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Abstract

Non-invasive stimulation of the cerebellum is growingly applied both in the clinic and in research settings to modulate the
activities of cerebello-cerebral loops. The anatomical location of the cerebellum, the high responsiveness of the cerebellar cortex
to magnetic/electrical stimuli, and the implication of the cerebellum in numerous cerebello-cerebral networks make the cerebel-
lum an ideal target for investigations and therapeutic purposes. In this mini-review, we discuss the potentials of cerebellar
neuromodulation in major brain disorders in order to encourage large-scale sham-controlled research and explore this therapeutic

aid further.
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Abbreviations
ADL Activities of daily living
ALFF Amplitude of low-frequency fluctuation

atDCS Anodal transcranial direct current stimulation
CA Cerebellar ataxia

CBI Cerebellum brain inhibition

CCAS Cerebellar cognitive affective scale

CF Climbing fiber

c¢TBS Continuous theta burst stimulation

ctDCS Cathodal transcranial direct current stimulation
DCN Deep cerebellar nuclei

DN Dentate nucleus

DSM-V  Diagnostic and statistical manual
of mental disorders-5th Ed

DTI Diftusion tensor imaging
EMG Electromyogram
ET Essential tremor

GABA Gamma aminobutyric acid
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GN Golgi neuron

ICARS International cooperative ataxia rating scale
IN GABAergic interneuron

10 Inferior olive

iTBS Intermittent theta burst stimulation
L-DOPA  L-3,4-di-hydroxy-phenylalanine

LTD Long-term depression

MF Mossy fibers

PC Purkinje cell

PD Parkinson’s disease

PN Pontine nucleus

RN Red nucleus

rTMS Repetitive transcranial magnetic stimulation
SARA Scale for the assessment and rating of ataxia
SSRI Selective serotonin reuptake inhibitors
tACS Transcranial alternating current stimulation
TBS Theta burst stimulation

tDCS Transcranial direct current stimulation

T™MS Transcranial magnetic stimulation

UPDRS  Unified Parkinson’s disease rating scale

Introduction

In the past few decades, it has become clear that the cerebel-
lum is involved in more than just motor control. Clinical case
reports, neuroimaging, and neuroanatomical evidence also
point towards a major role for the cerebellum in cognitive
and affective functioning. Recent studies investigating cere-
bellar topography have convincingly demonstrated that the
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cerebellar cortex can be divided into distinct motor and non-
motor regions, subserving motor, language, social, working
memory, and emotional functions [1-3]. Lobules IV, V, VI,
and VIII are engaged in motor tasks, while lobules VI and VII
are involved in non-motor processing, which is also reflected
in the anatomical connections to the cerebrum [1].

The anatomical location of the cerebellum, especially the
posterior cerebellum, right beneath the skull, makes it acces-
sible to non-invasive neurostimulation techniques such as
transcranial direct current stimulation (tDCS) and transcranial
magnetic stimulation (TMS) [4]. tDCS and TMS are promis-
ing techniques to modulate neuronal activity in both healthy
and patient populations [5, 6]. Different protocols are avail-
able to stimulate the brain in a specific manner. In tDCS, the
direction of the current determines whether the stimulation
will be excitatory (anodal tDCS or atDCS) or inhibitory (cath-
odal tDCS or ¢tDCS). Instead of a direct current, it is also
possible to use alternating current (tACS) at a given frequency
to target specific oscillatory networks [7, 8]. While tDCS and
tACS are not powerful enough to induce action potentials and
only modulate neuronal excitability, TMS can do both when
the intensity of the pulses is adjusted appropriately. It can be
administered as a single pulse (single pulse TMS) or as a series
of pulses (repetitive TMS or rTMS). Adjusting the frequency
will excite (high-frequency rTMS) or inhibit (low-frequency
rTMS) neuronal activity. Theta burst stimulation (TBS) is a
variation on the rTMS protocol which uses patterns of 3 50 Hz
pulses at 1 to 5 Hz frequency. It can be given in a continuous
(cTBS, inhibitory) or in an intermittent manner (iTBS, excit-
atory) [7, 9].

Given the very high concentration of neurons in the cere-
bellar cortex, their highly organized distribution, and the prop-
erties of plasticity in cerebellar microcircuits, these stimula-
tion techniques impacting on neuronal excitability might
prove to be very effective when targeting the cerebellum [4,
7]. Modeling studies have already shown that both tDCS and
TMS are capable of inducing electric currents inside the cer-
ebellar cortex (tDCS [10-13]; TMS [14, 15]). Experimental
studies confirm the effectiveness of the application of currents
over the cerebellar cortex to change the activity of cerebellar
output [16-18].

