase task adaptation,
however it did increase maintenance of learned walking pat-
terns, still implying a role in anodal tDCS of the cerebellum
in motor adaptation.

Wessel et al. (2020) [63] studied the application of 50
Hz tACS over the left cerebellum during grip force motor
skill learning task, further investigated by TMS stimulation
and the resulting resting state fMRI connectivity in a group
of 15 subjects. tACS stimulation was applied over the left
cerebellum 3 cm lateral to the inion at 2 mA for 20 minutes,
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with a return electrode over the ipsilateral buccinator mus-
cle. Double-pulse TMS stimulation was performed with
a posterior to anterior orientation at 80% motor threshold
over the first dorsal interosseous muscle. Statistical analy-
ses did not find an effect of tACS on task learning, and TMS
influenced fMRI analyses over the motor circuits also did
not display an effect. Another group compared gamma (50
Hz) to delta (1 Hz) stimulation tACS over the right cerebel-
lum during a reaction time right hand task. Gamma stim-
ulation was found to impair participant performance in re-
peated tasks, but not randomized tasks [64]. Schubert et al.
(2021) [65] applied 10 Hz tACS to left M1 and right cere-
bellum during a learning task, observing diminished learn-
ing after cerebellar stimulation compared to sham but not
M1 stimulation.

Overall, these studies support a possible role of cere-
bellar neurostimulation, both TMS and tDCS or tACS dur-
ing the initial stages of motor learning and conditioning,
although stimulation location is still to be optimized and
is likely highly disorder dependent as not all studies show
a significant effect. Concurrent motor cortex and cerebel-
lar stimulation likely impact motor learning through syn-
chronized activity in these regions, or improved connection
between the two. Exact stimulation locations over the cere-
bellum are highly varied, and with current stimulation tech-
nology the stimulation area may not be focal enough to de-
termine the exact “best” stimulation location, if there is one.
Individual functional connectivity and anatomy needs to be
included to improve stimulation techniques further.

3.5.3 Gait

Gait refers to a walking pattern, usually focused on
arm and step velocity, length, time, width, and symmetry.
Gait stability and adjustment to different circumstances can
be modified via cerebellar neurostimulation. One group
studied gait via applied cathodal tDCS to the right cerebel-
lar hemisphere during an adaptive walking task and found
a disruption in gait adaptation when stimulation was ap-
plied at 2 minutes at 2 mA 1 cm below the inion and 3 cm
to the right of the inion with an anodal electrode over the
right buccinator muscle [66]. Interestingly, they found non-
independent processing of spatial and temporal domains
during gait in the right cerebellum, facets which are often
evaluated independently and should be evaluated together
during complex task study.

Naro et al. (2017) [67] tested different cerebellar tran-
scranial alternating current stimulation frequencies over the
right cerebellar hemisphere. They found that the frequen-
cies of 50 and 300 Hz, but not 10 Hz, modulated M1-leg
excitability [67]. However, they did not observe a gait per-
turbation for any group. TACS over the left cerebellum 3
cm left of the inion has been observed to reinforce a gait
rhythm, delivered at the approximated frequency of the in-
dividual gait at 2 mA. Subjects also switched to a reversed
gait frequency when the stimulation phase was inverted, all
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compared to sham. TACS may be able to modulate rhythm
generation via cerebellar circuits [68].

Continuous theta burst transcranial magnetic stimula-
tion of the cerebellum has been used to study gait initia-
tion. Cerebellar stimulation was found to increase the co-
activation of relevant muscle groups, along with decreas-
ing execution duration when compared to sham. Stimu-
lation was performed at an individual level with a neuro-
navigation system, bilaterally targeting lobule VIII with the
handle pointing vertically. 600 stimuli were delivered at
80% motor threshold in three pulse bursts at 50 Hz, every
200 ms [88].

In these studies, TMS, tACS, and tDCS were all found
to potentially impact processing of gait via neurostimula-
tion of the cerebellum. Many of the stimulation locations,
for example 1 cm below the inion vs. 3 cm left of the inion
may have overlapping stimulation locations based on the
electric field dependent on exact stimulation tool, strength,
distance of cerebellum from scalp (which may be entirely
different from the commonly used motor threshold based
on distance of the motor cortex from the scalp), and many
other factors.

3.6 Hand and Grip Strength

Neurostimulation of the cerebellum has also been used
to study hand coordination and force of grip. John et al.
(2017) [69] applied anodal tDCS (2 mA for 22 minutes) to
the lateral cerebellum in a group of patients with cerebel-
lar degeneration, without observation of any change in grip
strength in the patient group or controls. Another group
looked specifically at EEG rhythms in the brain after apply-
ing 1.5 mA anodal tDCS to the lateral cerebellum halfway
between the mastoid and the inion. They found a decrease
in the delta band at electrodes F2 and T8, but no change
in entropy ratios or laterality coefficients in a 14 channel
portable EEG headset [70].

Kiiper et al. (2019) [71] studied 48 participants while
they completed a finger tapping task in a magnetic reso-
nance imaging (MRI) scanner with real time tDCS stimula-
tion in the scanner. Stimulation was performed at 1.8 mA
with an electrode 3 c¢m lateral to the inion with the other on
the right buccinator muscle and checked for location within
the MRI for lateral cerebellum coverage. They did not ob-
serve an increase in MRI signal in the cerebellum for either
anodal, cathodal, or sham stimulation, however cathodal
stimulation was observed to increase the signal in the den-
tate nuclei, while anodal stimulation showed the opposite in
a trending manner confirming the possibility of excitatory
or inhibitory effects being induced by cerebellar stimula-
tion of opposite charge. Kamali et al. (2019) [72] studied
improvement of pistol shooting via tDCS targeting of the
cerebellum and dorsolateral prefrontal cortex. Compared to
sham, they found that tDCS improved the average shooting
score and improved accuracy when anodal stimulation was
applied at 1 mA for 20 minutes over the right cerebellum, 1
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cm below and 3 cm lateral to the inion with a cathode elec-
trode over the left dIPFC [72]. Another group compared
anodal tDCS of the cerebellum at 1.5 mA before, during,
and after a two-handed coordination task also compared to
sham. The during-task and after-task stimulation groups
observed significant improvements to the before-task and
sham stimulation groups [73]. Akremi et al. (2022) [74]
applied anodal transcranial direct current stimulation for 20
minutes at 2 mA to a group of 10 children with develop-
mental coordination disorder. They found that this stimu-
lation reduced the number of errors made during the mo-
tor sequence task although it did not impact coordination or
learning observed outside of the stimulation task [74].

