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Abstract 41 

The cerebellum is involved in multiple closed-loops circuitry which connect the cerebellar modules 42 

with the motor cortex, prefrontal, temporal and parietal cortical areas, and contribute to motor 43 

control, cognitive processes, emotional processing and behavior. Among them, the cerebello-44 

thalamo-cortical pathway represents the anatomical substratum of cerebellum-motor cortex 45 

inhibition (CBI). However, the cerebellum is also connected with basal ganglia by disynaptic 46 

pathways, and cerebellar involvement in disorders commonly associated with basal ganglia 47 

dysfunction (e.g., Parkinson’s disease and dystonia) has been suggested. Lately, cerebellar activity 48 

has been targeted by non-invasive brain stimulation (NIBS) techniques including transcranial 49 

magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) to indirectly affect 50 

and tune dysfunctional circuitry in the brain. Although the results are promising, several questions 51 

remain still unsolved.  52 

Here, a panel of experts from different specialties (neurophysiology, neurology, neurosurgery, 53 

neuropsychology) review the current results on cerebellar NIBS (CB-NIBS) with the aim to derive 54 

the future steps and directions needed. We discuss the effects of TMS in the field of cerebellar 55 

neurophysiology, the potentials of cerebellar tDCS (ctDCS), the role of animal models in CB-NIBS 56 

applications and the possible application of CB-NIBS in motor learning, stroke recovery, speech 57 

and language functions, neuropsychiatric disorders, and movement disorders.  58 

 59 

Key words: cerebellum, neuromodulation, non-invasive, tDCS, TMS 60 
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Introduction 61 

The cerebellum represents 10% of total brain volume, but it contains more than 50% of total brain 62 

neurons, reflecting the complex cellular architecture connecting this subcortical structure to other 63 

parts of the brain. Traditionally, researchers have focused on the role of the cerebellum in the 64 

control and coordination of movement [1], since the motor cortex is one of the main targets of 65 

cerebellar projections. Besides sending inputs through the cortico-ponto-cerebellar or cortico-rubro-66 

olivo-cerebellar pathway [2], the motor cortex receives inhibitory projections resulting in 67 

cerebellum-motor cortex inhibition (CBI) [3]: Purkinje cells inhibit the dentate nucleus [4], which 68 

reduce excitatory input on the motor cortex from the dentato-thalamo-cortical pathway [5,6]. 69 

However, the cerebellum contributes to numerous other functions, such as learning, cognition, 70 

emotions, and behavior, as disclosed by several findings [7,8]. Multiple closed-loop circuits 71 

working in parallel connect the cerebellum and cerebral cortex, allowing the cerebellum to 72 

influence, among many other targets, prefrontal, temporal, and parietal cortical areas [7,9]. 73 

Recently, for example, studies combining TMS and electroencephalography (EEG), a combination 74 

that allows to precisely record the neuronal responses as result of TMS [10], have suggested that 75 

cerebellar stimulation strongly affects the activity of different cortical areas forming part of the 76 

parieto-frontal network [11,12], for example those involved in motor learning [12].  77 

Moreover, several studies have shown a strict relation between the cerebellum and basal ganglia, 78 

disclosing neural projections from the dentate nucleus and cerebellar cortex to the striatum and 79 

subthalamic nucleus, respectively [13]. This may be one way in which the cerebellum can influence 80 

symptoms in disorders commonly associated with basal ganglia dysfunction (for example, 81 

Parkinson’s disease and dystonia) [14,15]. 82 

These data suggest that cerebellar function, physiology and pathophysiology need to be further 83 

explored, and non-invasive brain stimulation (NIBS) techniques applied to cerebellum have fostered 84 

such knowledge [16]. Transcranial magnetic stimulation (TMS) and transcranial direct current 85 

stimulation (tDCS) studies, indeed, allow for non-invasive investigation of neural networks [16]. 86 
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For example, cerebellar TMS applied in 1995 by Ugawa et al. [6] revealed the physiologic 87 

mechanisms of CBI, further extensively explored in later studies. More recently, it has been shown 88 

that CBI could be modulated by tDCS, although with controversial results. While Galea et al. [17] 89 

showed that anodal tDCS increased CBI – suggesting an excitatory effect on Purkinje cells activity, 90 

Doeltgen et al. [18] observed opposite results, suggesting an excitatory effect on superficial 91 

inhibitory interneurons or on cerebello-thalamo-cortical projections targeting inhibitory 92 

interneurons within the primary motor cortex (M1). 93 

The unraveling of the therapeutic mechanisms of NIBS requires the understanding of the effects of 94 

NIBS on (1) the cerebellar cortex, (2) cerebellar nuclei and (3) the inferior olivary complex, three 95 

major structures of the cerebellar circuitry engaged in functional units of the cerebellum. Neurons 96 

of the cerebellar nuclei convey the cerebellar output signals to the spinal cord, brainstem nuclei 97 

(including red nuclei and reticular nuclei), basal ganglia, thalamic nuclei and cerebral cortex. 98 

Cerebellar nuclei are under the profound inhibition of Purkinje neurons, whose activity depends on 99 

mossy fibers, climbing fibers and interneurons of the cerebellar cortex, and mossy fibers, which 100 

transmit sensory and cortical information to granule cells via excitatory synaptic connections; small 101 

granule axons project up into the molecular layer of the cerebellar cortex, bifurcating and forming 102 

excitatory synapses onto Purkinje cell dendrites [19]. Meanwhile, parallel fibers also activate 103 

stellate cells and basket cells, which form inhibitory synapses with Purkinje cells, establishing a 104 

stereotypical feed-forward-inhibition circuit [19]. Reducing the inhibitory effect of Purkinje cells 105 

upon dentate/interpositus/fastigial neurons will increase the excitatory discharges exerted by 106 

cerebellar nuclei upon extra-cerebellar targets [20]. In other words, cerebellar cortex sculpts 107 

cerebellar output by tuning the firing rates and patterns of nuclear neurons [21]. NIBS likely tunes 108 

the inhibitory discharges of the cerebellar cortex, especially the posterior and inferior parts of the 109 

cerebellum (i.e., lobules VI-VIII) which seem particularly susceptible and accessible to 110 

neuromodulation in human [22]. Current views hypothesize that cerebellar NIBS (CB-NIBS) is 111 

mediated by both electrical and non-electrical (vascular, metabolic) effects on the cerebellar cortex 112 
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[22]. Spectroscopy (MRS) suggests that, in humans, anodal tDCS reduces GABA locally, whereas 113 

cathodal stimulation decreases glutamatergic neuronal activity [23]. 114 

In this review, we report the advances made on the use of CB-NIBS and reach a consensus on the 115 

future steps to moving forward. For each topic covered, we present the current evidences and 116 

underline the implications for future research. The following specific topics will be discussed: the 117 

use of TMS to explore cerebellar neurophysiology; the current knowledge on cerebello-cerebellar 118 

tDCS; the role of animal models in CB-NIBS applications; the clinical application of CB-NIBS 119 

(motor learning, stroke recovery, speech and language functions, neuropsychiatric and movement 120 

disorders and pain syndromes).  121 

 122 

TMS of the cerebellum: some lessons for the application of tDCS 123 

The first demonstration of cerebellar stimulation was performed using transcranial high-voltage 124 

electrical stimulation (TES); this was quickly followed by attempts using TMS. TES and TMS 125 

directly initiate action potentials in central neurons unlike the mild polarization of neural 126 

membranes produced by tDCS. However, the early experiences with TES and TMS illustrate some 127 

of the potential complexities of cerebellar stimulation was well as the difficulties involved in 128 

interpreting the outcome of experimental interventions that are equally relevant to tDCS and related 129 

paradigms. As we will show, using the example of CBI, these include problems such as: (1) 130 

distinguishing between effects that are attributable to stimulation of cerebellum and those due to 131 

stimulation of skin and scalp or to stimulation of other neural structures in the brainstem; (2) 132 

choosing the optimal coil geometry and stimulus intensity to maximize cerebellar effects; (3) 133 

interpreting which structures in the cerebellum are the primary targets of stimulation. 134 

 135 

First description of CBI 136 

Ugawa et al. [3,5] were the first to attempt to stimulate structures in the posterior fossa using TES. 137 

They found that TES via electrodes placed on left and right mastoid processes could activate the 138 
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corticospinal tract (CST) at the level of the pyramidal decussation in the brainstem [3]. Given the 139 

distance of the site of activation from the scalp surface, they reasoned that it should be possible to 140 

use a similar electrode configuration to activate more superficial structures such as the cerebellum. 141 

A later paper [5] provided evidence in support of this possibility by describing the physiology of 142 

what would be termed CBI. Using a conditioning-test design, they showed that TES at an intensity 143 

below the threshold for corticospinal activation suppressed the response of the contralateral motor 144 

cortex to a subsequent TMS pulse given 5 - 15 ms later. Since responses of the motor cortex to TES 145 

were not affected by cerebellar stimulation, it was postulated that a cerebello-thalamo-cortical 146 

pathway was involved. The effect was not due to head movement produced by TES-induced 147 

contraction of neck muscles since movement did not start until at least 11 ms after TES. 148 

However, even in this early study it was clear that the effect was not as simple as it first appeared. 149 

Indeed: (1) locating the TES electrodes superiorly/inferiorly to the optimal site abolished the early 150 

effect at 5 – 8 ms, but had little effect on the later inhibition; (2) the early suppression was maximal 151 

when the anode of the TES was contralateral to the target M1 but the later suppression was equally 152 

prominent whether the anode was ipsilateral or contralateral; (3) early suppression was unaffected if 153 

the experiment was performed in relaxed or active muscle, whereas the late suppression was more 154 

effective during voluntary contraction than at rest. The conclusion was that two different effects 155 

were intermixed. The later period of CBI was thought to be a “non-specific” effect that was the 156 

result of strong peripheral sensation caused by TES. In contrast, CBI at 5 - 8 ms was assumed to be 157 

due to stimulation of the cerebellum. It was proposed that the TES pulse activated Purkinje cells of 158 

the cerebellar cortex which then inhibited deep cerebellar nuclei, withdrawing any tonic facilitation 159 

from the nuclei to motor cortex via thalamus. The following year, Amassian et al. [24] used TMS 160 

over the cerebellum and tried to record the evoked-EEG response from central scalp areas that they 161 

thought would accompany inhibition or withdrawal of facilitation of the motor cortex. 162 

 163 

The mechanism of CBI 164 
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At this stage in the development of cerebellar stimulation, it is important to recall that there was no 165 

direct evidence that the cerebellum was involved in CBI. For example, it remained a possibility that 166 

the transmastoid stimulus had activated sensory fibers in the medial leminiscus and that the 167 

inhibition was, in fact, short-latency afferent inhibition which had been described some years 168 

earlier. There was even less certainty about the postulated mechanism, involving stimulation of 169 

Purkinje cells and CBI. 170 

The best evidence we have that CBI depends on the cerebellum and its projections comes from a 171 

series of studies on patients. The first studies [25,26] were performed with electrical stimulation, 172 

but many more followed after the demonstration that CBI could be produced using TMS with a 173 

large double cone coil over the cerebellum, with less discomfort than the electrical technique [6]. 174 

Diseases mainly or selectively affecting the cerebellar cortex consist of spinocerebellar ataxias 175 

(SCAs; SCA 6 or SCA 31), cerebellar cortical atrophy (CCA), cerebellar-type multiple system 176 

atrophy (MSA-C), cerebellar stroke, cerebellitis, paraneoplastic CCA, and intoxication from 177 

antiepileptic drugs. All these conditions had impaired CBI [25,27]. The involvement of the dentate 178 

nucleus or superior cerebellar peduncle in dentatorubral–pallidoluysian atrophy (DRPLA) and 179 