While neurodegenerative motor disorders such as ataxias
have long been associated with the cerebellum itself [19], new
evidence also points to a role for the cerebellum in psychiatric
[20], and in neurodevelopmental disorders [21]. A disturbed
cerebellar functioning or disrupted cerebello-cerebral func-
tional connectivity is now believed to be at the root of these
disorders, which might be solved or improved by specific
protocols of cerebellar stimulation. Observation of patients
with cerebellar lesions has also led to the description of the
cerebellar cognitive-affective syndrome (CCAS) or
Schmahmann’s syndrome [22]. Symptoms can be grouped
in 4 main clusters: (1) executive functioning such as planning,
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set-shifting, verbal fluency, abstract reasoning, and work-
ing memory; (2) (visuo)spatial cognition including memo-
ry and organization; (3) affective behavior resulting in
blunting of affect or in disinhibited, inappropriate behav-
ior; and (4) language disturbances including agrammatism
and dysprosodia. The description of this syndrome paved
the way for research into the cerebellar involvement in
several different types of neuropsychiatric disorders lying
at the border between neurological sciences and psychia-
try. Schmahmann’s syndrome is clearly a potential target
for cerebellar neuromodulation.

This mini-review is intended to discuss non-invasive cere-
bellar stimulation in the context of major disorders of the brain
and to provide, when possible, provisional recommendations
to the type and site of stimulation for different disorders.
These recommendations are based on the theoretical knowl-
edge about the cerebellar involvement in these disorders and
take earlier studies into account employing cerebellar stimu-
lation as a therapeutic aid in selected populations of patients.

Therapeutic Benefits of Non-invasive
Cerebellar Stimulation in Cerebellar Motor
Disorders

Cerebellar ataxia (CA) is caused by neurodegenerative or
acute lesions to the cerebellum/cerebellar pathways and en-
compasses a wide spectrum of neurological disorders with
ataxia (a motor coordination/planning disorder) as the main
symptom [23]. Manto and Marmolino [23] have made a clas-
sification of the cerebellar ataxias (CAs), which can be
subdivided into hereditary or non-hereditary. There are a lot
of different types of CAs with different pathogenesis. Non-
invasive cerebellar stimulation (TMS or tDCS) has been used
in the management of CAs in the last two decades, and recent
studies have evaluated the therapeutic benefits of these treat-
ments on essential tremor (ET) [24-26], based on the consen-
sus that overactivity of the cerebellum underlies ET [24-26].
Interestingly, non-invasive cerebellar stimulation has also
been applied to extrapyramidal diseases, such as dystonia
and Parkinson’s disease (PD), which are considered to be
due to pathological changes in the basal ganglia. In this regard,
Lozeron et al. [27] advanced the concept of “network patho-
physiological model”. The concept assumes that multiple le-
sions within or outside the basal ganglia and/or defective in-
teractions among different nodes can explain the extrapyrami-
dal symptoms [27].

Cerebellar Ataxias (CAs)

In the systematic review by Nuzzo et al. [28], the thera-
peutic effects of non-invasive cerebellar stimulation on CAs
have been examined in 151 patients in 8 studies [29-36].
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These studies included patients with degenerative CAs
[29-33, 35, 36] and patients with stroke [34]. TMS was
used in 3 studies [34-36], and tDCS in 5 [29-33].
Therapeutic effects were examined in a sham-controlled
design in 5 of 8 studies.

In the largest cohort study, Shiga et al. [35] studied the
effects of TMS on ataxic gaits applying 10 consecutive mag-
netic pulses for 21 days in 74 degenerative patients. TMS
improved time, steps in 10 m walking, and capacities in tan-
dem standing and gaits [35]. Bodranghien et al. [31] also
confirmed therapeutic effects of transcranial cerebello-
cerebral DCS on a postural tremor in a patient in a sham-
controlled study.

The therapeutic effects were also evaluated in limb ataxia
[33]. In 2 patients with spinocerebellar ataxia type 2 (SCA2),
the combination of atDCS applied over the cerebellum and the
motor cortex (single session with 1 mA, 20+ 20 min) was
associated with reduction in postural/action tremor as well as
hypermetria, compared with sham stimulation [33]. The same
treatment also affected the timing of antagonist muscle com-
mands. In a double-blind, randomized, and sham-controlled
study, Benussi et al. [30] evaluated the effects of a single
session of atDCS (2 mA, 20 min) in 19 patients with degen-
erative ataxia. The study included comprehensive assessment
of the clinical scores (Scale for the Assessment and Rating of
Ataxia (SARA), International Cooperative Ataxia Rating
Scale (ICARS)), the 9-Hole Peg Test, and the 8-Meter
Walking Time. The results showed that atDCS improved per-
formance, compared with sham [30]. The authors also con-
firmed excellent outcome of the same treatment in another
long-term sham-controlled follow-up [29]. In the latter study,
20 patients underwent atDCS (2 mA, 20 min) applied daily
over 10 consecutive days. Follow-up evaluation was conduct-
ed at 1 and 3 months after the application. atDCS improved
SARA by 3% and ICARS by 12%.