Matsugi et al. (2020) [89] observed that cerebellar
TMS shortened the cortical silent period resulting from
TMS over the motor cortex by approximately 30 ms. Stim-
ulation was delivered to the cerebellum with a double cone
coil 1 cm below and 3 cm to the right of the inion at 90% of
the resting motor threshold [89].

Neurostimulation of the cerebellum may have useful
effects on grip and reaction time. The findings of Kamali
et al. (2019) [72] increasing reaction time in a group of
healthy subjects, even if effects are slight, are fascinating
as improving performance in a healthy group has often been
found to be more difficult than improving impaired perfor-
mance, such as in aging.

3.7 Excitability and Inhibition

As an adaptive controller, the cerebellum plays a large
role in not only direct modification of specific neural activ-
ity, but also in general excitation and inhibition, and there-
fore plasticity, both within the cerebellum and beyond [97].
The following articles are concerned with neurostimulation
of the cerebellum along this theme. These articles may be
related to previous sections (motor, language, etc.) but are
primarily concerned with excitation and inhibition and so
are placed in their own section.

Doeltgen et al. (2016) [75] demonstrated that anodal
tDCS at 2 mA for 20 minutes over the cerebellum (3 cm
lateral and 1 cm inferior to the inion) reduced cerebellar
brain inhibition, but did not impact short afferent inhibition
or impact reflexes. Jalali et al. (2018) [76] applied tDCS to
the cerebellum and then investigated gamma-aminobutyric
acid (GABA) and glutamate with magnetic resonance spec-
troscopy (MRS). Although they reported high levels of vari-
ability, they did not find group changes of GABA and gluta-
mate due to cerebellar tDCS [76]. However, their applica-
tion of tDCS did coincide with motor memory retention and
this was correlated with a decrease in cerebellar glutamate.

Cerebellar to prefrontal cortex connectivity plays a
role in many functions such as motor coordination and cog-
nition, and can be modified by TMS observed by EEG and
magnetic resonance spectroscopy, to measure GABAer-
gic inhibition, as demonstrated by Du ef al. (2018) [90].
They report that cerebellar evoked prefrontal synchroniza-
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tion was positively associated with working memory but
negatively associated with coordinated rapid finger tapping,
possibly suggesting competing resources for ideal perfor-
mance in each category.

Applying these principles to a patient group, Yildiz
et al. (2018) [91] compared low-frequency application of
TMS over the cerebellum in subjects with multiple sys-
tem atrophy, cerebellar subtype (MAS-C), Alzheimer’s dis-
ease, and healthy controls. They found that in the MAS-
C group cerebellar TMS, maladaptive motor cortex disin-
hibition was lessened, and reaction times improved, with
no effect in the Alzheimer’s or control groups. Hassan et
al. (2019) [92] applied TMS to the cerebellum with the
goal of depressing cerebellar activity in persons with hep-
atic encephalopathy. Lowered cerebellum inhibition was
achieved via TMS, correlating with disease severity, and
implying a connection of disease state with GABAergic
neurotransmission in the cerebellum. In a study measuring
cerebellar inhibition on the motor cortex, a factor important
for motor control, dual site TMS was used to measure in-
hibition in younger subjects versus older adults [82]. They
tested differences in improvement in balance in the elderly
via bilateral, unilateral, or sham stimulation. There was no
difference found between unilateral and bilateral, however
there was a statistical difference between unilateral stimu-
lation and control.

Matsugi & Okada (2017) [93], in a different approach,
used a compact cylindrical NdFEb magnet to induce tran-
scranial static magnetic field stimulation to decrease cere-
bellar brain inhibition in a transient manner, without im-
pacting resting motor threshold or motor evoked potentials.
Spinal excitability can also be modulated by cerebellum
neurostimulation. Matsugi & Okada (2020) [77] also found
that the H-reflex ratio, or the response of the right soleus
muscle by electrical stimulation of the right tibial nerve,
was increased by anodal cerebellar tDCS, reduced by catho-
dal stimulation, both compared to sham. The same group
applied TMS over the cerebellum along with TMS of M1
compared to TMS of only M1 during visualization of mus-
cle contraction and relaxation [94]. They found that the
cerebellum can be shown to exert control over M1 excitabil-
ity during contraction, but not relaxation implying a prim-
ing role.

Pauly et al. (2021) [95] compared 1 Hz TMS, theta-
burst stimulation, paired associative stimulation, and tDCS,
all applied to the cerebellum. Paired associative stimulation
was found to reduce cortical excitability in the motor cor-
tex, while TMS increased motor thresholds and increased
cerebellum to motor cortex pathways. Unlike other stud-
ies, they did not observe an impact of tDCS or ¢TBS. Petti
et al. (2017) [78] was concerned with cerebellar tDCS on
brain networks. They applied stimulation over the right
cerebellar hemisphere and evaluated EEG activity and net-
work organization [78]. Cathodal stimulation appeared to
have minimal changes from sham, however anodal stimu-
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lation was observed with lateral synchronization in the sen-
sorimotor area, as well as network segregation in sensory-
motor rhythms.

The reported changes in excitation and inhibition
likely have effects beyond just the regions studied. Given
the interconnectedness of the cerebellum with the rest of
the brain and its role as an adaptive controller, it follows
reason that stimulation of specific regions of the cerebel-
lum would modify excitability or inhibition in connected re-
gions, whether that is in motor thresholds, accessible work-
ing memory, or direct measurements of glutamate and other
neurotransmitters. These studies emphasize the variable
effect of cerebellar stimulation, and how the adaptive cir-
cuitry and connectivity must be taken into account.