Wilson’s disease also lead to reduced CBI [27]. In contrast, ataxic patients with lesions in cerebellar 180 

afferent pathways (pontine or middle cerebellar peduncular lesions, shown by blue arrows in Figure 181 

1) had normal CBI, even though the patients showed definite clinical cerebellar ataxia [27]. 182 

Similarly, CBI was present in patients with non-cerebellar ataxia, such as sensory ataxia, Miller-183 

Fisher syndrome, and hypothyroidism [25,27]. Taken together, these studies are strong evidence 184 

that CBI involves activation of structures in the cerebellar cortex and conduction to motor cortex 185 

via the superior cerebellar peduncle, and presumably the deep cerebellar nuclei. Following these 186 

initial studies, CBI has been investigated in healthy subjects performing behavioral tasks which are 187 

known to involve the cerebellum. It was shown that during a locomotion adaptation task, for 188 

example, CBI was reduced during the learning of a new locomotor pattern, but not during the actual 189 

performance. Moreover, the subjects who experienced the best adaptation, had the largest reduction 190 
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of CBI [28]. Corroborating the concept that CBI can be rapidly modulated in contextual specific 191 

manner, another study showed that CBI was clearly reduced prior to movement onset [29]. CBI has 192 

been also used to investigate cerebellar involvement in disorders in which there is no primary 193 

pathology of cerebellum. In progressive supranuclear palsy (PSP), CBI revealed cerebellar 194 

involvement in patients whose cerebellar clinical ataxic signs were masked by rigidity due to basal 195 

ganglia pathology [30]. CBI and prism adaptation task studies showed cerebellar impairment in 196 

patients with essential tremor [31]. 197 

 198 

Open questions about CBI 199 

TMS over the basal scalp using a large double cone coil activates many structures. Anyone who has 200 

taken part in a CBI study will testify that stimulation activates sensory afferents in the skin and 201 

peripheral motor fibers innervating neck muscles; and given the potential of the double cone coil to 202 

activate corticospinal fibers in the pyramidal decussation, cerebellar stimulation could also activate 203 

many other structures in the brainstem. So how certain can we be that CBI is what we think it is? 204 

 205 

Contamination of CBI by non-cerebellar inhibition 206 

As noted in the original experiments, later timings of CBI appear to be contaminated by effects that 207 

do not originate in the cerebellum. Meyer et al. [32] observed CBI in a patient with a cerebellar 208 

defect, but only with an interstimulus interval of 8-9 ms between cerebellum and M1. The authors 209 

proposed that this was caused by activation of peripheral structures at the neck level. This 210 

conclusion was reinforced by Werhahn et al. [33] who found that inhibition at longer inter-stimulus 211 

intervals (ISIs) (>7 ms) may be produced by peripheral nerve activation. A recent review article 212 

also concluded that CBI involves a cerebellar inhibitory (or disfacilitatory) effect on M1, but does 213 

not always reflect a purely cerebellar effect [34]. As a result of such studies, it is usually 214 

recommended to evaluate CBI at an ISI of 5 ms. 215 
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Another very important source of contamination is direct stimulation of the CST by the 216 

conditioning stimulus [3,35,36]. Sometimes this can be detected because it causes peripheral muscle 217 

activity (technically a CMEP: a cervico-medullary motor evoked potential), but intensities below 218 

motor threshold may still activate the CST, although the orthodromic volley is insufficient to bring 219 

spinal motoneurons to threshold. There can be two consequences of this subthreshold effect: (1) in 220 

addition to orthodromic activity to the spinal cord, there will also be antidromic action potentials to 221 

the cortex. These can collide with orthodromic activation from M1 stimulation and suppress motor 222 

evoked potentials (MEPs) at short interstimulus intervals of 3 – 4 ms, rather than 5 – 7 ms for CBI; 223 

(2) the orthodromic volley will increase excitability of spinal motoneurons even if it fails to reach 224 

discharge threshold. This could cancel out any CBI, even at 5 – 7 ms, and lead to the erroneous 225 

conclusion that CBI was reduced or absent. Thus, the intensity of cerebellar stimulation should 226 

always be adjusted relative to CST activation. It has been recommended that this should be 5 -10% 227 

below the threshold for evoking a CMEP in preactivated muscle [36].  228 

 229 

Does CBI involve activation of Purkinje cells? 230 

Figure 1 (red arrows) shows the hypothesized anatomical pathways activated in CBI. Purkinje cell 231 

stimulation inhibits ongoing facilitation from the dentate nucleus, withdrawing facilitation from 232 

motor cortex. However, given that CBI is usually evaluated at rest, can we be sure that there is any 233 

ongoing facilitation that can be withdrawn? And if facilitation is withdrawn would we not expect 234 

that the onset of CBI would be less abrupt than it appears to be? CBI is absent with a 4 ms interval 235 

between cerebellar and cortical stimulation but is present and often maximum if the interval is 5 ms, 236 

which implies a very synchronous and powerful onset. In contrast, withdrawal of facilitation should 237 

be slower and, in the absence of other factors, depend on the duration of the last excitatory 238 

postsynaptic potentials (EPSPs) that occur before facilitation was withdrawn. 239 

Although there is no information about resting dentate discharge in humans, studies in primates 240 

show a sustained resting level of discharge [37,38] which could presumably be suppressed by 241 
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activity of Purkinje cells. In addition, direct electrical stimulation of the superior cerebellar 242 

peduncle leads to activation of neurons in motor and premotor cortex [39], indicating an excitatory 243 

effect. However, facilitation was terminated after only a few ms by a longer lasting and dominant 244 

inhibition, so that the net effect of any ongoing dentate discharge on cortical excitability is unclear. 245 

Given the dominant inhibitory effect of peduncular stimulation, is it possible that CBI is produced 246 

by direct stimulation of cerebellar outflow? This is difficult to dismiss completely. The timing 247 

seems appropriate since peduncular stimulation in primates causes initial facilitation of cortex 4 ms 248 

later. If inhibition began shortly after that, then it would be appropriate to account for the onset 249 

latency of CBI at ISI = 5 ms. However, since there is no sign of facilitation prior to the onset of 250 

CBI, this seems unlikely in human. In addition, the duration of CBI is short compared with the 251 

duration of inhibition seen after direct stimulation. However, since the late component of CBI is 252 

contaminated by activation of peripheral afferents, some uncertainty remains. 253 

Finally, these experiments [39] may provide a way to explain how CBI can produce suppression 254 

with such an abrupt onset. As noted above, initial cortical facilitation is quickly followed by 255 

inhibition which the authors suggested was probably due to feedforward inhibition. Such an 256 

organization would mean that each EPSP produced by activation of a thalamo-cortical axon is 257 

terminated by a disynaptic inhibitory postsynaptic potentials (IPSP): rather than lasting (e.g. 15 ms), 258 

the EPSP may only last 1 -2 ms. Thus, withdrawal of facilitation by Purkinje suppression of dentate, 259 

as postulated for CBI, would result in rapid disfacilitation of the cortex because the duration of the 260 

last EPSPs to arrive at the cortical level is so short. 261 

 262 

Importance of Coil Geometry for evoking CBI 263 

The initial experiments [6] used a large angled figure-of-eight coil to explore CBI; smaller flat coils 264 

that are usually employed to activate M1 could not reliably produce CBI at 5 – 7 ms even though 265 

they always evoked clear suppression at 8 ms or longer [33]. Hardwick et al. [40] reassessed the 266 

problem and again found that CBI could only be evoked reliably with large coils and not with the 267 



12 
 

conventional flat figure-of-eight coils, a fact confirmed by later studies [41]. They also calculated 268 

the distance from the scalp to lobules V and VII, which would be the supposed location of 269 

projections to M1. They found that the distance of the nearest region of cerebellar surface was about 270 

1.5 times as far from the scalp as the surface of M1. However, the distance to lobules V and VII 271 

was even further, being 3 – 3.5 cm. This additional distance is presumably why CBI is difficult to 272 

obtain using coils conventionally employed to activate the M1 hand area. It should be noted 273 

however that such coils may be able to activate regions of the cerebellum closer to the scalp, as 274 

demonstrated, for example by Hashimoto & Ohtsuka [42], who used a flat figure-of-eight coil at 275 

localized scalp sites to stimulate vermal regions of the cerebellum and interact with voluntary 276 

saccadic eye movements. 277 

Finally, it should be recalled that the cerebellar surface is highly convoluted such that alignment of 278 

the Purkinje cells (if these are the target of TMS) can be at all angles respective to the direction of 279 

the induced currents in the cerebellum. Those that are parallel to the induced current will have a low 280 

threshold for stimulation whereas those that are perpendicular to the current will have a high 281 

threshold. Thus, TMS may activate very particular populations of Purkinje neurons which may 282 

differ between individuals, and which will vary according to the orientation of the coil on the scalp. 283 

 284 

Implications for future research 285 

The early experiences with TMS of the cerebellum should alert us to three unresolved questions 286 

about ctDCS. Indeed, it is important to know: (1) which effects of tDCS are due to modulation of 287 

the cerebellum itself and what could be caused by the influence of tDCS on other structures both 288 

centrally and in the periphery; (2) what is the optimal tDCS montage to achieve modulation of a 289 

specific target region of the cerebellum, and how will this be affected by the orientation of the 290 

Purkinje neurons of the cerebellar cortex; (3) what specific mechanism mediates the overall effects 291 

of tDCS. 292 

 293 
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Cerebello-cerebellar tDCS: what we know 294 

The interest of the scientific community in tDCS of the cerebellum keeps growing. This is 295 

illustrated by the number of articles published on the topic these last years (Figure 2). Given (1) the 296 

anatomical connectivity between the cerebellum and the spinal cord, brainstem, basal ganglia, and 297 

cerebral cortex, and (2) the multiple roles played by cerebellar circuitry in motor control, cognitive 298 

operations and emotional processing, the potential applications of ctDCS are huge. 299 

 300 

tDCS and cerebellar plasticity 301 

One of the main objectives of this CB-NIBS technique is to enhance neural plasticity, which is 302 

thought to underlie neuronal excitability and learning in vivo, including semantic prediction, word 303 

generation and verbal working memory [43–46]. In particular, the cerebellum seems to be engaged 304 

in the early acquisition of new motor and non-motor skills, whereas the primary motor cortex is 305 

likely involved in retention and consolidation of memory traces [47–49]. From a mechanistic 306 

standpoint, cerebellar circuitry operates as a forward controller learning to predict the precise timing 307 

of events [50]. Signals entering the cerebellum via the mossy fibers are processed in the granular 308 

layer, transmitted to Purkinje cells via parallel fibers through complex signals mediated by local 309 

interneurons, with a copy relayed in cerebellar nuclei. Purkinje cells inhibit nuclei via GABA. In 310 

other words, the cerebellar cortex orchestrates a side loop blocking or unblocking cerebellar nuclei 311 

[50]. Sites of synaptic plasticity are multiple in the granular layer, the molecular layer and at the 312 

level of cerebellar nuclei. Therefore, the concept of a single form of synaptic plasticity between 313 

parallel fibers and Purkinje neurons under the unique control of climbing fibers originating in the 314 

inferior olive is no longer valid [50]. This makes of the cerebellum a highly complex neuronal 315 

machine characterized by an unparalleled degree of flexibility. Furthermore, Purkinje cells are 316 

chemically heterogeneous, and the mossy fiber system itself is a critical actor in cerebellar plasticity 317 