Despite these positive effects on ataxia, there are still no
rigorous large-scale sham-controlled clinical trials of tDCS
and TMS. This is especially important due to the heterogene-
ity of CAs.

Recent double-blind, randomized studies have shown that
aminopyridines, acting as K* channel blockers, reduce attacks
of CAs in episodic ataxia 2 [37] and improve downbeat nys-
tagmus of ataxic symptoms [38]. On the other hand, motor
rehabilitation improves not only lesion-induced CAs but also
degenerative CAs [39]. However, these benefits in daily activ-
ities are limited. Combinations of these neuromodulation ther-
apies, which include medications, motor rehabilitation, and
non-invasive cerebellar stimulation, will likely be necessary.

Essential Tremor (ET)

ET is characterized by postural and kinetic tremors, mainly in
the upper limbs [24]. In the systematic review by Nuzzo et al.

[28], the therapeutic benefits of non-invasive cerebellar stim-
ulation have been examined on 37 patients in 4 articles [25,
40-42].

The first study of Gironell et al. [25] examined the effects
of rTMS in 10 patients (30 trains separated by 30 s pauses)
in a double-blind, placebo-controlled design. rTMS pro-
duced notable improvements in ET Rating Assessment
Scale and accelerometer measurements [25]. In a subsequent
study by the same group [40], the authors evaluated the
therapeutic benefits of 5 daily tDCS sessions (2 mA,
20 min) in 10 patients. The authors concluded that this pro-
tocol produced no significant improvement. However,
Helvaci Yilmaz et al. [41] examined the effects of atDCS
(2 mA, 20 min) over 10 consecutive sessions in 6 patients in
an open-label design study. They reported that tDCS im-
proved ET Rating Assessment Scale and Activities of
Daily Living (ADL) scale [41].

In another study [42] in which rTMS (900 pulses at 1 Hz)
was applied in 11 patients over 10 consecutive sessions in
an open-label design study. The effects were assessed at
days 5, 12, and 29 after rTMS. The treatment improved
tremor (based on the clinical score of Fahn-Tolosa-Marin
scale (tremor, drawing, and functional disablity)) and re-
duced tremor amplitude on the electromyogram (EMG)
and accelerometer. Importantly, the observed improvement
in tremor was associated with re-establishment of defective
information processing in the cerebello-thalamo-cortical
pathways.

These studies showed an acute or subacute antitremor ef-
fect. Further large-scale sham-controlled studies of long-term
follow-up assessment are expected.

Dystonia

Dystonia is defined as co-contraction of antagonistic muscles
and contraction of unnecessary adjacent muscles [27]. There
is an agreement that cerebellar circuitry is involved in the
pathogenesis of dystonia [43]. However, there is no consensus
on the therapeutic benefits of non-invasive cerebellar stimula-
tion on dystonia. Sadnicka et al. [44] reported that a single
session of atDCS (2 mA, 15 min) failed to improve writing
abilities in 10 patients with writing cramps. In contrast,
Bradnam et al. [45] reported that a single session of atDCS
(2mA, 20 min) improved focal hand dystonia in 8§ patients in a
sham-controlled study. Ferrucci et al. [46] concluded that the
effects of consecutive tDCS sessions and those of the combi-
nation of the latter with motor training need to be examined in
more detail.

Parkinson'’s Disease (PD)

Non-invasive cerebellar stimulation has been applied for the
treatment of L-DOPA-induced dyskinesia in PD. Although
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denervation of dopaminergic neurons reduces their buffer
capacities on released dopamine, L-DOPA is pharmaco-
logically delivered in a pulse fashion, leading to large
intermittent surges in extracellular dopamine with a
resultant supersensitive response of dopamine receptors,
responsible for L-DOPA-induced dyskinesia [47].
Ferrucci et al. [46] examined the effects of atDCS ap-
plied over the cerebellum or M1 (2 mA, 20 min) in
patients with PD and L-DOPA-induced dyskinesia in a
randomized, double-blind, cross-over study. They
showed that anodal cerebellar and M1 tDCS for 5 days
improved Unified Parkinson’s Disease Rating Scale
(UPDRS) 1V (dyskinesia section). Although the sample
size was small, their results suggest a promising benefi-
cial effect for anodal cerebellar M1 tDCS in L-DOPA-
induced dyskinesia.

Therapeutic Mechanisms for Each Motor
Symptom

Possible General Principle

Although the exact mechanisms of the therapeutic effects are
uncertain, a long-lasting modulation of the cerebello-thalamo-
cortical pathway might underlie the improvements observed
in various neurological symptoms.