4. Discussion

Non-invasive stimulation of the cerebellum can have
a myriad of effects on motor function and circuitry. The
applicability of these techniques in functional areas from
balance to recovery after stroke are clear. Despite abundant
evidence, neurostimulation of the cerebellum is still not em-
ployed to its full potential, and the field is barely beginning
to realize the possibilities of neurostimulation of the cere-
bellum as a door to non-invasive modification of the rest of
brain function.

Many of the treatments for the disorders and circuit
malfunctions detailed above include stimulation at similar
general locations in the cerebellum, such as over the inion,
the right hemisphere of the cerebellum, or 2 cm below the
inion. Many do not include individual differences in func-
tional connectivity or anatomy. Taking advantage of the
cerebellum’s innate interconnectedness with the rest of the
brain as well as its role as an adaptive controller or error
modulator is a logical step for noninvasive neuromodula-
tion of many disorders, not just those detailed here. The
studies detailed above clearly indicate potential for cere-
bellar stimulation for a variety of disorders, including gait
recovery, motor adaptation, reaction time, mood associated
with motor disorders, and many more. It is shown that it is
possible to improve motor learning rate and retention, im-
prove gait especially in elderly populations, and add to in-
herent balance ability for a short time after stimulation is
concluded.

The density and interconnectedness of the cerebellum
itself allows for modification of various circuits by just a
slight adjustment of neurostimulation target. The use of
a common stimulation site for a myriad of disorders, such
as 3 cm lateral to the inion, implies that stimulation of the
cerebellum is acting via circuitry of the cerebellum itself,
and not bypassing its inherent functions. Individual fac-
tors must also be taken into account, where subject spe-
cific functional or structural connectivity may impact re-
sponse to cerebellar stimulation. This is of particular con-
cern when individuals have conditions which are directly
associated with motor symptoms not associated with spe-
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cific cerebellar impairment. Evidence of cerebellar neu-
rostimulation improving motor function via cerebellar tar-
geting is promising for non-motor function to be improved
by cerebellar targeting, as evidenced by the interaction of
mood and motor symptoms seen above [26,27]. The study
of motor systems with cerebellar neurostimulation also pro-
vides the opportunity to impact the fields of self perception
and proprioceptive drift [21].

Neurostimulation of the cerebellum and response of
individual disorders to neurostimulation is dependent on ad-
equate targeting of the circuits of interest. If a specific dis-
order requires excitatory neurostimulation at an individual
specific location for a certain amount of time, neurostim-
ulation studies may see a lack of results if they either (1)
missed the target location, (2) delivered inhibitory stimula-
tion rather than excitatory, (3) did not deliver stimulation
for an adequate period of time to introduce neural remod-
eling, along with potential biological complications such as
the subject’s neural system lacking sufficient innate plastic-
ity. Part of the mechanism of neurostimulation in many of
these studies depends on the Hebbian learning rule of firing
together and wiring together. Especially with the goal of
modulating motor circuits neurologically distant from the
cerebellum, a full understanding of the circuitry of the dis-
order is necessary.

As the effect of cerebellar stimulation is through cir-
cuit connections, for example impacting neural activity in
the cerebral cortex and thalamus via stimulation of the cere-
bellum routed through the dentate nucleus for stroke re-
habilitation [98]. Given this mechanism via circuit mod-
ulation and the widespread connectivity of the cerebellum,
the potential applications of cerebellar neurostimulation are
enormous, applying not only to motor applications but cog-
nitive, learning, social, and affective functions. As an ex-
ample in visuomotor cases, some of which are detailed here,
cerebellar stimulation may modify motor function by tar-
geting of the dorsolateral premotor cortex via network con-
nections including the putamen, the superior parietal lob-
ule, supplementary motor area and primary motor cortex
[99]. Neural changes due to cerebellar neurostimulation
can be seen in study such as Liebrand et al. (2020) [61],
where putamen-cerebellar connectivity was modulated by
cerebellar tDCS. Spampinato et al. (2017) [80] demon-
strated strengthening of M 1-cerebellar connectivity in a so-
matotopic specific way, impacting not only the hand target
of interest but also untargeted leg muscles. Grami et al.
(2022) [22] focused on reconfiguration of large-scale neu-
ral networks, showing that cerebellar neurostimulation can
impact regions involved in both motor execution and motor
visualization.

Overall, less is known regarding how altering the stim-
ulation protocol influences outcomes, particularly in the
context of cerebellar stimulation. In the context of sin-
gle pulse TMS protocols, cortical excitability is often ev-
idenced by immediate behavioral demonstrations with re-
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peated sessions given in hopes of initiating more lasting be-
havior change. For 1 Hz TMS protocols (i.e., low frequency
protocols), studies focused on neuronal inhibition resulting
in decreases in observable behaviors such as ameliorating
muscle contractions, a hallmark feature of dystonia, or re-
ducing overactive functional connections. When consider-
ing high frequency TMS protocols, such as 5 Hz or theta
burst stimulation (TBS), the overall goal is increasing activ-
ity in certain areas or pathways. What is challenging is that
regardless of the specific protocol being used, there is a sig-
nificant gap in the literature regarding what is necessary in
order to maintain the durability of these effects. Summariz-
ing and sharing findings in a concise way can help move the
field forward to optimize the parameters to ensure desired
outcomes and lasting change. Although promising, there is
much research to be done to optimize cerebellar neurostim-
ulation. Ceiling effects must always be taken into account,
found for every stimulation location the cerebellum being
no exception. Factors such as motor fatigue are also impor-
tant, as the cerebellum does not operate outside the limits
of the system [84].

5. Conclusions

The cerebellum is an extremely useful modulation tool
that must be used within the limits of the specific function of
interest. For example, stimulation may be able to increase
grip control and coordination, but it cannot increase grip
strength beyond the muscles and motor cortex which it is
connected to. Neurostimulation of the cerebellum may be
most useful in cases of reduced function related to network
dysfunction rather than optimizing normal function. As an
adaptive controller, much of the cerebellar role comes into
play with learning novel tasks, maintaining new skill acqui-
sition, and adjusting excitability/inhibition of circuits and
therefore circuit function generally. Learning itself is not a
simple task, and complex interactions between acquisition,
offline and online learning, and skill maintenance can be
studied through neurostimulation of the cerebellum. Many
of the studies above report a particular effect on learning
during stimulation itself, however in some studies including
younger subjects increased offline effects were observed,
likely due to an adjustment of the excitability/inhibition bal-
ance in the involved circuits.