[51]. Coordination is currently explained by accurate regulation of timing and gain in the different 318 

cerebellar modules composing the cerebellum [51]. Cerebellum is viewed as a timing machine in 319 
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whom interactions within the cerebellar cortex support sub-second timing, with supra-second timing 320 

requiring cortical and basal ganglia networks [52]. In this scenario, the mechanisms by which 321 

cerebellar polarization may improve learning in humans remain largely unknown, possibly 322 

involving both cortical and subcortical routes. A recent fMRI paper has shown that anodal ctDCS 323 

dampens putamen-cerebellar connectivity, reducing cerebellar inhibition and enhancing sequence 324 

learning in the serial reaction time task [53]. However, this observation does not explain the 325 

increased learning-related BOLD activity in M1, nor the effect of parallel and climbing fibers on 326 

synapses with Purkinje cells in DCN, also considered to play a key role in cerebellar-dependent 327 

learning [54]. 328 

 329 

Variability in the outcome of ctDCS 330 

Converging evidence suggests that CBI could be modulated by tDCS, although results are still 331 

unclear. The first neurophysiological evidence was by Galea et al. [17], who showed in healthy 332 

subjects that cathodal ctDCS decreased CBI, anodal ctDCS increased it, and sham stimulation 333 

induced no changes. Other results were reached by a later study [18], in which anodal ctDCS 334 

reduced CBI. Although controversial, such results clearly suggest that ctDCS can modulate 335 

cerebellar control over the motor cortex. Studies combining functional MRI with ctDCS have 336 

shown that ctDCS has a polarity-specific effect on the BOLD activity of the dentate nuclei and on 337 

functional connectivity [55,56]. Unfortunately, these are isolated findings. More systematic studies 338 

combining different imaging techniques are crucially needed to gain more insight into the 339 

underlying mechanisms of ctDCS and the possible impact it can have at neurophysiological level. 340 

Such fundamental studies are necessary, especially since the behavioral results of studies using 341 

ctDCS are divergent [57]. The variability in the outcome of ctDCS might be explained by recent 342 

modeling studies that have shown that different placements of the reference electrode (e.g., on the 343 

buccinator muscle or on the contralateral supraorbital area) can have a significant effect on the 344 

electric field distribution and orientation inside the cerebellum [58]. In addition, significant inter-345 
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individual differences in electric field distribution even when using the same sponge electrode 346 

montage have been shown [59]. Since both the distribution and the orientation of the electric field 347 

inside the cerebellum are critical to predict the behavioral effect of cerebellar stimulation future 348 

studies should consider modeling the electric field on an individual level, taking into account the 349 

areas and types of neurons (e.g. synapses between parallel fibers and dendritic trees of Purkinje 350 

cells, or Purkinje cell responsiveness) which are targeted [58]. High definition (HD)-tDCS might 351 

provide more opportunities concerning targeted stimulation, but more research is needed to address 352 

its limitations – such as the lower electric field strengths due to the smaller electrode-skin interface -  353 

and to determine the optimal electrode configuration [58].  354 

 355 

Cerebello-cerebellar tDCS: an entire field to discover 356 

At this stage of research, the approach of neuromodulation of cerebellar circuitry by application of 357 

tDCS targeting only the cerebellum remains totally open. We are missing data showing whether the 358 

tuning of a given portion of the cerebellar cortex with respect to another portion might impact on 359 

motor, cognitive or emotional processing. In theory, cerebello-cerebellar tDCS paradigms would 360 

enhance the excitability of a given area (area under the anode) and simultaneously reduce the 361 

excitability of the second area (area under the cathode), keeping in mind that the most accessible 362 

portion of the cerebellar cortex below the skull belongs to the posterior lobe (lobules VI-VII-VIII-363 

IX). Typical applications would be the treatment of defects of the intra-cerebellar distribution of 364 

activity as observed in dyslexia [60] or modulation of aberrant networks as observed in 365 

schizophrenia [61]. The length of parallel fibers in humans extends beyond several millimeters 366 

(mm), an anatomical parameter that needs to be considered for neuromodulation of the cerebellar 367 

cortex. 368 

 369 

Cerebello-cerebral tDCS 370 
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Cerebello-cerebral tDCS has been shown to be effective in very small samples of patients [62]. The 371 

technique can reduce postural tremor, action tremor and motor dysmetria. Both tremor and 372 

dysmetria are landmarks of cerebellar dysfunction. Tremor is particularly responsive in rare genetic 373 

ataxias related to calcium-activated chloride channel involved in neuronal excitation [63]. The 374 

improvement of motor dysmetria is associated with a favorable effect on the onset latency of the 375 

antagonist electromyographic (EMG) activity, a neurophysiological marker of the defect in 376 

programming of timing of motor commands. Again, there is a major need to address the following 377 

points: (1) which patients respond to this technique of stimulation? (2) what is the duration of the 378 

effect? (3) how does the technique impact on the plasticity occurring in the cerebellum? (4) is there 379 

a link with the functional level of the cerebellar reserve, defined as the capacity of the cerebellum to 380 

compensate for tissue damage or loss of function [64]? At a molecular level, the mechanisms of 381 

action include the modulation of ionic gradients in the extracellular space, regulation of channels 382 

and pumps as well as modulation of receptors/neurotransmitters [22]. All these elements are critical 383 

for neuronal plasticity. 384 

 385 

Transcranial alternating current (tACS) and the cerebellum 386 

Besides tDCS, the use of other transcranial electrical stimulation methods to stimulate the 387 

cerebellum is also increasing. tACS has been suggested as a promising stimulation method due to 388 

the intrinsic cerebellar oscillations. Naro et al. [44] already showed that tACS over the cerebellum 389 

is safe, and that certain frequencies can influence CBI and, consequently, motor adaptation. Other 390 

studies have investigated tACS but used a dual site approach to study the phase specificity of the 391 

stimulation [65,66]. By targeting the cerebellum and M1 at the same time, either in phase or anti-392 

phase, it has been demonstrated that intercortical functional synchronization is an important feature 393 

of motor performance improvement, irrespective of current intensity [65,66]. 394 

  395 

Implications for future research 396 
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Physiological and clinical effects of cerebello-cerebellar tDCS, in terms of changes in motor, 397 

cognitive and emotional behaviors, are still missing. However, this represents a scientific field to be 398 

further explored, in lights of its potentialities. Besides direct current (DC) and alternating current 399 

(AC) applications, several other stimulation methods have been sporadically used to manipulate the 400 

oscillatory activity and connectivity of the cerebellum, such as transcranial pulsed current 401 

stimulation (tPCS) [67] and oscillatory transcranial direct current stimulation (otDCS) [68], with 402 

promising effects on cognition and awareness. However, more research is needed to confirm the 403 

effectiveness of these methods and understand how they impact on the various forms of cerebellar 404 

plasticity. 405 

 406 

Animal models of CB-NIBS 407 

NIBS is expected to become an accepted tool to promote neural plasticity in a wide range of 408 

disabling disorders affecting the human brain, allowing symptomatic alleviation [69]. This is 409 

particularly relevant for cerebellar disorders, from pure cerebellar disorders to disorders affecting 410 

both cerebellar and extra-cerebellar circuits [70]. NIBS also contributes to the discovery of 411 

cerebellar functions [69]. The demonstration of the detailed network/cellular/molecular mechanisms 412 

of action of CB-NIBS will benefit from the analysis of both animal and human studies, provided the 413 

animal models are used in a translational perspective. Historically, disorders of basal ganglia such 414 

as Parkinson’s disease have attracted the attention of scientists interested in noninvasive and 415 

invasive neuromodulation techniques, but other nodes of the motor circuitry are gaining in interest 416 

[69,71]. The recent discovery of anatomical connectivity between the cerebellum and basal ganglia 417 

(subthalamic nucleus and striatum) has contributed to a reconsideration of the cerebellum as a 418 

potential target to manage movement disorders [72]. Modulation of basal ganglia might influence 419 

cerebellar circuitry and vice-versa [69]. 420 

 421 

Animal studies assessing NIBS of the motor cortex 422 
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We will not review here the details of the invasive approaches such as deep brain stimulation with 423 

implanted electrodes in animal models (including recent genetic approaches such as the Cre/LoxP 424 

model to silence selective tracts or the optogenetic stimulation instead of electrical stimulation) 425 

which have been discussed recently in details in another Consensus Paper [69]. The effects of 426 

TMS/tDCS/tACS of the cerebellum or the motor cortex have been explored mainly in rodents, but 427 

also in other species such as turtles or rabbits [73,74]. In TMS research, application of 4 weeks of 428 

low-intensity repetitive TMS (LI-rTMS) to the mouse cerebellum alters Purkinje cell dendritic and 429 

spine morphology [75]. Furthermore, LI-rTMS induces climbing fiber reinnervation to a denervated 430 

hemicerebellum. High-frequency stimulation increases intra-cellular calcium by releasing the ions 431 

from intracellular stores. tDCS of the motor cortex restores the excitability of the motor cortex 432 

which is observed contralaterally to a hemicerebellar ablation [76], and modulates CBI, as observed 433 

in humans [77]. Using extra-cellular recordings, it has been demonstrated in rats that the simple 434 

spike activity of Purkinje cells is particularly entrained by AC fields, with clear evidence that these 435 

neurons represent the primary cell type affected by electrical stimulation thanks to their 436 

connectivity and the morphology of their dendritic trees [78]. It has also been shown in rats, using 437 

optogenetic techniques that delta frequency optogenetic stimulation of thalamic synaptic terminals 438 

of lateral cerebellar projection neurons improve timing performances in a model of schizophrenia-439 

related frontal dysfunction [79]. In mouse, anodal stimulation of the cerebellum has an acute post-440 

stimulation effect on baseline gain reduction of the vestibulo-ocular reflex (VOR), a mechanism 441 

related to long-term potentiation (LTP) and intrinsic plasticity pathways of Purkinje neurons [80]. 442 

tACS entrains endogenous neural oscillations in the cerebellar cortex: (1) during the negative phase 443 

of a sinusoidal electric current applied over the cerebellar cortex, the firing rates augments in 444 

cerebellar cortex; (2) during the positive phase of tACS, the neural activity is suppressed [73]. The 445 

orientation of neurons with respect to the direction of the current administered is particularly 446 

relevant, given the highly folded structure of the cerebellar cortex. This is particularly relevant for 447 

neuromodulation due to the major role played by brain oscillations in sensorimotor and cognitive 448 
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processes. Within the cerebellar cortex, complex spike activity causes low frequency oscillations in 449 

the 1-4 Hz range, whereas simple spikes lead to high frequencies in the 160-260 Hz range, as shown 450 

using tetrode and multisite recording [81]. In vivo electrophysiological measurements in adult rat 451 

brain slices have confirmed marked resonance at 200 Hz in Purkinje neurons, as a result of the 452 

morphology of the Purkinje cell, interacting with a simple spiking mechanism and dendritic 453 

fluctuations [82]. Nevertheless, other studies have found a wide range of frequencies. Overall, it is 454 

assumed that NIBS tunes the patterns and timing of discharges within the cerebellar cortex. 455 

 456 

Implications for future research 457 

There is a clear need to develop standardized animal experiments to elucidate the mechanisms of 458 

action of NIBS in humans, in order to optimize/maximize the efficiency of cerebello-cerebral 459 

commands for a large list of brain disorders. Invasive approaches such as deep brain stimulation of 460 

the cerebellar cortex or cerebellar nuclei allow the fine characterization of the effects upon 461 

cerebello-cerebral networks and provide complementary data to the results obtained by NIBS 462 

techniques [69]. The community has accepted the safety profile of NIBS but is expecting clear-cut 463 

demonstrations on both its mechanisms of action and its effectiveness in selected disorders. Animal 464 

models are needed, for example, to explore the hypothesis that targeting the cerebellum might 465 

improve motor and cognitive deficits occurring after supra-tentorial stroke, given its massive 466 

connectivity with the cerebral cortex and its high degree of plasticity (see section 6 - Cerebellar 467 