Cerebellum Brain Inhibition (CBI) Stimulation over the cere-
bellum reduces excitability of the motor cortex when the cer-
ebellar stimuli are delivered 5—6 ms before cerebral stimula-
tion, as is the case with TMS [48]. This suppression, termed
cerebellum brain inhibition (CBI), is currently explained by
Purkinje cell (PC)-mediated inhibition of facilitation of the
motor cortex (M1) (disfacilitation; see Fig. 1). That is, since
the motor cortex is facilitated by the deep cerebellar nuclei
(DCN)-thalamo-cortical pathway, cerebellar stimuli can acti-
vate PCs, which inhibit DCN neurons, resulting in reduction
of motor cortex facilitation [28, 49].

On the other hand, tDCS modulates neuronal activity
through a constant electrical current during a particular period,
generally 20 min [28]. tDCS induces polarity-dependent site-
specific modulation of cerebellar activity not only from the
electrical standpoint but also by impacting the metabolism
[50]. However, controversial effects of tDCS on CBI have
been reported. Galea et al. [51] concluded that ctDCS over
the cerebellum decreases the ability of TMS to elicit CBI of
the motor cortex (inhibitory modulation on PCs), whereas
atDCS exerts an opposite effect (excitatory modulation on
PCs). However, Doeltgen et al. [52] showed that cerebellar
stimulation with atDCS resulted in suppression of CBI,
suggesting that atDCS can stimulate the superficial cere-
bellar inhibitory interneurons, which inhibit PCs, resulting
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Fig. 1 A schematic diagram of a Cerebro-cerebellar loop (Left panel).
PC; Purkinje cells, GC; granule cells, IN; GABAergic interneurons, DN;
dentate nucleus, RN; red nucleus, PN; pontine nucleus, 10; inferior olive
nucleus, MF; mossy fibers, CF; climbing fibers. Mechanism underlying
cerebellum brain inhibition (CBI) (right panel). Transcranial direct
current stimulation (tDCS) or transcranial magnetic stimulation (TMS;
certain modes) activates PC, which inhibits (-) the deep cerebellar nucleus
(DCN) neuron, resulting in reduction of motor cortex facilitation

in turn in suppression of PC-mediated inhibition of the
DCN-thalamo-cortical pathway [49].

Plasticity of the Cerebellar Cortex The finding that tDCS mod-
ulated the degree of CBI [51] suggests that tDCS or rTMS
modulates neuronal activity in the DCN-thalamo-cortical
pathway with a short-term or long-term time course. Thus,
impairment of cerebellar control in the cerebral cortex, which
is caused by injury or degeneration in the cerebellar cortex
[49], can be compensated for or restored by tDCS or rTMS.

Plasticity of the cerebellar cortex synapses is assumed to be
the neural basis for the long-lasting modulation [49]. The cer-
ebellar cortex is endowed with various forms of synaptic plas-
ticity, which allow neural compensation and restoration [53].
In agreement with this concept, animal experiments showed
that hyperpolarization current induced long-term increase in
the firing rate of Golgi neurons [54].

Taken together, tDCS and rTMS can effectively modulate
cerebellar function in the motor domain [33], which could be
attributed to cerebellar plasticity and the resultant modulation
of activities of the cerebello-thalamo-cortical pathway.

Cerebellar Ataxias (CAs)

A recent physiological study showed that activation of dentate
nucleus neurons (DNs) generated by reduced inhibition from
PCs, i.e., disinhibition, facilitates the execution of a particular
movement, while suppression of the DNs by increased PC
activity, i.e., inhibition, contributes to the stabilization of un-
necessary movement [55, 56]. Accordingly, Panyakaew et al.
[57] showed that the cerebellum appears to play important
roles in the selection of a particular muscle movement by



Cerebellum (2018) 17:777-787

781

reducing CBI. Thus, the cerebellum serves as a predictive
modulator through disinhibition/inhibition on the DCN-
thalamo-cortical pathway.

Importantly, the tDCS-induced improvement was associat-
ed with facilitation on CBI [29], suggesting that tDCS or
rTMS resulted in the repair of lost capacities of inhibitory
modulation by PCs on the DCN-thalamo-cortical pathways.
The restoration of PC activity is necessary for not only the
inhibition but also the disinhibition, since suppression of tonic
PC activities is a prerequisite for the generation of the disin-
hibition. Thus, non-invasive cerebellar stimulation that can
enhance CBI might appropriately modulate activities of the
cerebellar output so as to repair CAs.