Further insights into cerebellar function and neuro-
modulation potential will be revealed as the field moves
into the possibility of stimulation being conducted within
the scanner as demonstrated by Kiiper ef al. (2019) [71].
Although steps forward in the field of cerebellar neurostim-
ulation are promising, we have yet to fully understand and
utilize the potential of this door into the brain. Future con-
siderations in the study of cerebellar stimulation include the
inclusion of functional and direct connectivity at an individ-
ual level, improving selectivity of neurostimulation tech-
niques applied, including visualizations of the electric field
for each stimulation condition, which will also improve se-
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lection of varying stimulation sites, as well as careful con-
sideration of the target groups and whether stimulation may
be helpful in their specific case.

Abbreviations

TMS, transcranial magnetic stimulation; CBI, cere-
bellar inhibition; iTBS, intermittent theta burst stimula-
tion; MEP, motor evoked potential; dmPFC, dorsomedial
prefrontal cortex; rTMS, repetitive transcranial magnetic
stimulation; tDCS, transcranial direct current stimulation;
tACS, transcranial alternating current stimulation.

Availability of Data and Materials

Data sharing is not applicable as no data were gener-
ated or analyzed.

Author Contributions

KW: Visualization, Investigation, Writing, original
draft, Writing, review & editing. NW: Investigation, Writ-
ing, original draft, Writing, review & editing. BW: Writ-
ing, review & editing. MG: Writing, review & editing.
NR: Writing, review & editing. SG: Investigation, Writ-
ing, original draft, Writing, review & editing. HA: Inves-
tigation. MM: Visualization, Investigation, Writing, orig-
inal draft, Writing, review & editing. BW, MG, NR, and
HA were also responsible for collecting and sorting refer-
ences and additionally responsible for designing and draw-
ing the figures/tables. All authors read and approved the
final manuscript. All authors have participated sufficiently
in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

This work was supported by the Sierra Pacific
Mental Illness Research, Education, and Clinical Center
(MIRECC) at the VA Palo Alto Health Care System. For
full details of the program sites please see the associ-
ated website at the Sierra Pacific (VISN 21) MIRECC -
MIRECC / CoE (va.gov).

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/.jin2310195.

26

References

[1] Ponce GV, Klaus J, Schutter DJLG. A Brief History of Cerebel-
lar Neurostimulation. Cerebellum (London, England). 2022; 21:
715-730.

[2] Manto M, Bower JM, Conforto AB, Delgado-Garcia JM, da
Guarda SNF, Gerwig M, et al. Consensus paper: roles of the
cerebellum in motor control-the diversity of ideas on cerebel-
lar involvement in movement. Cerebellum (London, England).
2012; 11: 457-487.

[3] Purves D, Augustine GJ, Fitzpatrick D, Katz LC, LaMantia AS,
McNamara JO, et al. Neuroscience. 2nd edn. Sinauer Asso-
ciates: Sunderland, MA. 2001. Available at: https://www.ncbi
.nlm.nih.gov/books/NBK11132/# (Accessed: 12 July 2024).

[4] Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BTT.
The organization of the human cerebellum estimated by intrinsic
functional connectivity. Journal of Neurophysiology. 2011; 106:
2322-2345.

[5] Habas C. Functional Connectivity of the Cognitive Cerebellum.
Frontiers in Systems Neuroscience. 2021; 15: 642225.

[6] RenY, Guo L, Guo CC. A connectivity-based parcellation im-
proved functional representation of the human cerebellum. Sci-
entific Reports. 2019; 9: 9115.

[7] Groiss SJ, Ugawa Y. Cerebellum. Handbook of Clinical Neurol-
ogy. 2013; 116: 643-653.

[8] Lai EC. Cerebellar disease. Neurology Secrets (pp. 157-167).
Sth edn. Elsevier: (Philadelphia, PA). 2010.

[9] Xue A, Kong R, Yang Q, Eldaief MC, Angeli PA, DiNicola LM,

et al. The detailed organization of the human cerebellum esti-

mated by intrinsic functional connectivity within the individual.

Journal of Neurophysiology. 2021; 125: 358-384.

Chang KY, Tik M, Mizutani-Tiebel Y, Taylor P, van Hattem T,

Falkai P, et al. Dose-dependent target engagement of a clinical

iTBS protocol: An interleaved TMS-fMRI study in healthy sub-

jects. Biological Psychiatry. Cognitive Neuroscience and Neu-
roimaging. 2024. (online ahead of print)

Davidson B, Bhattacharya A, Sarica C, Darmani G, Raies N,

Chen R, et al. Neuromodulation techniques - From non-invasive

brain stimulation to deep brain stimulation. Neurotherapeutics:

the Journal of the American Society for Experimental Neu-
roTherapeutics. 2024; 21: ¢00330.

Edwards CA, Kouzani A, Lee KH, Ross EK. Neurostimulation

Devices for the Treatment of Neurologic Disorders. Mayo Clinic

Proceedings. 2017; 92: 1427—-1444.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,

Mulrow CD, et al. The PRISMA 2020 statement: an updated

guideline for reporting systematic reviews. BMJ. 2021; 372:

n7l.

Miyaguchi S, Otsuru N, Kojima S, Saito K, Inukai Y, Masaki

M, et al. Transcranial Alternating Current Stimulation With

Gamma Oscillations Over the Primary Motor Cortex and Cere-

bellar Hemisphere Improved Visuomotor Performance. Fron-

tiers in Behavioral Neuroscience. 2018; 12: 132.

Liew SL, Thompson T, Ramirez J, Butcher PA, Taylor JA, Cel-

nik PA. Variable Neural Contributions to Explicit and Implicit

Learning During Visuomotor Adaptation. Frontiers in Neuro-

science. 2018; 12: 610.