Stimulation: a new Approach for Stroke Recovery). Moreover, NIBS might complement the 468 

pharmacological approach, since pharmacological therapies are effective in specific forms of 469 

cerebellar ataxias, but many progressive cerebellar disorders still lack active drugs (see section 9 - 470 

ctDCS in individuals with hereditary cerebellar ataxia). Therefore, potential complementary effects 471 

of NIBS and drugs should be investigated [83]. Animal models provide the opportunity to do so, 472 

and might contribute to the understanding of long-term neural consequences of NIBS, a question 473 

which still lacks a consensus [16]. Finally, animal models are also required to better understand 474 
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how NIBS acts upon cerebello-spinal projections, given the discovery that cerebello-spinal NIBS 475 

reduces symptoms in ataxic patients [84]. 476 

 477 

Effects of cerebellar non-invasive bran stimulation on motor learning in healthy and disease 478 

Learning new motor skills is vital for carrying out the daily life activities we perform. Our ability to 479 

learn new motor patterns or to adjust previously learned ones requires the engagement of several 480 

behavioral and plasticity mechanisms that span across a network of cortical and subcortical brain 481 

regions. A key node of the learning network is the cerebellum, which plays a particularly important 482 

role in acquiring new motor patterns when responding to new environmental demands and in re-483 

learning motor skills after injury [85]. Given the cerebellum's rich neuroplasticity potential, its 484 

modulation through CB-NIBS, like tDCS and theta-burst stimulation (TBS), has received increasing 485 

attention, with the aim to enhance performance during motor tasks.   486 

To understand how targeting the cerebellum with stimulation can influence motor learning, it is 487 

critical to distinguish the different types of learning tasks studied in a laboratory setting. This is 488 

because motor learning encompasses multiple processes, which range from an implicit error-driven 489 

mechanism for maintaining calibration of our movements to complex, high-level cognitive 490 

strategies to respond to novel environments [29,45]. Here, we will cover how cerebellar stimulation 491 

affects distinct task categories: motor adaptation and de-novo skill learning.  492 

Motor adaptation is the short-term reshaping of a well-practiced action in the face of dynamic 493 

perturbations (e.g., visuomotor rotation, force-field). In these tasks, participants learn to quickly 494 

reduce movement errors that are imposed by the perturbation by generating an internal model that 495 

predicts the consequences of efferent motor commands during movement. The cerebellum is widely 496 

believed to calibrate this model since patients with cerebellar lesions are impaired at adjusting their 497 

movements to novel environments [86]. This is supported by recent evidence showing that Purkinje 498 

cells appear to encode the outcomes of kinematic predictions rather than motor commands [87].  499 
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Animal studies have shown that adaptation is mediated through synaptic mechanisms of long-term 500 

depression (LTD) in Purkinje cells [88]. Similarly, studies in healthy individuals have shown a link 501 

between changes in cerebellar excitability and motor adaptation [12,28]. Bearing this in mind, along 502 

with the notion that anodal tDCS likely increases Purkinje cell activity, Galea et al. [48] 503 

investigated how applying this technique to distinct brain regions (cerebellum, M1, primary visual 504 

cortex - V1) influenced learning of a visuomotor rotation [48]. ctDCS was found to specifically 505 

speed-up the error reduction process, whereas M1 stimulation enhanced the retention of the newly 506 

learned rotation. No changes were found when stimulating V1, suggesting that modulating the 507 

cerebellum improves acquisition in reaching. Similar effects of ctDCS have been found for force-508 

field tasks [89] and locomotor adaptation [90]; however, the effects appear limited to the trained 509 

cerebellar hemisphere [91]. Interestingly, applying distinct cerebellar TBS protocols before a 510 

visuomotor rotation produces bidirectional effects on learning [12]. Intermittent TBS (iTBS), a 511 

protocol thought to increase cerebellar excitability by activating LTP of parallel fiber-Purkinje cell 512 

synapses, was found to accelerate adaptation in healthy subjects [12] and stroke patients [92]. For 513 

example, Bonnì et al. [92] reported that cerebellar iTBS increased in the performance of 8 chronic 514 

stroke patients during a visuo-motor adaptation task (i.e., during both the learning and re-adaptation 515 

phase of the task). On the other hand, continuous TBS (cTBS) produced an opposite effect by 516 

decreasing the learning rate [12]. Overall, these investigations indicate that cerebellar stimulation 517 

modulates motor behavior by enhancing cerebellar-dependent, error-based learning mechanisms. 518 

Unlike motor adaptation, motor skill learning refers to an improvement in both movement speed 519 

and accuracy of a novel motor pattern that goes beyond baseline levels. Indeed, skill learning 520 

requires one to develop movement patterns from scratch, which become automatized through 521 

repeated practice and fine-tuned by cerebellar-dependent learning mechanisms [47]. For example, 522 

successfully performing a tennis forehand swing requires one to learn how to control the tennis-523 

racket (i.e., develop an internal model) while performing a fluid sequence of movements. Thus, it is 524 

likely that skill learning can also benefit from excitatory cerebellar stimulation. The sequential-525 
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visuomotor isometric pinch force task (SVIPT) is a well-characterized task to mimic this kind of 526 

learning since it requires individuals to simultaneously learn how to control a new device in a novel 527 

environment, along with performing a sequence of isometric movements. Interestingly, when 528 

anodal ctDCS was administered during SVIPT performance, healthy individuals showed enhanced 529 

motor skill acquisition [93]. Specifically, skill improvement was marked by reduced errors rather 530 

than movement times. This finding suggests that tDCS may enhance cerebellar-dependent error-531 

based learning, which likely plays a role in developing an internal representation of skill task 532 

dynamics.  533 

It should be noted that skill learning also requires the involvement of cognitive strategies (e.g., 534 

tennis players will aim to place the ball at a location away from the opponent). Given the 535 

accumulating evidence that the cerebellum plays an important role in cognition and its vast 536 

connections to prefrontal areas [85], tDCS may also enhance the implementation of strategies. 537 

Supporting this notion, inhibitory repetitive TMS (rTMS) over the cerebellum disrupts cognitive 538 

functions like procedural learning, as measured by the serial reaction time task (SRTT), where 539 

individuals must learn to respond as quickly as possible to stimuli that cue a specific keyboard 540 

button response [94]. On the other hand, anodal ctDCS applied during SRTT performance was 541 

found to reduce error rates [95] and reaction time responses [96], indicating that stimulation can 542 

also improve cognitive components that are embedded in motor skills.  543 

The work highlighted above importantly demonstrates that the cerebellum has a role in various 544 

motor and cognitive activities, which suggests that applying neuromodulatory strategies to this 545 

brain region may be particularly effective for improving patient recovery. Indeed, a recent clinical 546 

trial found that combing cerebellar iTBS with physical therapy to patients with stroke leads to 547 

improved gait and balance recovery by enhancing motor relearning and promoting cerebello-548 

cortical reorganization [97]. While the effects of anodal tDCS on motor function in stroke remain 549 

unclear, recent work has shown that cerebellar stimulation enhanced the effects of behavioral 550 

aphasia [98]. Finally, applying a single-session of anodal ctDCS improved the symptoms of patients 551 
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with ataxia [99], providing preliminary evidence for the efficacy of tDCS, to be further explored in 552 

future rehabilitative approaches. 553 

 554 

Implications for future research 555 

Recent evidence demonstrates how modulating cerebellar excitability with NIBS can enhance 556 

motor learning. As the effects of stimulation in healthy individuals primarily enhances the 557 

acquisition of new motor patterns, these interventions have the potential to augment physical 558 

therapy and speed up rehabilitation processes. Given the role the cerebellum plays in numerous 559 

learning paradigms, stimulation over this region might support patient recovery in both motor and 560 

cognitive functions. Further studies are needed with larger sample sizes, homogenous populations, 561 

as well as optimized study designs and stimulation protocols. 562 

 563 

 564 

 565 

Cerebellar Stimulation: a new Approach for Stroke Recovery 566 

Stroke is a major cause for mortality, disability, and resulting economic costs for health care 567 

systems worldwide [100]. Further optimization of post-stroke care, including the development of 568 

novel treatment strategies, is of great importance. One promising novel strategy is the combination 569 

of CB-NIBS with behavioral training.  570 

 571 

Stroke and cerebellar neurophysiology 572 

Stroke often results in brain network disturbances, frequently impacting the cortico-cerebellar 573 

system. For instance, one pathophysiological consequence frequently described is cerebellar 574 

diaschisis – a reduction of cerebral blood flow and metabolism in the contralateral cerebellar 575 

hemisphere following a supratentorial ischemic stroke [101]. Furthermore, vascular lesions of the 576 

cerebellar cortex, thalamus, or posterior limb of the internal capsule have shown to result in 577 
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disbalanced cerebellar cortical output, including aberrant CBI [102]. These processes have been 578 

associated with functional impairment, making them a potential mechanistic target to develop and 579 

test novel CB-NIBS protocols. Additionally, CB-NIBS could be used to support intrinsic learning 580 

processes with the aim of augmenting the reacquisition of lost abilities [103]. Of note, this treatment 581 

strategy may be applicable to various syndromes following stroke. For example, frequent target 582 

impairments are hand motor deficits, balance and gait disturbance, or cognitive abnormalities – 583 

affecting ~ 85%, ~ 50%, ~ 60% of stroke survivors respectively [104]. Table 1 summarizes a series 584 

of investigations testing the use of CB-NIBS to treat different impairments in stroke survivors.   585 

 586 

CB-NIBS studies targeting balance and gait 587 

The largest proportion of research was conducted assessing potential effects on balance and gait 588 

functions. For instance, Zandvliet et al. [105] studied the effect of ipsi- and contralesional anodal 589 

ctDCS in combination with training of a balance tracking task in 15 chronic stroke patients. Their 590 

study followed a randomized, single-blind, sham-controlled, cross-over design. Active 591 

contralesional stimulation led to an improved tandem stance performance at the post-stimulation 592 

evaluation, when compared to sham. This pioneering work is important as it documents the 593 

potential of improving balance function in stroke using ctDCS, in a task, which has considerable 594 

similarity to everyday life activities. Complementary to this work, Koch et al. [97] provided 595 

important evidence that multi-session iTBS of the contralesional cerebellar hemisphere applied in 596 

combination with physiotherapy for a duration of 3 weeks can lead to an improvement in gait and 597 

balance function as quantified with the Berg Balance Scale (BBS) [106]. Picelli et al. [107] 598 

extended the described approach by testing a multi-site stimulation strategy in 20 chronic stroke 599 

patients. In their first pilot trial, the authors compared a group receiving cathodal contralesional 600 

ctDCS plus cathodal spinal tDCS (S-tDCS) with a group receiving anodal tDCS to the ipsilesional 601 

primary motor cortex (M1-tDCS) plus cathodal S-tDCS. The stimulation protocols were applied for 602 

20 minutes over 10 sessions while patients performed robot-assisted gait training (RAGT). The 603 
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cerebellar-spinal stimulation group reached a larger improvement in the primary outcome (6-minute 604 

walk test – 6MWT) [108], when compared to the M1-spinal group. In a follow-up study, Picelli et 605 

al. [109] compared cathodal cerebellar-spinal stimulation protocol targeting the contralesional 606 

cerebellar hemisphere to an ipsilesional cerebellar hemisphere stimulation group, while the patients 607 

underwent RAGT. No significant group differences in the primary outcome (6MWT), were found. 608 

The work from Picelli et al. [109] is of particular relevance, since it tested an innovative multi-site 609 

stimulation approach and documented the feasibility of combining ctDCS with a neurotechnology-610 

based intervention (RAGT). CB-NIBS has been also used to target balance and gait functions in 611 

patients with posterior circulation stroke including cerebellar lesions, for example the studies from 612 