Essential Tremor (ET)

The inferior olive nucleus (IO) has been considered the prime
generator of tremor in ET through the mechanism of thythmic
oscillatory activity [58]. However, Louis and Lenka [59] ar-
gued against any pathogenic role of 10 in ET, based on a post-
mortem study showing no microscopic changes in the I0. On
the other hand, accumulating evidence from post-mortem ex-
aminations suggests the role of cerebellar pathologies, such as
various functional, metabolic, and structural abnormalities of
the cerebellum, intracellular abnormalities of the PCs, and the
neuronal network [26]. Louis [26] postulated that ET is a
disorder characterized by primary PC dysfunction, resulting
in diminished cerebellum-induced cortical inhibition. In ac-
cordance with this assumption, the majority of the currently
available pharmacotherapeutic agents enhance GABAergic
transmission [26]. Thus, non-invasive cerebellar stimulation,
which facilitates CBI, could be a promising therapeutic
approach.

Although there seems to be a consensus about the patho-
genic role of the cerebellum in ET, a secondary role of the IO
in ET needs to be reconsidered. This is important since a
single DN neuron sends off abundant collaterals to the red
nucleus, which in turn projects to the 10 [60]. These neuronal
interconnections suggest that a single DN neuron provides
powerful driving signals to the I0. Thus, when non-invasive
stimulation activates PCs, the inhibitory effects do not only
modulate the activity of the motor cortex, but also the IO.
Activation of the 10, which is conveyed by climbing fibers
to the cerebellar cortex, induces depressive plasticity of PC
activity through long-term depression (LTD) of parallel fiber
excitatory synapses [61] and rebound potentiation of interneu-
ron inhibitory synapses [62]. This I0-mediated long-lasting
suppression of PC activities might exaggerate the dysfunction
of PCs in ET. Therefore, inhibitory reset of IO activity might
be one of the possible mechanisms underlying the therapeutic
benefits of non-invasive cerebellar stimulation in ET. Further
functional studies are needed to determine whether non-

invasive cerebellar stimulation prevents acceleration of pa-
thology in ET.

Dystonia

Dystonia is considered to be due to dysfunction of the basal
ganglia. This is based on the results of various neuroimaging
studies (showing abnormalities of the basal ganglia), and im-
provement of dystonia following pallidotomy or basal ganglia
deep brain stimulation [27]. However, recent studies have
demonstrated that dysfunction of certain cortical areas is also
necessary for the development of dystonia [27]. In patients,
surround inhibition or cortical inhibition is assumed to be lost
in the cerebral cortex, making the motor cortex (M1) a poten-
tial therapeutic target [27]. Siebner et al. [63] showed loss of
inhibitory control of the cerebellum. This is the rationale for
non-invasive cerebellar stimulation which is designed to facil-
itate CBL

Psychiatric Disorders
Schizophrenia

Schizophrenia is a severe psychiatric disorder which manifests
itself usually in late childhood, early adulthood. It is mainly
characterized by delusions and hallucinations, and may also
include disorganized speech, abnormal or catatonic behavior,
and negative symptoms such as avolition, flat effect, and an-
hedonia [64]. Cognitive deficits are also frequently present in
patients with schizophrenia, such as impairments in memory,
learning, and executive functions [20, 65]. Delusions, halluci-
nations, anxiety, etc. in schizophrenia are traditionally treated
with antipsychotic drugs and psychosocial treatment.
However, rehabilitating cognitive deficits is less established
[66]. Some studies have explored the impact of pharmacother-
apy and functional/cognitive remediation on cognitive impair-
ment, but with varying results [67].

Already in 1979, a role for the cerebellum in schizophrenia
was suggested by Heath et al. [68] who noted a pathology of
the cerebellar vermis in 40% of their schizophrenic patients.
Neuropathological studies have confirmed abnormal cerebel-
lar anatomy [65, 69] which is also reflected in decreased
activation during a broad range of tasks as measured by
fMRI [65]. Daskalakis et al. [70] observed disturbed CBI in
patients with schizophrenia or schizoaffective disorder, indi-
cating abnormal cerebellar functioning or disrupted cerebello-
thalamo-cortical connectivity [71]. Andreasen et al. [71] hy-
pothesized that schizophrenia was caused by a disruption of
the cerebello-thalamo-cortical circuit which leads to
“difficulty in prioritizing, processing, coordinating, and
responding to information”.

@ Springer SRC



782

Cerebellum (2018) 17:777-787

Initially, the cerebellar vermis was targeted by
neurostimulation, first invasively [72], then non-invasively
with iTBS [73], with promising clinical improvements in
mood but also in cognitive functioning such as working mem-
ory. Both studies only included refractory schizophrenia with-
out a sham-condition. Parker et al. [74] explored a different
strategy, targeting disturbed networks instead of a particular
area. They confirmed that schizophrenic patients, even on
medication, have attenuated delta-frequency interactions be-
tween the cerebellum and the medial frontal cortex during an
interval timing task. The lower performance on this task due to
the attenuated interaction disappeared in rodents after
targeting the thalamus at the delta frequency with invasive
electric stimulation [74].