[16] Weightman M, Brittain JS, Punt D, Miall RC, Jenkinson N.
Targeted tDCS selectively improves motor adaptation with the
proximal and distal upper limb. Brain Stimulation. 2020; 13:
707-716.

[17] Fleury L, Panico F, Foncelle A, Revol P, Delporte L, Jacquin-
Courtois S, et al. Non-invasive brain stimulation shows possi-
ble cerebellar contribution in transfer of prism adaptation after-
effects from pointing to throwing movements. Brain and Cogni-
tion. 2021; 151: 105735.

[10

—

[11

—

[12

—

[13

—

[14

[l

[15

[t

&% IMR Press


https://doi.org/10.31083/j.jin2310195
https://doi.org/10.31083/j.jin2310195
https://www.ncbi.nlm.nih.gov/books/NBK11132/#
https://www.ncbi.nlm.nih.gov/books/NBK11132/#
https://www.imrpress.com

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Rodriguez-Ugarte MDLS, lafiez E, Ortiz-Garcia M, Azorin JM.
Effects of tDCS on Real-Time BCI Detection of Pedaling Motor
Imagery. Sensors (Basel, Switzerland). 2018; 18: 1136.
Rodriguez-Ugarte M, Ianez E, Ortiz M, Azorin JM. Novel tDCS
montage favors lower limb motor imagery detection. Annual In-
ternational Conference of the IEEE Engineering in Medicine and
Biology Society. IEEE Engineering in Medicine and Biology
Society. Annual International Conference. 2018; 2018: 2170-
2173.

Hulst T, John L, Kiiper M, van der Geest JN, Goricke SL,
Donchin O, et al. Cerebellar patients do not benefit from cere-
bellar or M1 transcranial direct current stimulation during force-
field reaching adaptation. Journal of Neurophysiology. 2017;
118: 732-748.

Marotta A, Re A, Zampini M, Fiorio M. Bodily self-perception
during voluntary actions: The causal contribution of premotor
cortex and cerebellum. Cortex; a Journal Devoted to the Study
of the Nervous System and Behavior. 2021; 142: 1-14.

Grami F, de Marco G, Bodranghien F, Manto M, Habas C.
Cerebellar Transcranial Direct Current Stimulation Reconfig-
ures Brain Networks Involved in Motor Execution and Mental
Imagery. Cerebellum (London, England). 2022; 21: 665-680.
Mamlins A, Hulst T, Donchin O, Timmann D, Claassen J. No ef-
fects of cerebellar transcranial direct current stimulation on force
field and visuomotor reach adaptation in young and healthy sub-
jects. Journal of Neurophysiology. 2019; 121: 2112-2125.
Bocci T, Ferrucci R, Barloscio D, Parenti L, Cortese F, Priori A,
et al. Cerebellar direct current stimulation modulates hand blink
reflex: implications for defensive behavior in humans. Physio-
logical Reports. 2018; 6: e13471.

Miyaguchi S, Otsuru N, Kojima S, Yokota H, Saito K, Inukai
Y, et al. Gamma tACS over M1 and cerebellar hemisphere im-
proves motor performance in a phase-specific manner. Neuro-
science Letters. 2019; 694: 64-68.

Newstead S, Young H, Benton D, Jiga-Boy G, Andrade Sienz
ML, Clement RM, ef al. Acute and repetitive fronto-cerebellar
tDCS stimulation improves mood in non-depressed participants.
Experimental Brain Research. 2018; 236: 83-97.

Tannone A, Allam N, Brasil-Neto JP. Safety of transcranial di-
rect current stimulation in a patient with deep brain stimulation
electrodes. Arquivos De Neuro-psiquiatria. 2019; 77: 174-178.
Yosephi MH, Ehsani F, Zoghi M, Jaberzadeh S. Multi-session
anodal tDCS enhances the effects of postural training on balance
and postural stability in older adults with high fall risk: Primary
motor cortex versus cerebellar stimulation. Brain Stimulation.
2018; 11: 1239-1250.

Baharlouei H, Sadeghi-Demneh E, Mehravar M, Manzari P,
Yazdi MJS, Joghataei MT, et al. Comparison of transcranial di-
rect current stimulation of the primary motor cortex and cere-
bellum on static balance in older adults. Iranian Red Crescent
Medical Journal. 2020; 22: €96259.

Emadi Andani M, Villa-Sanchez B, Raneri F, Dametto S, Tinazzi
M, Fiorio M. Cathodal Cerebellar tDCS Combined with Vi-
sual Feedback Improves Balance Control. Cerebellum (London,
England). 2020; 19: 812-823.

Rauscher M, Yavari F, Batsikadze G, Ludolph N, Ilg W, Nitsche
MA, et al. Lack of cerebellar tDCS effects on learning of a
complex whole body dynamic balance task in middle-aged (50-
65 years) adults. Neurological Research and Practice. 2020; 2:
38.

Katagiri N, Kawakami S, Okuyama S, Koseki T, Kudo D,
Namba S, et al. Single-Session Cerebellar Transcranial Di-
rect Current Stimulation Affects Postural Control Learning and
Cerebellar Brain Inhibition in Healthy Individuals. Cerebellum
(London, England). 2021; 20: 203-211.

Steiner KM, Thier W, Batsikadze G, Ludolph N, Ilg W, Tim-

&% IMR Press

[34]

[35]

[36]

[37]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

mann D. Lack of effects of a single session of cerebellar tran-
scranial direct current stimulation (tDCS) in a dynamic balance
task. Journal of Neurology. 2020; 267: 1206—1208.

Foerster A, Melo L, Mello M, Castro R, Shirahige L, Rocha
S, et al. Cerebellar Transcranial Direct Current Stimulation (ct-
DCS) Impairs Balance Control in Healthy Individuals. Cerebel-
lum (London, England). 2017; 16: 872-875.

Kenville R, Maudrich T, Maudrich D, Villringer A, Ragert P.
Cerebellar Transcranial Direct Current Stimulation Improves
Maximum Isometric Force Production during Isometric Barbell
Squats. Brain Sciences. 2020; 10: 235.