Bonni or Kim et al. [110,111]. These studies applied different TMS protocols (iTBS and 1 Hz 613 

conventional rTMS) in different patient cohorts (chronic versus acute stroke) and demonstrated an 614 

improvement in balance and gait function. 615 

 616 

 617 

CB-NIBS studies targeting cognitive deficits 618 

Other studies have assessed the effects of CB-NIBS in stroke patients with cognitive abnormalities, 619 

in particular in the language domain. In their pioneering work, Sebastian et al. [98] applied anodal 620 

tDCS to the right cerebellum in a double-blind, sham-controlled, within-subject cross-over case 621 

design studying a mute chronic, stroke patient with bilateral lesions in the middle cerebral artery 622 

territory. The stimulation protocol was applied over 15 sessions concurrently to a behavioral 623 

spelling treatment. Active stimulation improved spelling to dictation performance, when compared 624 

to sham. This case study is important as it provides preliminary evidence for the feasibility of 625 

repetitive application of ctDCS to target language abnormalities following stroke. Of note, the 626 

combined behavioral and ctDCS treatment induced improvements beyond the trained task, 627 

indicating transfer effects to related activities (written picture naming). Similarly, Marangolo et al. 628 

[112] extended this approach by studying the effects of cathodal tDCS applied to the right 629 
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cerebellum concurrently to a language training. Their study cohort consisted of 12 chronic stroke 630 

patients with left-hemispheric lesions and resulting mild non-fluent aphasia. Active stimulation 631 

resulted in greater improvement in a verb generation task, when compared to sham. This proof-of-632 

principle work was crucial as is indicates the effectiveness of ctDCS to augment language training 633 

in a small cohort of mildly affected stroke patients. Indeed, in a recent follow-up investigation, 634 

Sebastian et al. [113] performed a randomized, double-blind, sham-controlled, within-subject cross-635 

over study design, where participants received anodal ctDCS (N = 12) or cathodal ctDCS (N = 12) 636 

plus computerized aphasia therapy as well as sham plus computerized aphasia therapy. The authors 637 

found that tDCS was more effective than sham in the immediate post-treatment phase for 638 

participants who received ‘tDCS first’; a significant effect of tDCS for untrained naming was also 639 

observed immediately and 2 months post-treatment. These interesting findings corroborate the 640 

concept that cerebellar stimulation might be an optimal target site for aphasia rehabilitation solving 641 

the concerns over stimulation of a lesioned brain area. 642 

 643 

Other applications 644 

ctDCS may also be useful to improve hand motor function following stroke. This novel approach is 645 

supported indirectly by a growing body of evidence documenting beneficial effects of ctDCS on 646 

different motor learning hand skill tasks in young healthy volunteers [93,114]. Yet, to the best of 647 

our knowledge, evidence favoring this treatment approach in the stroke cohort is lacking. 648 

 649 

Implications for future research 650 

CB-NIBS is a promising alternative approach to reduce a variety of impairments in stroke 651 

survivors. However, to help establish CB-NIBS in clinical practice additional research is needed: 652 

(1) to determine the role of the cerebellum in recovery processes; (2) to investigate the effects of 653 

different stimulation protocols, e.g., effect of stimulation polarity, focality, and duration; (3) to 654 

assess interactions between task-specific training and CB-NIBS; (4) to identify predictors of clinical 655 
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response; (5) to confirm CB-NIBS efficacy in regular clinical settings by performing larger 656 

randomized controlled trials. 657 

 658 

CB-NIBS in relation to speech and language 659 

Clinical and neuroimaging studies have implicated the cerebellum in the regulation of speech and 660 

language, and CB-NIBS may offer substantial advantages in establishing a causal role in these 661 

functions [115]. This section provides a brief overview of CB-NIBS studies examining such a role 662 

in healthy adults, along with those that have used CB-NIBS as a neurorehabilitation method. 663 

 664 

Verbal working memory 665 

Cerebellar pathology has been often associated with impairment in verbal working memory, and 666 

functional neuroimaging has disclosed task-related cerebellar activation in verbal working memory 667 

tasks [115]. Consistent with these findings, CB-NIBS effects on Sternberg task performance have 668 

been reported, with single-pulse TMS (right HVI/HVIIa Crus I) increasing response latencies [116], 669 

and with cTBS (right posterolateral cerebellum) impairing accuracy [117]. Further evidence has 670 

been provided by ctDCS studies. In Ferrucci et al. [118], both anodal and cathodal bilateral 671 

posterolateral CB-NIBS compromised the practice-dependent reduction in response latencies; in 672 

Boehringer et al. [119], cathodal ctDCS (right posterolateral cerebellum) decreased forward digit 673 

spans and impaired the practice-induced increase in backward digit spans. In Macher et al. [120], 674 

impaired recognition of items of medium difficulty (memory load) was reported following anodal 675 

ctDCS (right cerebellum), with no effect on items of low or high difficulty. These results suggest 676 

that task difficulty may interact with stimulation effects. Such interactions were also reported in 677 

another study [121], where cathodal ctDCS (right posterolateral cerebellum) increased response 678 

speed on the (difficult) Paced Auditory Serial Subtraction Task [122], but not on the (easier) Paced 679 

Auditory Serial Addition Task [121]. In conditions of high executive demand and memory load, 680 
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depression of the cerebellar cortex may release cognitive resources by disinhibiting the contralateral 681 

prefrontal cortex and enhancing performance [121].  682 

 683 

Verbal fluency 684 

Likewise, functional neuroimaging and clinical studies have been corroborated by neurostimulation 685 

research in establishing a cerebellar role in verbal fluency [115]. In Arasanz et al. [123], two groups 686 

completed phonemic and semantic fluency tasks pre- and post-cTBS: one received stimulation over 687 

the right posterolateral cerebellum and the other on the left. Right CB-NIBS induced lower 688 

switching (i.e., exhaustion of a phonemic or semantic cluster and shift to another) scores in the first 689 

15 seconds of phonemic fluency performance, without affecting semantic fluency (but see Rami et 690 

al. [124]). In a tDCS study, facilitatory effects were reported following cathodal ctDCS (right 691 

posterolateral cerebellum) on the rate and consistency of participants’ responses in a verb-692 

generation task [121]. In another study [56], anodal ctDCS (right posterolateral cerebellum) 693 

improved phonemic fluency (trend in the same direction was observed for cathodal stimulation). 694 

 695 

Predictive language processing 696 

The cerebellum might optimize language processing by supporting predictive mechanisms, as it 697 

does on motor control [125]. Noun-to-noun (forward) phrasal associative priming (but not semantic 698 

categorical priming) was enhanced following right posteromedial cerebellar cTBS [126]. Moreover, 699 

noun-to-verb (forward) semantic associative priming (but not semantic categorical priming) was 700 

enhanced following right posterolateral cerebellar cTBS [127]. In Allen-Walker et al. [128], cTBS 701 

of the left posterolateral cerebellum increased backward associative priming (and no changes for 702 

forward priming). Furthermore, 1-Hz rTMS (right posterolateral cerebellum) slowed participants’ 703 

predictions of the final noun in sentences presented verbally [129]. In Miall et al. [130], cathodal 704 

ctDCS (right posterolateral cerebellum) decreased and anodal ctDCS increased the speed advantage 705 

for the predictable sentence items, without changing performance for the nonpredictable ones. In 706 
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Gatti et al. [131], participants judged whether noun-adjective pairs were semantically related, while 707 

online neuronavigated TMS was administered over a control site or a right posterolateral cerebellar 708 

site implicated in semantic prediction. CB-NIBS caused a selective decrease in accuracy for related 709 

pairs relative to unrelated ones, consistent with theories extending the cerebellar predictive role to 710 

semantic processing. In Dave et al. [132], neuronavigated offline rTMS (beta stimulation) of a right 711 

posterior HVIIa Crus I region (vs. a control site) influenced the N400 ERP component during 712 

semantic prediction in sentence comprehension. 713 

 714 

Grammar 715 

Cerebellar pathology has also been associated with grammatical deficits [115]. An rTMS study 716 

[133] has disclosed evidence of cerebellar involvement in processing spatial-temporal associations 717 

in verb tenses. Participants indicated whether a verb was past or future tense with right and left 718 

response buttons. Faster and more accurate responses were produced if the left button was 719 

associated with the past and the right with the future tense. Stimulation over both cerebellar 720 

hemispheres decreased such accuracy for identifying future (right) and past (left) tense. Right CB-721 

NIBS selectively increased response latencies to the future tense of action verbs. These findings 722 

were interpreted as reflecting a cerebellar role in processing grammatical rules for verb conjugation, 723 

and in anticipating future events based on past experiences. 724 

 725 

Speech motor programming 726 

NIBS may also help to establish whether the cerebellum supports speech production above and 727 

beyond articulatory execution [115]. A low-frequency rTMS study [134] investigated the possibility 728 

of a causal role of the right posterior cerebellum (right or left HVIIa Crus I and II) in speech motor 729 

programming, especially the self-monitoring of speech errors. Performance in a speech production 730 

task was impaired after right CB-NIBS, suggesting that the cerebellum may support internal models 731 

of upcoming speech via verbal working memory processes. 732 
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 733 

Effects on cerebro-cerebellar networks 734 

Further studies have combined NIBS with functional neuroimaging to investigate the effects of CB-735 

NIBS on the interaction between the cerebrum and the cerebellum within the context of speech and 736 

language processing. In Cho et al. [135], 1-Hz rTMS (left posterolateral cerebellum) was followed 737 

by increased glucose metabolism (fludeoxyglucose PET - FDG PET) in cognition- and language-738 

related areas, including Wernicke’s and Broca’s areas, interpreted as reflecting compensatory neural 739 

activity. In Macher et al. [136], anodal ctDCS (right cerebellum) was followed by impaired digit 740 

recognition performance (modified Sternberg task). Attenuated signal (fMRI) was reported in right 741 

HVIIb, along with decreased functional connectivity between HVIIb and the posterior parietal 742 

cortex in the late encoding phase. In another study [56], however, anodal ctDCS (right 743 

posterolateral cerebellum) modulated resting-state functional connectivity in language networks, 744 

increased the functional connectivity between the cerebellum and language and speech-motor 745 

regions, and improved verbal fluency. In D’Mello et al. [55], anodal ctDCS (right posterolateral 746 

cerebellum) increased activation in right HVIIa Crus I/II during semantic prediction and enhanced 747 

resting-state functional connectivity between hubs of the reading/language networks; ctDCS effects 748 

were focal to language-associated regions of the cerebellum and cerebral cortex. 749 

 750 

Neurorehabilitatory potential 751 

Given the functional and anatomical connectivity of the (right) cerebellar hemisphere with core 752 

language regions in the (left) cerebral hemisphere, CB-NIBS has also been employed in studies of 753 

speech and language rehabilitation [115]. Some studies have employed inhibitory CB-NIBS 754 

protocols. Their facilitatory effects are often attributed to a reduction of CBI over the motor and 755 

nonmotor cerebral areas targeted by the cerebellar nuclei.  In Marangolo et al. [112], ctDCS was 756 

combined with language treatment in 12 aphasic patients. Each patient underwent ctDCS in four 757 

conditions (right posterolateral cathodal vs. sham stimulation; verb naming vs. generation), run in 758 
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five consecutive daily sessions over four weeks. Improvement was only noted for verb generation 759 

following cathodal stimulation, suggesting that ctDCS is efficacious in tasks requiring the 760 

additional employment of non-linguistic strategies. These effects dovetail with those noted 761 

following cathodal ctDCS on the rate and consistency of responses in verb generation in healthy 762 

adults [121]. In Sebastian et al. [113], 24 patients with chronic aphasia received anodal or cathodal 763 

ctDCS and computerized aphasia therapy followed by sham stimulation and computerized aphasia 764 

therapy, or the opposite order. While there was no significant effect of treatment (ctDCS vs. sham) 765 

for trained naming, ctDCS was more effective than sham when it followed treatment immediately. 766 