Due to the heterogeneity of the symptoms in schizophrenia,
it is not easy to pinpoint one specific location to target with
neurostimulation. Invasive cerebellar vermis stimulation has
been shown to not only alleviate mood, but also seemed to
diminish the frequency of delusions and hallucinations [72].
The vermis, especially the lower portion, is easily accessible
for non-invasive stimulation, which makes it a potential target
in the treatment of schizophrenia. Another strategy could be to
target disrupted networks with tACS over the cerebellar hemi-
spheres, trying to replicate the promising results of Parker
et al. [74]. Because of the similarities in cognitive impairment
as observed in bipolar disorder, though more severe in schizo-
phrenia [66, 67], studies discussed below might also be of
interest for the treatment of cognition in schizophrenic
patients.

Bipolar Disorder

Bipolar disorder is a psychiatric disorder primarily affecting
mood, characterized by episodes of mania and/or depression
besides euthymic phases with stable mood [64]. However,
even in the euthymic phases, patients with bipolar disorder
experience problems in their social life and cognitive func-
tioning, and it has been found that visuospatial memory,
concentration/sustained attention, and executive functioning
are significantly impaired as compared to healthy controls
[75, 76]. Bipolar disorder is usually treated with, sometimes
complex, medication regimens, involving lithium, divalproex,
or antipsychotics [77]. These medication regimens are primar-
ily intended to control the manic/hypomanic episodes and
psychotic symptoms [66]. However, few pharmacotherapies
have a proven effect on cognition and potential pharmacolog-
ical approaches to improve cognitive functioning will require
further research [67]. In addition, non-pharmacological treat-
ments such as cognitive/functional remediation have also been
explored with some promising results [67].

In the early 1980s, several case reports mentioned cerebel-
lar atrophy in patients with bipolar disorder, which was later
quantitatively confirmed with MRI studies [78-80].
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Cerebellar atrophy was found in the cerebellar vermis, in par-
ticular in V3 and V2, and related to the number of affective
episodes. Baldagara et al. [78] demonstrated diminished cere-
bellar volume in the hemispheres as compared to healthy con-
trols. In these studies, it was not clear whether the cerebellar
atrophy was due to antidepressant exposure or disease pro-
gression. However, a recent study by Saxena et al. [81] ob-
served cerebellar abnormalities in the offspring of patients
with bipolar disorder and in youths with bipolar spectrum
disorder, suggesting that the cerebellum is functionally in-
volved in this disease. Diffusion tensor imaging (DTI) studies
also found cerebellar nerve fiber abnormalities linked to a
reduced signal in the ponto-cerebellar fibers [82—84].

In order to ameliorate cognitive functioning in patients with
bipolar disorder, prefronto-cerebellar tDCS has been used to
target the prefronto-thalamic-cerebellar circuitry involved in
cognitive processing [75, 85-87]. By applying consecutive
sessions of excitatory (anodal) stimulation over the left dorso-
lateral prefrontal cortex and inhibitory (cathodal) stimulation
over the right cerebellum during 3 weeks, significant improve-
ment in executive functioning and cognitive processing was
observed [85, 87], whereas 1 session had no significant effect
in an intra-individual sham-controlled study [86]. However,
since the 2 studies with positive effects were not sham-con-
trolled, Bersani et al. [75] added a sham control group to
control for a placebo effect and confirmed the previous find-
ings of prefronto-cerebellar tDCS on neurocognitive functions
in euthymic bipolar disorder patients [75].

This network-targeting approach seems to have a positive
impact on the residual cognitive impairments patients with bi-
polar disorder experience even after recovery from an episode.
But since bipolar disorder primarily affects mood and since the
vermis seems to be primarily affected, vermal stimulation
seems an interesting approach to treat these patients during or
immediately after an episode. However, to the best of our
knowledge, no studies to date have tried to target the cerebellar
vermis with non-invasive stimulation to assess the effect on
mood. Although vermal stimulation does not seem to have a
significant effect on mood in healthy people [88—90], the prom-
ising results of vermal iTBS in patients with schizophrenia [73]
might be replicated in patients with bipolar disorder.

Major Depressive Disorder

If a patient only exhibits depressive episodes interfering with
social and occupational functioning, the patient is diagnosed
with major depressive disorder according to the Diagnostic and
statistical manual of mental disorders-5th Ed (DSM-V) [64]. As
in bipolar disorder, a tailored approach is sought for each patient
using antidepressant medication combined with psychological
treatment [91, 92]. The prevalence of depression in patients with
a neurodegenerative cerebellar disorder is unusually high up to
68%, of which 35% with a major depression [69].
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The pathogenesis of major depressive disorder is believed to
be an abnormal limbic-cortical network. Reduced gray matter
density has been found in several regions of the limbic-cortical
network, including the right dorsolateral prefrontal cortex and
the left cerebellum [93]. In addition, regional homogeneity,
which may be used to detect abnormal neural activity, is sig-
nificantly lower in the left cerebellar posterior lobe [94].