Ehsani F, Samaei A, Zoghi M, Hedayati R, Jaberzadeh S. The ef-
fects of cerebellar transcranial direct current stimulation on static
and dynamic postural stability in older individuals: a random-
ized double-blind sham-controlled study. The European Journal
of Neuroscience. 2017; 46: 2875-2884.

Craig CE, Doumas M. Anodal Transcranial Direct Current Stim-
ulation Shows Minimal, Measure-Specific Effects on Dynamic
Postural Control in Young and Older Adults: A Double Blind,
Sham-Controlled Study. PloS one. 2017; 12: e0170331.
Poortvliet P, Hsieh B, Cresswell A, Au J, Meinzer M. Cerebellar
transcranial direct current stimulation improves adaptive postu-
ral control. Clinical Neurophysiology: Official Journal of the In-
ternational Federation of Clinical Neurophysiology. 2018; 129:
33-41.

Inukai Y, Saito K, Sasaki R, Kotan S, Nakagawa M, Onishi H.
Influence of Transcranial Direct Current Stimulation to the Cere-
bellum on Standing Posture Control. Frontiers in Human Neu-
roscience. 2016; 10: 325.

Chothia M, Doeltgen S, Bradnam LV. Anodal Cerebellar Direct
Current Stimulation Reduces Facilitation of Propriospinal Neu-
rons in Healthy Humans. Brain Stimulation. 2016; 9: 364-371.
Bocci T, Baloscio D, Ferrucci R, Sartucci F, Priori A. Cerebellar
Direct Current Stimulation (ctDCS) in the Treatment of Hunt-
ington’s Disease: A Pilot Study and a Short Review of the Lit-
erature. Frontiers in Neurology. 2020; 11: 614717.

Ballard HK, Goen JRM, Maldonado T, Bernard JA. Effects of
cerebellar transcranial direct current stimulation on the cognitive
stage of sequence learning. Journal of Neurophysiology. 2019;
122: 490-499.

Seyed Majidi N, Verhage MC, Donchin O, Holland P, Frens
MA, van der Geest JN. Cerebellar tDCS does not improve per-
formance in probabilistic classification learning. Experimental
Brain Research. 2017; 235: 421-428.

Verhage MC, Avila EO, Frens MA, Donchin O, van der Geest
IN. Cerebellar tDCS Does Not Enhance Performance in an Im-
plicit Categorization Learning Task. Frontiers in Psychology.
2017, 8: 476.

Jones AP, Goncalves-Garcia M, Gibson B, Trumbo MC, Coff-
man BA, Robert B, et al. Investigating the brain regions involved
in tDCS-enhanced category learning using finite element mod-
eling. Neuroimage: Reports. 2021; 1: 100048.

Ferrucci R, Serino S, Ruggiero F, Repetto C, Colombo D, Pe-
droli E, et al. Cerebellar Transcranial Direct Current Stimulation
(tDCS), Leaves Virtual Navigation Performance Unchanged.
Frontiers in Neuroscience. 2019; 13: 198.

Jongkees BJ, Immink MA, Boer OD, Yavari F, Nitsche MA,
Colzato LS. The Effect of Cerebellar tDCS on Sequential Motor
Response Selection. Cerebellum (London, England). 2019; 18:
738-749.

Beyer L, Batsikadze G, Timmann D, Gerwig M. Cerebellar
tDCS Effects on Conditioned Eyeblinks using Different Elec-
trode Placements and Stimulation Protocols. Frontiers in Human
Neuroscience. 2017; 11: 23.

Lipp J, Draganova R, Batsikadze G, Ernst TM, Uengoer M, Tim-
mann D. Prefrontal but not cerebellar tDCS attenuates renewal

27


https://www.imrpress.com

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

28

of extinguished conditioned eyeblink responses. Neurobiology
of Learning and Memory. 2020; 170: 107137.

Leow LA, Marinovic W, Riek S, Carroll TJ. Cerebellar an-
odal tDCS increases implicit learning when strategic re-aiming
is suppressed in sensorimotor adaptation. PloS one. 2017; 12:
€0179977.

van der Vliet R, Jonker ZD, Louwen SC, Heuvelman M, de
Vreede L, Ribbers GM, et al. Cerebellar transcranial direct cur-
rent stimulation interacts with BDNF Val66Met in motor learn-
ing. Brain Stimulation. 2018; 11: 759-771.

Summers RLS, Chen M, Hatch A, Kimberley TJ. Cerebel-
lar Transcranial Direct Current Stimulation Modulates Corti-
cospinal Excitability During Motor Training. Frontiers in Hu-
man Neuroscience. 2018; 12: 118.

Mizuguchi N, Katayama T, Kanosue K. The Effect of Cere-
bellar Transcranial Direct Current Stimulation on A Throwing
Task Depends on Individual Level of Task Performance. Neuro-
science. 2018; 371: 119-125.

Jackson AK, de Albuquerque LL, Pantovic M, Fischer KM,
Guadagnoli MA, Riley ZA, et al. Cerebellar Transcranial Di-
rect Current Stimulation Enhances Motor Learning in a Com-
plex Overhand Throwing Task. Cerebellum (London, England).
2019; 18: 813-816.

Azarpaikan A, Torbati HRT, Sohrabi M, Boostani R, Ghoshuni
M. The effect of parietal and cerebellar transcranial direct cur-
rent stimulation on bimanual coordinated adaptive motor learn-
ing. Journal of Psychophysiology. 2021; 35: 1-14.

Azarpaikan A, Taherii Torbati H, Sohrabi M, Boostani R,
Ghoshuni M. Power spectral parameter variations after transcra-
nial direct current stimulation in a bimanual coordination task.
Adaptive Behavior. 2021; 29: 25-38.

Shimizu RE, Wu AD, Samra JK, Knowlton BJ. The impact
of cerebellar transcranial direct current stimulation (tDCS) on
learning fine-motor sequences. Philosophical Transactions of
the Royal Society of London. Series B, Biological Sciences.
2017; 372: 20160050.

Samaei A, Ehsani F, Zoghi M, Hafez Yosephi M, Jaberzadeh S.
Online and offline effects of cerebellar transcranial direct current
stimulation on motor learning in healthy older adults: a random-
ized double-blind sham-controlled study. The European Journal
of Neuroscience. 2017; 45: 1177-1185.