For untrained naming, there was significant improvement immediately post-treatment, which 767 

persisted for 2 months. The enhancement was larger following cathodal ctDCS for both trained and 768 

untrained naming.  769 

Inhibitory CB-NIBS protocols have also been employed in cerebellar pathology. In [137], a low-770 

frequency rTMS protocol (right posterolateral cerebellum; 21 days of stimulation) was applied on a 771 

patient with idiopathic late-onset cerebellar atrophy that presented with scanning speech dysarthria. 772 

Improvements were noted for limb coordination and gait, but also for speech (louder and clearer 773 

voice), and naming in dual-task conditions, consistent with the enhancement noted in healthy adults 774 

following inhibitory CB-NIBS protocols [121]. In Lin et al. [138], 19 SCA patients underwent 775 

neuronavigated cTBS (right cerebellum vs. sham stimulation) and were then instructed to produce 776 

sustained vowels while perceiving their voice pitch-shifted. Relative to sham, cerebellar cTBS led 777 

to smaller magnitudes of vocal compensations for pitch perturbations, showing that CB-NIBS can 778 

modulate the abnormal auditory-vocal integration in SCA. 779 

In other studies, the application of excitatory protocols was accompanied by increased CBI and 780 

facilitatory effects. In Brusa et al. [139], daily sessions of bilateral posterolateral iTBS for 2 weeks 781 

in 10 PSP patients were followed by increased CBI, bilaterally increased BOLD signal in the 782 

caudate nuclei, and alleviation of dysarthria. In Sebastian et al. [98], ctDCS (anodal vs. sham) was 783 

combined with spelling therapy in a patient with aphasia and anarthria due to large bilateral chronic 784 
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strokes. There was greater improvement with ctDCS relative to sham, especially for untrained 785 

words, with generalization to written picture naming only seen during ctDCS. These improvements 786 

were accompanied by increased resting-state cerebro-cerebellar functional connectivity. However, 787 

in a study of 24 patients with chronic post-stroke aphasia, anodal ctDCS (right cerebellum) did not 788 

enhance language processing, either immediately following treatment or after 3 months [140].  789 

 790 

Implications for future research 791 

The above findings highlight the need for a better understanding of the effects of different CB-792 

NIBS protocols on performance in different tasks, as well as how and why these vary between 793 

healthy adults and patients, but also among different types of patients. Methodological 794 

enhancements improvements are required, including preregistered, sham-controlled, double-blind 795 

studies using larger sample sizes and neuronavigated localization of the stimulation site. 796 

 797 

ctDCS evidence in neuropsychiatric disorders 798 

The cerebellum has been found to have a functional role in psychiatric disorders, such as attention 799 

deficit hyperactivity disorder, autism spectrum disorders, schizophrenia, bipolar disorder (BD), 800 

major depressive disorder, and anxiety disorders [141]. This is not surprising, given the intricate 801 

connections between the cerebellum and other cerebral structures, for example those cortical areas 802 

responsible for cognitive and emotional processes through the cortico-ponto-cerebellar and 803 

cerebello-thalamo-cortical pathways [141]. In this context, ctDCS has both a clinical and 804 

neurophysiological aim, since it might provide a beneficial approach for psychiatric conditions and 805 

a tool to explore pathophysiological processes, similarly to other clinical conditions [22,142]. 806 

Indeed, although this field is still in its infancy, some studies have indicated the effect of ctDCS in 807 

psychiatric diseases. 808 

 809 

Available clinical evidence 810 
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Since tDCS has been suggested as a valuable tool for the treatment of neuropsychiatric conditions 811 

such as depression, schizophrenia, addiction and chronic pain [143,144], and cognitive 812 

improvement has been observed in some patients undergoing tDCS [145], montages involving 813 

stimulation over the cerebellum have been tested in several studies. For example, Ho et al.  [146] 814 

compared mood and neuropsychological functions (memory and frontal lobe functions) in two 815 

groups of depressed participants (N=14) treated with cortical tDCS and ctDCS. Two montages were 816 

considered: Fronto-Occipital (F-O) and Fronto-Cerebellar (F-C), both with intensity set at 2 mA for 817 

20 min/day for 3 consecutive weeks. No significant neuropsychological changes were found, but 818 

mood improved under the F-O condition, with lesser improvement in the F-C condition. Clearly, the 819 

small sample size and the absence of a sham control group affected this open label pilot study. The 820 

same year, Minichino et al. [147] used prefronto-cerebellar tDCS in 25 euthymic outpatients with a 821 

diagnosis of BD Type I or II to improve sleep quality, as assessed by the Pittsburgh Sleep Quality 822 

Index (PSQI) [148]. The authors demonstrated that the stimulation (2 mA for 20 min/day for 3 823 

consecutive weeks) delivered through a cathodal electrode over the right cerebellar cortex and 824 

anode over the left dorsolateral prefrontal cortex (DLPFC) significantly improved PSQI total score 825 

and all PSQI sub domains. The same protocol was repeated [149] to test neuropsychological 826 

changes of 25 euthymic patients with BD. The Rey Complex Figure Test [150] delayed recall and 827 

copy, as well as the Neurological Examination Scale were used as outcomes, suggesting that such 828 

stimulation might increase visuospatial memory and executive functioning in euthymic BD patients. 829 

Analogously to the previous study, the small sample size and the absence of a sham control group 830 

might have influenced these findings.  831 

More recently, cerebellar stimulation was tested in patients with obsessive–compulsive disorder 832 

(OCD). Indeed, an open-label pilot study [151] applied right anodal ctDCS (with cathode over left 833 

orbitofrontal cortex) to 8 patients with treatment-resistant OCD (2mA, twice a day for 5 days). The 834 

study was the first to demonstrate the clinical relevance of ctDCS in combination with selective 835 

serotonin reuptake inhibitors (SSRIs) in patients with treatment-resistant OCD. Indeed, although 836 
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depressive symptoms were not improved as assessed by the Montgomery and Asberg Depression 837 

Rating Scale (MADRS) [152], the Yale–Brown Obsessive and Compulsive Scale score (Y-BOCS) 838 

[153] decreased by more than 25%, with beneficial effect on the severity of obsessive and 839 

compulsive symptoms lasting for 3 months. Clearly, more knowledge needs to be gathered to 840 

confirm these results. 841 

 842 

Implications for future research 843 

Current findings provide preliminary support for the safety, feasibility and beneficial effect of 844 

ctDCS for psychiatric conditions. However, such restorative potential must be confirmed through 845 

controlled and methodologically uniform clinical research. Indeed, future works should investigate 846 

several unclear points, such as the characteristics of the patients, the pathological stages or the type 847 

and site of stimulation to reach an optimal response.  848 

 849 

ctDCS in individuals with hereditary cerebellar ataxia  850 

Hereditary Cerebellar Ataxia (HCA) encompasses a heterogeneous group of autosomal recessive, 851 

autosomal dominant, X-linked and mitochondrial ataxias [154]. The autosomal dominant cerebellar 852 

ataxias (ADCA) are classified into more than 40 subtypes of SCA [154], whilst Friedreich ataxia 853 

(FRDA) is the most common of the autosomal recessive cerebellar ataxias (ARCA) [155]. The most 854 

common group of the ADCAs, the SCAs, arise from trinucleotide expansions, in particular CAG 855 

trinucleotide expansions (SCA1, SCA2, SCA3, SCA6, SCA17, and DRPLA) [155]. The incidence 856 

of SCA in the general population is about three affected people per 100,000 [156]. FRDA, arising in 857 

96% of cases due to homozygosity for a GAA expansion, affects one in 29,000 people [157]. 858 

Clinically, these conditions are typified to varying degrees by incoordination of gait, limb, ocular 859 

movement, and speech. Some HCAs have associated features such as neuropathy, spasticity, cardiac 860 

dysfunction and behavioral/cognitive impairment [156]. Age of disease onset is variable but most 861 

often in adulthood, the exception being FRDA, in which the average age at disease onset is 10 years 862 
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[157]. Although clinical presentation and progression are variable, an universal feature is 863 

progressive deterioration of motor and cognitive function. To date no specific therapies have been 864 

identified that can alter the course of these devastating, life-threatening diseases. The challenge for 865 

clinical researchers is to establish effective non-pharmacological interventions that can modify the 866 

unremitting, declining trajectory towards functional dependency which typifies this group of 867 

diseases. Optimum motor and cognitive function for people with HCA is critical to all aspects of 868 

daily function.  869 

 870 

Available clinical evidence 871 

There is now increasing evidence that CB-NIBS such as tDCS can produce changes in neural 872 

plasticity that last beyond the period of stimulation and are clinically relevant [16]. Notably the 873 

capacity of ctDCS to modulate neuronal excitability suggests that it may have a therapeutic benefit 874 

in HCA [16]. Indeed, the capacity to influence the excitability of the cerebello-thalamo-cortical 875 

pathway by stimulation of the cerebellar cortex alone, or combined with stimulation to the 876 

contralateral motor cortex, has been the focus of many tDCS studies in individuals with HCA 877 

[62,158–160]. Reflecting the burgeoning interest in this area several systematic literature reviews 878 

appraising the efficacy of ctDCS on motor control in the HCAs have been published [161–164]. 879 

Three recent reviews report the findings of various open-label, single and double-blind studies 880 

examining the efficacy of tDCS on improving motor control in individuals with HCA [161–163]. 881 

Two of these publications reviewed the same eight studies (N=81) determining the application of 882 

tDCS in improving motor outcomes, particularly in those with less clinical severity [163,164]. In 883 

addition, Benussi et al. [162] reviewed 10 published studies (N=116), confirming the favorable 884 

effect of tDCS on a range of motor domains including gait, balance and upper limb function [162]. 885 

Extending the scope of a systematic review, Chen et al. [161] conducted a meta-analysis on five 886 

randomized controlled trials (N=72) examining safety and the effect of tDCS on hand and gait 887 

function in individuals with HCA [161]. This meta-analysis verified the safety and specificity of 888 
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active (versus sham) tDCS, as demonstrated by a 26.1% (p = 0.003) improvement in gait ataxia (as 889 

measured by the 8 Minute Walk Test), and a 28.2% improvement in function after three months (p 890 

= 0.04) of treatment. In contrast there were no significant differences in hand function (as measured 891 

by the Nine Hole Peg Test) [165] following tDCS [161]. Likewise, a study by Hulst et al. [166] did 892 

not find the application of tDCS effective in improving adaptation in a force field reaching task in a 893 

group of 20 individuals with principally dominant HCA, compared to control participants [166]. 894 

Similarly John et al. [167] did not find the application of tDCS effective on improving grip force in 895 

14 individuals with cerebellar degeneration [167]. The findings in both these studies give credence 896 

to the premise of Chen et al. [161] that the efficacy of tDCS may be depend on specific tasks, 897 

parameters, or outcome measures. 898 

 899 

Open questions about ctDCS in HCA 900 

Whilst it would appear that the application of tDCS holds promise as a motor intervention for 901 

individuals with HCA, it is crucial to understand the source of these divergent results particularly in 902 

order to inform the design of future studies. Possible reasons for such variation include: 1) a small 903 

and heterogeneous sample, 2) diversity of primary and secondary outcome measures, 3) varying 904 

stimulation parameters, and 4) inconsistent application of randomization, sham and/or blinding 905 

conditions [162]. Further work is required to establish a consensus regarding tDCS as an effective 906 

therapeutic intervention for individuals with HCA [168].  907 

 908 

Neurophysiological mechanisms of ctDCS 909 

Further elucidations of the neural mechanisms underlying brain reorganization necessary for 910 

mitigating the effects of disease on motor function is warranted either prior to, or in conjunction 911 

with efficacy studies [161]. In particular, interrogation of CBI and measures of intracortical 912 

inhibition/excitation such as long-interval cortical inhibition (LICI) and short-interval cortical 913 

inhibition (SICI) will provide tangible information about the integrity of cerebello-cerebral 914 
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connectivity necessary for optimum motor control [34,103]. Some studies have recognized the 915 

utility of CBI in highlighting the possible neurophysiological mechanism underlying improvement 916 

in motor control [162,169], incorporating CBI as an outcome measures alongside neurological and 917 

functional measures. However, further studies are required specifically examining inhibition in 918 

targeted HCAs (for example, those with significant dentate nuclei pathology such as FRDA, 919 