Currently, primarily, the dorsolateral prefrontal cortex is be-
ing targeted with non-invasive stimulation in patients with ma-
jor depressive disorder. It is one of the few illnesses where
neurostimulation (TMS and tDCS) is used as a recommended
clinical practice [95]. Recently, Ho et al. [96] explored alterna-
tive setups for tDCS to treat major depression in an open-label
pilot study, one of which involved bilateral cathodal cerebellar
stimulation combined with left anodal frontal stimulation.
Although no conclusions could be drawn from this study re-
garding the clinical effectiveness of this montage, it did show
that an alternative setup (namely anode over the left dorsolat-
eral prefrontal cortex and large cathode over the bilateral oc-
cipital region) could reach similar results as previous rTMS and
tDCS studies over the dorsolateral prefrontal cortex. However,
computer modeling showed that in this setup, less current was
induced in the prefrontal cortices, indicating that targeting other
regions, such as the subgenual anterior cingulate cortex, might
be more effective [96]. On the other hand, targeting the left
cerebellum and the right dorsolateral prefrontal cortex has been
shown to elevate mood in healthy participants in a single-blind
sham-controlled study [97]. Since such a fronto-cerebellar set-
up targets the disturbed limbic-cortical circuit more specifically,
it remains an interesting approach to treat major depressive
disorder. Although cognition is less studied in patients with
major depressive disorder, it is known that, similar to schizo-
phrenia and bipolar disorder, major depressive disorder can be
accompanied by cognitive deficits [66]. Therefore, similar
setups as discussed in the section about bipolar disorder might
also be beneficial for patients with major depressive disorder
who also experience cognitive problems.

Generalized Anxiety Disorder

Generalized anxiety disorder is characterized by excessive
anxiety and worry about day to day matters for at least
6 months. It is associated with somatic symptoms such as
restlessness, fatigue, concentration difficulties, irritability,
muscle tension, and sleep disturbances [64]. In generalized
anxiety disorder, psychological treatment (mostly cognitive
behavior therapy) is generally preferred over drug treatment
and usually has a positive effect on anxiety and comorbid
depressive symptoms [98]. Anxiety is also frequently ob-
served in patients with a cerebellar degenerative disorder, with
cerebellar abnormalities, and after cerebellar stroke [69].

It has been hypothesized that emotion-regulation difficul-
ties lie at the origin of generalized anxiety disorder. Patients

with generalized anxiety disorder recognize emotions (facial
expressions) significantly faster than healthy controls [99]. In
addition, Diwadkar et al. [100] recently showed that patients
with general anxiety disorder are not able to efficiently acti-
vate brain areas involved in control, suppression, and retrieval
of memories, especially during memory suppression. This
network primarily consists of the frontal lobe, the anterior
cingulate cortex, and the cerebellum. Functional connectivity
studies, on the other hand, primarily focused on the “fear
network” comprising the amygdala, prefrontal cortex, and
anterior cingulate cortex [101]. In patients with panic disorder,
a significantly higher glucose metabolism in the cerebellum,
as part of the amygdala-based fear network, was already dem-
onstrated [102]. Abnormal dynamic functional connectivity of
the cerebellum was also observed in patients with generalized
anxiety disorder, suggesting an impaired information ex-
change between the cerebellum and other brain regions as
the explanatory mechanism of this disorder [101].

The few studies that have tried to treat generalized anxiety
disorder with neurostimulation, have targeted the dorsolateral
prefrontal cortex either excitatory with high-frequency rTMS
in a double-blind sham-controlled study [103], or inhibitory
with ctDCS (single case study) [104], both with promising
results. Both studies targeted patients who were drug treat-
ment-resistant. However, since it has been shown that both
the “fear circuit” and the “memory network,” both involving
the cerebellum, are disturbed in patients with generalized anx-
iety disorder, the cerebellum might be an interesting target in
this disorder as well. Considering the “fear network,” primar-
ily, the cerebellar vermis is anatomically connected to the
amygdala [105] and it seems to be functionally involved as
well [102]. On the other hand, the left Crus I might be targeted
to increase activation during memory suppression. However,
more information on the neurobiological substrate of anxiety
disorders is needed to identify the proper (cerebellar) target for
neurostimulation.