Miyaguchi S, Otsuru N, Kojima S, Yokota H, Saito K, Inukai Y,
et al. The effect of gamma tACS over the M1 region and cere-
bellar hemisphere does not depend on current intensity. Journal
of Clinical Neuroscience: Official Journal of the Neurosurgical
Society of Australasia. 2019; 65: 54-58.

Miyaguchi S, Inukai Y, Matsumoto Y, Miyashita M, Takahashi
R, Otsuru N, et al. Effects on motor learning of transcranial
alternating current stimulation applied over the primary motor
cortex and cerebellar hemisphere. Journal of Clinical Neuro-
science: Official Journal of the Neurosurgical Society of Aus-
tralasia. 2020; 78: 296-300.

Liebrand M, Karabanov A, Antonenko D, Floel A, Siebner HR,
Classen J, et al. Beneficial effects of cerebellar tDCS on motor
learning are associated with altered putamen-cerebellar connec-
tivity: A simultaneous tDCS-fMRI study. Neurolmage. 2020;
223: 117363.

Kumari N, Taylor D, Rashid U, Vandal AC, Smith PF, Signal
N. Cerebellar transcranial direct current stimulation for learning
a novel split-belt treadmill task: a randomised controlled trial.
Scientific Reports. 2020; 10: 11853.

Wessel MJ, Draaisma LR, de Boer AFW, Park CH, Maceira-
Elvira P, Durand-Ruel M, et al. Cerebellar transcranial alternat-
ing current stimulation in the gamma range applied during the
acquisition of a novel motor skill. Scientific Reports. 2020; 10:
11217.

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

Giustiniani A, Tarantino V, Bracco M, Bonaventura RE, Oliveri
M. Functional Role of Cerebellar Gamma Frequency in Motor
Sequences Learning: a tACS Study. Cerebellum (London, Eng-
land). 2021; 20: 913-921.

Schubert C, Dabbagh A, Classen J, Kramer UM, Tzvi E. Alpha
oscillations modulate premotor-cerebellar connectivity in motor
learning: Insights from transcranial alternating current stimula-
tion. Neurolmage. 2021; 241: 118410.

Fernandez L, Albein-Urios N, Kirkovski M, McGinley JL, Mur-
phy AT, Hyde C, et al. Cathodal Transcranial Direct Current
Stimulation (tDCS) to the Right Cerebellar Hemisphere Affects
Motor Adaptation During Gait. Cerebellum (London, England).
2017; 16: 168-177.

Naro A, Milardi D, Cacciola A, Russo M, Sciarrone F, La Rosa
G, et al. What Do We Know About the Influence of the Cere-
bellum on Walking Ability? Promising Findings from Transcra-
nial Alternating Current Stimulation. Cerebellum (London, Eng-
land). 2017; 16: 859-867.

Koganemaru S, Mikami Y, Matsuhashi M, Truong DQ, Bikson
M, Kansaku K, ef al. Cerebellar transcranial alternating current
stimulation modulates human gait rthythm. Neuroscience Re-
search. 2020; 156: 265-270.

John L, Kiiper M, Hulst T, Timmann D, Hermsdorfer J. Effects
of transcranial direct current stimulation on grip force control
in patients with cerebellar degeneration. Cerebellum & Ataxias.
2017; 4: 15.

Bodranghien FCAA, Langlois Mahe M, Clément S, Manto MU.
A Pilot Study on the Effects of Transcranial Direct Current Stim-
ulation on Brain Rhythms and Entropy during Self-Paced Finger
Movement using the Epoc Helmet. Frontiers in Human Neuro-
science. 2017; 11: 201.

Kiiper M, Mallick JS, Ernst T, Kraff O, Thiirling M, Stefanescu
MR, et al. Cerebellar transcranial direct current stimulation
modulates the fMRI signal in the cerebellar nuclei in a simple
motor task. Brain Stimulation. 2019; 12: 1169-1176.

Kamali AM, Nami M, Yahyavi SS, Saadi ZK, Mohammadi A.
Transcranial Direct Current Stimulation to Assist Experienced
Pistol Shooters in Gaining Even-Better Performance Scores.
Cerebellum (London, England). 2019; 18: 119-127.
Azarpaikan A, Torbati HRT, Sohrabi M, Boostani R, Ghoshoni
M. Timing-dependent priming effects of anodal tDCS on two-
hand coordination. Journal of Psychophysiology. 2020; 34:
224-234.

Akremi H, Hamel R, Dumas A, Camden C, Corriveau H, Lep-
age JF. Cerebellar Transcranial Direct Current Stimulation in
Children with Developmental Coordination Disorder: A Ran-
domized, Double-Blind, Sham-Controlled Pilot Study. Journal
of Autism and Developmental Disorders. 2022; 52: 3202-3213.
Doeltgen SH, Young J, Bradnam LV. Anodal Direct Current
Stimulation of the Cerebellum Reduces Cerebellar Brain Inhi-
bition but Does Not Influence Afferent Input from the Hand or
Face in Healthy Adults. Cerebellum (London, England). 2016;
15: 466-474.

Jalali R, Chowdhury A, Wilson M, Miall RC, Galea JM. Neural
changes associated with cerebellar tDCS studied using MR spec-
troscopy. Experimental Brain Research. 2018; 236: 997—-1006.
Matsugi A, Okada Y. Cerebellar transcranial direct current stim-
ulation modulates the effect of cerebellar transcranial magnetic
stimulation on the excitability of spinal reflex. Neuroscience Re-
search. 2020; 150: 37-43.

Petti M, Astolfi L, Masciullo M, Clausi S, Pichiorri F, Cincotti F,
et al. Transcranial cerebellar direct current stimulation: Effects
on brain resting state oscillatory and network activity. Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society. IEEE Engineering in Medicine and Bi-
ology Society. Annual International Conference. 2017; 2017:

&% IMR Press


https://www.imrpress.com

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

[88]

4359-4362.