DRPLA and SCA3, as opposed to those with significant loss of function in Purkinje cells such as 920 

SCA6, SCA31, SCA2 and early-onset ataxia with ocular motor apraxia) [170]. 921 

 922 

Heterogeneity (and rarity) of clinical phenotypes  923 

Accordingly, the issue of heterogeneity of etiology in HCA warrants consideration in studies of 924 

ctDCS in individuals with HCA. Given the rarity of the sub-types of the HCA, it is unsurprising, 925 

but potentially problematic, that most studies include participants with a mix of dominant, 926 

recessive, and sporadic ataxias in order to achieve sufficient statistical power. Mixed response to 927 

ctDCS may reflect the heterogeneity of the HCAs in regard to both neuropathology and clinical 928 

phenotype. Whilst the cerebellum is a unifying site of pathology across the disorders, associated 929 

spinocerebellar tract, dorsal column, inferior olive, pontine nucleus, red nucleus, ventrolateral 930 

thalamus, vestibular nucleus or peripheral nerve pathology may also be present to varying degrees 931 

[170].  Based on neurodegeneration in cerebellar circuitry, Tada et al. [170] postulated a 932 

classification of individuals with HCA according to the four primary loci of neuropathology that is, 933 

the Purkinje cells, the cortico-ponto-cerebellar system, the spinocerebellar system and the cerebellar 934 

deep nuclei [170]. Understanding the variability of response to tDCS in the context of HCA 935 

neuropathology is crucial to designing targeted ctDCS efficacy studies (see the study by Grimaldi et 936 

al. [62]) considering disease severity as a reflection of cerebellar integrity. A number of studies 937 

suggest that ctDCS may be most beneficial for patients with lesser clinical severity (see Chen et al. 938 

[161] for a review). Stratification of the cohort according to clinical severity may assist in sub-939 

group analysis of tDCS efficacy. Participants with milder symptoms, perhaps reflecting greater 940 
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cerebellar volume, may be more suited to ctDCS aimed at facilitating neural compensation for 941 

evolving cerebellar deficiencies than those later in the disease trajectory [164]. 942 

 943 

Sensitivity of the outcomes  944 

Whilst the most common outcome measures for ctDCS trials have been neurological rating scales 945 

such as the International Cooperative Ataxia Rating Scale (ICARS) [171] or Scale for the 946 

Assessment and Rating of Ataxia (SARA) [160], there have also been an assortment of other 947 

measures of gait, balance and upper limb function [161–164]. Returning to the issue of 948 

heterogeneity of neuropathology and clinical phenotype, it is possible that some of these outcome 949 

measures may not entirely reflect targeted cerebellar structures and as such may not capture the 950 

benefits of tDCS on specific aspects of motor control [162].  951 

 952 

Implications for future research 953 

Despite the growing of evidence supporting the use of tDCS to improve clinical symptoms related 954 

to HCA, further work is needed to verify the ability of tDCS to modulate cerebello-thalamo-cortical 955 

connectivity and, in so doing, deliver a much-anticipated therapeutic intervention not only for motor 956 

deficits, but also for cognitive impairment. Indeed, it should be noted that ctDCS to ameliorate 957 

cognitive impairment related to HCA has received little attention.  958 

ctDCS provides a relatively simple, effective and non-invasive treatment option, and the repertoire 959 

of applications continues to expand to settings beyond the clinic [172], and as an adjunct to 960 

traditional interventions such as intensive physiotherapy [172,173]. Therefore, this approach 961 

represents a non-pharmacological intervention capable of bridging the gap between 962 

pathophysiology and the development of new treatment approach.  963 

 964 

Cerebellar stimulation in other movement disorders 965 

CB-NIBS in Dystonia 966 



39 
 

Dystonia is a movement disorder characterized by abnormal postures and/or repetitive movements 967 

with many subtypes [174]. Historically, dystonia was conceptualized as a basal ganglia disorder, 968 

however recent evidence that a wider neuronal network is involved has established the cerebellum 969 

as a key node within pathophysiological networks [175]. CB-NIBS is an attractive therapeutic 970 

strategy for dystonia. As a hyperkinetic movement disorder, characterized by hyperexcitability of 971 

M1 and reduced markers of inhibition, NIBS may offer the opportunity to retune inhibitory 972 

influences exerted by the cerebellum or more directly modify cerebellar dysfunction. 973 

 974 

Available clinical evidence  975 

The major studies that have used cerebellar stimulation to investigate dystonia are summarized in 976 

Table 2. The large majority have examined patients with either cervical dystonia and/or task-977 

specific dystonia of the hand (in which dystonia occurs during an isolated task such as writing or 978 

playing in musical instrument). Two major types of outcome measure can be identified; studies that 979 

have tried to improve clinical markers of dystonia (e.g., severity scores) and/or those that have 980 

attempted to modulate dystonic biomarkers (e.g., neurophysiological markers, learning deficits).  981 

In cervical dystonia, several studies have reported clinical improvement when stimulation is 982 

performed for more than a single session (see table 2).  Both cerebellar stimulation that is 983 

considered to inhibit and stimulation that is considered to facilitate cerebellar activity have been 984 

found to be beneficial. This may be because cerebellar stimulation itself does not have a clear 985 

bidirectional effect and/or that any non-specific disruption of cerebellar activity is beneficial within 986 

dystonic networks. Either alternative is encouraging, as future therapeutic interventions such as 987 

non-invasive or invasive stimulation targets are considered. Clinically cervical dystonia is 988 

characterized by its mobile nature responsive to additional sensory input (worse when eyes closed, 989 

sensory trick phenomena) suggesting a dynamic functional disturbance that may be particularly 990 

sensitive to such techniques.  991 
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Overall, studies evaluating clinical improvements in task-specific dystonia have been negative 992 

(except Bradnam et al. [176]). In task-specific dystonia individuals present with a highly 993 

stereotyped motor impairment, which at the time of diagnosis has often been symptomatic for many 994 

months or even years. It is likely that such a motor impairment will have been consolidated within 995 

encoded network thousands of times, rendering a single isolated session of stimulation unlikely to 996 

produce significant effects. Recognizing an increased influence of environmental factors in task-997 

specific dystonia may also be important as retraining therapies can be highly effective [177]. 998 

Pairing retraining therapy with stimulation is therefore an attractive future area of study [178].  999 

Several studies have examined the effect of cerebellar stimulation on M1 plasticity/excitability, 1000 

with the rationale that modulating the excessive excitability that characterizes dystonia 1001 

neurophysiology could translate into a therapeutic effect. In task-specific dystonia, Sadnicka et al. 1002 

[179] found retained ability of facilitatory cerebellar stimulation (anodal ctDCS) to dampen 1003 

plasticity responses of the motor cortex (similar to controls). However, the marked variability of 1004 

plasticity response within the patient group undermined any theoretical benefit. This contrasted 1005 

another study [180] in which both excitatory (iTBS) or inhibitory (cTBS) failed to modulate the 1006 

plastic responsiveness of the hand in M1, in patients with task-specific dystonia. However, the same 1007 

group also tested a similar study design [181] in cervical dystonia, finding that cTBS suppressed 1008 

paired associative stimulation (PAS) responses and excitation enhanced PAS responses (the 1009 

opposite to controls).  Interestingly, in healthy controls [181], mimicking some of the conditions of 1010 

cervical dystonia by turning the head or perturbing proprioceptive feedback inverted cerebellar 1011 

modulation of plasticity in line to that cervical dystonia. Most recently, Bologna et al. [182] have 1012 

shown that cTBS modulates excitability of M1 in cervical dystonia (and healthy controls) but not 1013 

patients with task-specific dystonia. Other studies [183,184] have looked at cerebellar learning 1014 

paradigms (eye blink conditioning) and motor tasks which activate the cerebellum (see table 2). 1015 

Collectively, these studies identify differences between the different subtypes of dystonia. They also 1016 
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appear to identify the ability of cerebellar stimulation to shift markers of cerebellar function and/or 1017 

dystonic dysfunction. 1018 

 1019 

Open questions about ctDCS in dystonia 1020 

While studying biomarkers for dystonia remains enticing as it attempts a more mechanistic and 1021 

specific mode of study, some commonly made assumptions and challenges of this literature can be 1022 

highlighted. For example, given the unclear and still debated efficacy and mechanism of the 1023 

different types of cerebellar stimulation [57,171,185], it is not clear if we can reproducibly and 1024 

bidirectionally modulate cerebellar activity in healthy controls. Any clinical studies using these 1025 

techniques with their heterogenous patient populations need careful consideration (particularly if 1026 

bidirectional effects are reported within dystonia). It is also problematic that there are no 1027 

reproducible biomarkers for dystonia. For example, neurophysiological plasticity responses of M1 1028 

are often used as a biomarker for dystonia. However such responses are notoriously variable, non-1029 

specifically abnormal across a range of diseases, and cannot reliably segregate a dystonic patient 1030 

group from controls [186]. Similarly, we have little ability to quantitively track hypothesized 1031 

cerebellar involvement in dystonia. For example, CBI was initially thought to be reduced in a pilot 1032 

study in eight individuals with task-specific dystonia and promoted as a possible marker of dystonic 1033 

cerebellar dysfunction [187]. However, the deficit in CBI was not observed in a more recent 1034 

publication in the same patient group [176]. 1035 

 1036 

CB-NIBS in Parkinson’s Disease (PD) 1037 

In recent years, growing attention has been focused on the treatment of Parkinson’s Disease through 1038 

NIBS techniques. Nonetheless, only few papers have investigated the role of cerebellar stimulation 1039 

for the treatment of the three cardinal signs of the disease (i.e., bradykinesia, rigidity and tremor), as 1040 

well as for the control of levodopa-induced dyskinesias (LIDs). Despite the variability in 1041 

techniques, stimulation settings and protocols’ design, current evidence seems to suggest that: 1) 1042 
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cerebellar TBS represents the best protocol to interfere with cerebellar functions in vivo; 2) NIBS 1043 

(cerebellar TBS) are effective for the control of both resting tremor and LIDs, with a very limited 1044 

impact on rigidity and bradykinesia; 3) cerebellar stimulation does not improve speech 1045 

disturbances, neither axial dysfunctions (e.g. the freezing of gait, FOG). Here, we encompass the 1046 

current knowledge about CB-NIBS, also discussing potential mechanisms of action and rationale 1047 

for the use of cerebellar stimulation in PD. 1048 

 1049 

Potential mechanism of action 1050 

The cerebellar role in PD pathophysiology has recently gained increasing attention. In particular, 1051 

the cerebellum may interfere with the basal ganglia network at three different levels: 1) it down-1052 

regulates the striatal D1 receptors as a part of a disynaptic pathway to the dorsolateral putamen and 1053 

the external globus pallidus (GPe), passing through the intralaminar nuclei of the thalamus 1054 