Obsessive Compulsive Disorder

Obsessive compulsive disorder is defined by obsessions, i.c.,
recurrent and persistent thoughts/impulses that are experi-
enced as unwanted and intrusive, and compulsions, i.e., repet-
itive behaviors in response to an obsession to reduce anxiety
or distress [64]. Various kinds of compulsions and obsessions
exist, such as, e.g., symmetry obsession, contamination obses-
sion, or hoarding [106]. Like patients with generalized anxiety
disorder, patients with obsessive compulsive disorder have a
marked preference for psychological treatments which in most
cases have a similar outcome as drug treatments in this type of
disorder [107]. Obsessive compulsive traits have also been
seen in patients with Schmahmann’s syndrome [69].
Obsessive compulsive disorder has been linked to a disrup-
tion in the brain’s serotonin and/or glutamate system. The
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excessive doubting and repetitive behaviors suggest involve-
ment of the frontal orbito-striatal area (including the caudate
nucleus) and the dorsolateral prefrontal cortex [106].
Neuroimaging studies indeed confirmed abnormal activity in
the ventral striatum—orbitofrontal cortex loop which could be
linked to symptom severity [108]. In addition, a
hyperconnectivity is found between the right putamen and
the left cerebellum. This hyperconnectivity is especially ap-
parent in unmedicated patients, indicating that medication,
such as SSRI (selective serotonin reuptake inhibitors) modu-
late this abnormal functional connectivity [108]. Hou et al.
[109] showed that this abnormal functional connectivity was
paralleled by a decreased amplitude of low-frequency fluctu-
ation (ALFF) in the cerebellum and parietal cortex, and an
increased ALFF in the orbitofrontal cortex and the anterior
cingulate cortex. Structurally, reduced gray matter volume
can be seen in patients with obsessive compulsive disorder
in the medial frontal gyrus, the medial orbitofrontal cortex,
and the insulo-opercular region. Increased gray matter vol-
ume, on the other hand, is found bilaterally in the putamen
and in the anterior rostral cerebellum [110].

Many studies have used neurostimulation, invasively (deep
brain stimulation) and non-invasively (tDCS and TMS), to
treat obsessive compulsive disorder with a variety of proto-
cols. Targets were mainly the dorsolateral prefrontal cortex,
the orbitofrontal cortex, and the (pre-)motor area for non-
invasive stimulation [111], and different parts of the cortico-
striato-thalamo-cortical loops have been targeted with deep
brain stimulation [112]. Bation et al. [113] used tDCS in
treatment-resistant obsessive compulsive disorder patients to
increase activation in the left orbitofrontal cortex, and de-
crease activation in the right cerebellum (based on the findings
of Hou et al. [109]). Their study showed that 10 sessions
(twice a day) of tDCS had a positive impact on the severity
of obsessive compulsive disorder, which lasted for at least
3 months. However, it should be noted that several other stud-
ies targeting the orbitofrontal cortex without stimulating the
cerebellum also yielded positive results, indicating that the
orbitofrontal cortex might be the area of interest. In addition,
none of 12 reported studies by Brunelin et al. [111] were
sham-controlled, making further research crucial to confirm
these findings.

Unfortunately, while functional connectivity studies, ALFF
studies, and structural studies all point to an abnormal cere-
bellum in obsessive compulsive disorder, the locations found
in these studies vary greatly. Structural differences were found
in the bilateral anterior rostral cerebellum [110], decreased
ALFF was observed in the left and right Crus II [109], while
hyperconnectivity was found between the left Crus I and the
right putamen [108]. Before a cerebellar stimulation protocol
can be designed to help patients with obsessive compulsive
disorder, the exact role of the cerebellum in this disorder
should be investigated further.

GRO @ Springer

Concluding Remarks

With its unique anatomical configuration and location, the
cerebellum appears to be an ideal candidate to modulate
cerebello-cerebral networks in major disorders of the brain.
Its high density of neurons in the cerebellar cortex and the
involvement of the cerebellar circuitry in motor and non-
motor functions are major features. Given the strong feasibil-
ity, there is a great need to standardize protocols and an urgent
need to plan large scale sham-controlled trials to convince
health authorities about the benefits of neuromodulation of
the cerebellum. We are missing large studies which combine
clinical, electrophysiological, behavioral and imaging tech-
niques. There is a clear need to reach a firm consensus about
the effectiveness of cerebellar stimulation.

Most studies reported here were conducted with treatment
refractory patients for whom neuromodulation was a last re-
sort (in case of neuropsychiatric disorders). For motor disor-
ders, on the other hand, therapeutic benefits of motor rehabil-
itation and/or drug treatment are limited. Future studies should
compare traditional treatment (pharmacotherapy, psychother-
apy, etc.) with neuromodulation and should investigate the
combined effects. In addition, it might be that different symp-
toms within a disorder require different treatment approaches.
For example, cerebellar neuromodulation could be beneficiary
for cognitive improvement in schizophrenia, bipolar disorder,
anxiety disorders, and major depressive disorder, while phar-
macotherapy will still be necessary to treat the other psychi-
atric symptoms such as delusions, depression, or anxiety.
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