Koch G, Esposito R, Motta C, Casula EP, Di Lorenzo F, Bonni
S, et al. Improving visuo-motor learning with cerebellar theta
burst stimulation: Behavioral and neurophysiological evidence.
Neurolmage. 2020; 208: 116424.

Spampinato DA, Block HJ, Celnik PA. Cerebellar-M1 Connec-
tivity Changes Associated with Motor Learning Are Somato-
topic Specific. The Journal of Neuroscience: the Official Journal
of the Society for Neuroscience. 2017; 37: 2377-2386.

Ferrari C, Fiori F, Suchan B, Plow EB, Cattaneo Z. TMS over
the posterior cerebellum modulates motor cortical excitability in
response to facial emotional expressions. The European Journal
of Neuroscience. 2021; 53: 1029-1039.

Rurak BK, Rodrigues JP, Power BD, Drummond PD, Val-
lence AM. Reduced Cerebellar Brain Inhibition Measured Using
Dual-Site TMS in Older Than in Younger Adults. Cerebellum
(London, England). 2022; 21: 23-38.

Shin HW, Youn YC, Hallett M. Focal Leg Dystonia Associated
with Cerebellar Infarction and Application of Low-Frequency
Cerebellar Transcranial Magnetic Stimulation: Evidence of To-
pographically Specific Cerebellar Contribution to Dystonia De-
velopment. Cerebellum (London, England). 2019; 18: 1147—
1150.

Zabihhosseinian M, Yielder P, Berkers V, Ambalavanar U,
Holmes M, Murphy B. Neck muscle fatigue impacts plasticity
and sensorimotor integration in cerebellum and motor cortex in
response to novel motor skill acquisition. Journal of Neurophys-
iology. 2020; 124: 844-855.

Mirdamadi JL, Block HJ. Somatosensory versus cerebellar con-
tributions to proprioceptive changes associated with motor skill
learning: A theta burst stimulation study. Cortex; a Journal De-
voted to the Study of the Nervous System and Behavior. 2021;
140: 98-109.

Odorfer TM, Homola GA, Reich MM, Volkmann J, Zeller D.
Increased Finger-Tapping Related Cerebellar Activation in Cer-
vical Dystonia, Enhanced by Transcranial Stimulation: An Indi-
cator of Compensation? Frontiers in Neurology. 2019; 10: 231.
Porcacchia P, Alvarez de Toledo P, Rodriguez-Baena A, Martin-
Rodriguez JF, Palomar FJ, Vargas-Gonzalez L, ef al. Abnormal
cerebellar connectivity and plasticity in isolated cervical dysto-
nia. PloS one. 2019; 14: ¢0211367.

Richard A, Van Hamme A, Drevelle X, Golmard JL, Meunier S,
Welter ML. Contribution of the supplementary motor area and

&% IMR Press

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

the cerebellum to the anticipatory postural adjustments and exe-
cution phases of human gait initiation. Neuroscience. 2017; 358:
181-189.

Matsugi A, Douchi S, Suzuki K, Oku K, Mori N, Tanaka H, et
al. Cerebellar Transcranial Magnetic Stimulation Reduces the
Silent Period on Hand Muscle Electromyography During Force
Control. Brain Sciences. 2020; 10: 63.

Du X, Rowland LM, Summerfelt A, Choa FS, Wittenberg GF,
Wisner K, et al. Cerebellar-Stimulation Evoked Prefrontal Elec-
trical Synchrony Is Modulated by GABA. Cerebellum (London,
England). 2018; 17: 550-563.

Yildiz FG, Saka E, Elibol B, Temucin CM. Modulation of
Cerebellar-Cortical Connections in Multiple System Atrophy
Type C by Cerebellar Repetitive Transcranial Magnetic Stim-
ulation. Neuromodulation: Journal of the International Neuro-
modulation Society. 2018; 21: 402—-408.

Hassan SS, Baumgarten TJ, Ali AM, Fiillenbach ND, Jordens
MS, Haussinger D, et al. Cerebellar inhibition in hepatic en-
cephalopathy. Clinical Neurophysiology: Official Journal of
the International Federation of Clinical Neurophysiology. 2019;
130: 886-892.

Matsugi A, Okada Y. Cerebellar transcranial static magnetic

field stimulation transiently reduces cerebellar brain inhibition.
Functional Neurology. 2017; 32: 77-82.

Tanaka H, Matsugi A, Okada Y. The effects of imaginary vol-
untary muscle contraction and relaxation on cerebellar brain in-
hibition. Neuroscience Research. 2018; 133: 15-20.

Pauly MG, Steinmeier A, Bolte C, Hamami F, Tzvi E, Miinchau
A, et al. Cerebellar rTMS and PAS effectively induce cerebellar
plasticity. Scientific Reports. 2021; 11: 3070.

McWhirter K, Steel A, Adams J. The association between learn-
ing disorders, motor function, and primitive reflexes in pre-
school children: A systematic review. Journal of Child Health
Care: for Professionals Working with Children in the Hospital
and Community. 2024; 28: 402—428.

Barlow JS. The cerebellum and adaptive control. Cambridge
University Press (Cambridge, MA). 2002.

Baker KB, Plow EB, Nagel S, Rosenfeldt AB, Gopalakrish-
nan R, Clark C, et al. Cerebellar deep brain stimulation for
chronic post-stroke motor rehabilitation: a phase I trial. Nature
Medicine. 2023; 29: 2366-2374.

TzviE, Loens S, Donchin O. Mini-review: The Role of the Cere-
bellum in Visuomotor Adaptation. Cerebellum (London, Eng-
land). 2022; 21: 306-313.

29


https://www.imrpress.com

	1. Introduction
	2. Methods
	2.1 Search Strategy
	2.2 Study Selection
	2.3 Search Findings

	3. Review Findings
	3.1 Visuomotor
	3.2 Reflexes
	3.3 Mood Related to Motor Function
	3.4 Whole Body Control 
	3.5 Motor Skill Acquisition 
	3.5.1 TMS
	3.5.2 tDCS
	3.5.3 Gait

	3.6 Hand and Grip Strength
	3.7 Excitability and Inhibition 

	4. Discussion
	5. Conclusions
	Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