[13,188]; 2) it expresses all types of dopamine receptors receiving inputs from the Substantia Nigra 1055 

pars compacta (SNc) that terminate in the granule and Purkinje cell layers, thus sharing similar 1056 

properties with the striatal dopaminergic system [189–191]; 3) the cerebellum plays an overall 1057 

inhibitory effect on motor and non-motor areas (CBI). In particular, CBI is reduced in degenerative 1058 

disorders, also comprising PD patients, where it could either be compensating or contributing to 1059 

motor deficits [8,15]. Although current evidence remains limited, all these studies seem to suggest 1060 

that the cerebellum may be engaged in specific aspects of the pathophysiology of PD, such as 1061 

levodopa-induced dyskinesias and altered sensory discrimination [192]. Moreover, as concerns 1062 

tremor in PD, there is increasing evidence that the basal ganglia network triggers the onset of 1063 

tremor, whereas the cerebellar network is responsible for its amplitude and maintenance [193]. 1064 

 1065 

Clinical evidence 1066 

Eleven papers have been published to date about the use of CB-NIBS for the treatment of PD. 1067 

Among these, there are only three works on tDCS. In particular, Málly et al. [194] provided the 1068 
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longest experiment with ctDCS, showing that anodal stimulation, delivered for one week every six 1069 

months for two years, improved all Unified Parkinson's Disease Rating Scale UPDRS-III scores 1070 

(UPDRS-III) [195]. Ferrucci et al. [196] showed that tDCS, applied either over the cerebellum or 1071 

the M1, had similar effects on fluctuations and dyskinesias. Workmann et al. [197] provided the 1072 

first evidence that cerebellar polarization may also improve gait and balance, when delivered at 1073 

high intensities bilaterally (4 mA). 1074 

Despite the variability in stimulation settings, protocol design, and clinical outcomes of tDCS 1075 

studies, cerebellar TMS has demonstrated a high reproducibility among different papers when 1076 

delivered as cTBS [198–201]. TBS significantly improves LIDs, as confirmed both by the reduction 1077 

of glucose (F-FDG) uptake in the dentate nucleus [202] and the restoration of sensorimotor 1078 

plasticity of M1 [203]. This improvement may be due to a cTBS-induced modulation of CBI [204], 1079 

as confirmed in mice by the induction of LTD between Purkinje cell and the deep cerebellar nuclei 1080 

[205]. Nonetheless, to date there still is a substantial lack of understanding about physiological 1081 

mechanisms underlying TBS. Also, low-frequency rTMS (1 Hz) seems to dampen CBI, thus 1082 

improving LIDs, although current evidence is based on two papers only, and further confirmation is 1083 

needed [206,207].  1084 

 1085 

CB-NIBS in Essential Tremor (ET) 1086 

Essential tremor (ET) presents as a postural and kinetic tremor, commonly involving both arms, and 1087 

it is strictly related to cerebellar dysfunction. In particular, both the cerebello-thalamo-cortical and 1088 

the inferior olive-cerebellar networks are impaired [193]. MRS showed diminished N-1089 

acetylaspartate (NAA) [211], while voxel based morphometry (VBM) studies have recently 1090 

revealed a mild degree of cerebellar atrophy [212]. Nonetheless, only three published studies have 1091 

explored the effects of ctDCS in patients with ET to date. In the first one [213], patients underwent 1092 

ten consecutive sessions of cathodal ctDCS (2.0 mA, 20 minutes) without any acute or long-lasting 1093 

benefits on motor scores and daily living activities. Conversely, in a second paper [214], cathodal 1094 
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ctDCS improved both Essential Tremor Rating Assessment Scale (TETRAS) [215] and Activities 1095 

of Daily Living (ADL); the authors applied tDCS to the DLPFC (the anode) and to the inion (the 1096 

cathode; 2 mA for 20 min in 10 consecutive sessions with a 2-days break between the first and the 1097 

second 5-days sessions). Different from Gironell et al. [213], five more tDCS sessions were 1098 

administered in an every-other-day manner, one month after the initial course of therapy, possibly 1099 

accounting for the beneficial effects observed in the long-term period. More recently, a third work 1100 

[216] showed that ET is suppressed via electrical stimulation of the cerebellum phase-locked to the 1101 

tremor. 1102 

 1103 

Cerebellar non-invasive brain stimulation in Huntington’s Disease (HD) and Multiple Sclerosis 1104 

(MS) 1105 

Although a key cerebellar involvement has been suggested in the pathogenesis of Huntington’s 1106 

Disease (HD), both for motor and psychiatric features [217,218], only one study has explored to 1107 

date the putative role of CB-NIBS to date [219]. The authors showed that five-days anodal ctDCS 1108 

improved motor scores in HD, when compared to sham stimulation, with effects lasting for about 1109 

four weeks after protocol completion. In Multiple Sclerosis, recent evidence suggests iTBS, applied 1110 

over the cerebellum, improves both gait and balance, when combined with vestibular rehabilitation 1111 

[220], likely modulating the activity of vestibule-cerebellar pathways.    1112 

 1113 

Implications for future research 1114 

Converging evidence points to the fact that cervical dystonia may be an attractive candidate for 1115 

treatment via stimulation of the cerebellum and/or its outflow tracts with a modest literature 1116 

suggesting that targeted CB-NIBS may be beneficial for clinical markers. Studies point to the need 1117 

for repeated stimulation sessions in order for CB-NIBS to meaningfully interact with the dystonic 1118 

network. Also, the application of CB-NIBS to PD, ET, HD and MS has shown limited but 1119 

promising results in terms of motor outcomes. Future works should investigate the safety of high 1120 
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intensity tDCS (> 4 mA), as well as the possibility to simultaneously combine different targets in 1121 

order to optimize tDCS effectiveness (e.g., M1 and the cerebellum; the spinal cord and the 1122 

cerebellum). Further studies are needed to confirm the preliminary data in larger cohorts and in a 1123 

longer follow-up period. Finally, there is a growing interest for the assessment of a “deep cerebellar 1124 

tDCS”, possibly via temporally interfering electric fields [208,209], as recently provided for the 1125 

subthalamic NIBS [210].   1126 

 1127 

Pain and the cerebellum 1128 

During the past 15-20 years, there has been growing interest to define the cerebellar role in pain 1129 

processing and perception [221–224]. Studies in humans have demonstrated that the cerebellum is 1130 

critically involved both in visceral pain [225] and migraine progression and persistence [226]. 1131 

Along this view, changes in structural volume and functional connectivity of the cerebellum seem 1132 

to predict chronicization, as well as long-term disability in migraine [226,227]. Moreover, 1133 

functional neuroimaging has demonstrated that the posterior cerebellum plays a key role in pain-1134 

related adaptations for motor control [228,229]. To date, however, a critical review about the role of 1135 

CB-NIBS for pain treatment is still lacking. 1136 

 1137 

Putative mechanisms of action of ctDCS for pain treatment 1138 

It has been demonstrated that the cerebellum interferes with nociceptive processing following a 1139 

CBI-like mechanism [230]. Consequently, anodal ctDCS may reduce pain perception by increasing 1140 

the inhibitory tone exerted by the cerebellum on different brain targets, whereas cathodal ctDCS 1141 

could elicit opposite effects by inducing hyperalgesia. This tentative model has been recently 1142 

confirmed by a clinical study of Ruscheweyh et al. [231], showing that patients with cerebellar 1143 

infarctions have reduced pain thresholds.  1144 

Apart from non-synaptic and synaptic (neuroplastic) changes, tDCS may modulate pain experience 1145 

and processing through different mechanisms. In recent years, a growing body of evidence has 1146 
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supported the importance of tDCS after-effects on regional blood flow and immune responses. 1147 

Accordingly, animal studies have proved that tDCS elicits neural stem cells activation in vivo, 1148 

influencing the development and the distribution of microglia in the adult brain [232]. Finally, 1149 

tDCS might also modulate the inflammatory response by regulating pro-inflammatory cytokines 1150 

and increasing glutathione levels [233]. 1151 

 1152 

Available clinical evidence  1153 

In recent studies, Bocci et al. [234–236]  have demonstrated that ctDCS modulates pain processing 1154 

in healthy humans. In particular, ctDCS seems to exert polarity-specific effects on the amplitude of 1155 

Laser Evoked Potentials (LEPs), thus modifying the perception of experimentally induced pain in 1156 

young volunteers. Because tDCS is effective in modulating both N1 and N2/P2 components of 1157 

LEPs, and since these responses are generated by parallel and partially segregated spinal pathways 1158 

reaching different cortical targets [237], the authors argued that the cerebellum is involved in pain 1159 

processing by modulating the activity of both somatosensory and cingulate cortices. Indeed, from a 1160 

functional point of view, the cerebellum may be engaged in the sensory-discriminative, as well as in 1161 

the emotional and cognitive dimension of pain [238,239]. A recent paper by Pereira et al. [240] has 1162 

confirmed these results, showing that anodal ctDCS reduces lower extremity pain perception in 1163 

healthy humans. Another paper [229] has proved that cathodal polarization applied to the right 1164 

cerebellar hemisphere modulates motor adaptation during gait, suggesting the possibility to interfere 1165 

with motor withdrawal by using ctDCS.   1166 

However, in a previous study, Zunhammer et al. [241] failed to demonstrate the analgesic effects of 1167 

rTMS applied over the cerebellum. The discrepancy with previous results may be due to different 1168 

factors: the authors evaluated only changes in subjective pain thresholds and used a different 1169 

neuromodulation technique (rTMS vs. tDCS).  1170 

The efficacy of ctDCS for pain treatment has been also recently confirmed also in patients suffering 1171 

from “phantom limb pain” (PLP) [236]. Recent studies have shown that tDCS applied over the 1172 
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motor cortex represents a promising therapeutic tool in PLP, with effects likely arising from a 1173 

transient restoration of the cortical representation of the phantom limb [242–244]. Based on this 1174 

evidence, Bocci et al. [234] have recently shown that anodal ctDCS improves both paroxysmal pain 1175 

and non-painful phantom limb sensations in subjects with upper limb amputations. They argued 1176 

that, differently from other brain targets, ctDCS may reduce both painful and non-painful phantom 1177 

limb sensations, which are induced by maladaptive changes in the sensorimotor network and 1178 

posterior parietal cortex respectively [243]. 1179 

 1180 

Implications for future research 1181 

Similarly to other functions of cerebellum, the effects of ctDCS on pain are promising and clinically 1182 

intriguing, but sadly still at their infancy. Moreover, approaching this topic, one needs to consider 1183 

that pain is the result of different neurophysiological mechanisms, and that has different clinical 1184 

manifestations. Thus, neuromodulation needs to be carefully tailored to the pain syndrome to be 1185 

specifically targeted. Still, further studies are needed to expand the current knowledge. 1186 

 1187 

Concluding remarks 1188 

The density of neurons in the cerebellar cortex, the anatomical location and the geometrical 1189 

organization of the cerebellum, the high degree of plasticity of the cerebellar cortex and the high 1190 

degree of connectivity of the cerebellum with spinal cord, brainstem, basal ganglia and cerebral 1191 

cortex all go in the direction of a great potential for CB-NIBS to explore cerebellar functions and 1192 

modulate brain disorders involving primarily cerebellum or extra-cerebellar structures connected to 1193 

the cerebellum. Based on the current knowledge here reviewed, there is a general consensus that 1194 

cerebellar non-invasive stimulation represents a promising tool for therapeutic purposes, both in 1195 

motor, cognitive and psychiatric pathological conditions. Available results suggest that the strategy 1196 

of targeting the cerebellum to indirectly affect cortical and subcortical activities might be effective 1197 

in alleviating the symptoms of several pathologies, likewise in improve cognitive functions or 1198 
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motor learning in healthy subjects. However, numerous questions remain unsolved and require 1199 

multi-disciplinary and large-scale efforts. There is a clear need to identify the physiological and 1200 

pathophysiological effects CB-NIBS in the areas of motor behaviour, cognitive processes, and 1201 

affect regulation, in addition to clarify its mechanisms of action. Also, short-term, middle-term and 1202 

long-term effects upon the activity of the cerebellar cortex (Purkinje neurons and local 1203 

interneurons), cerebellar nuclei and the inferior olivary complex should be explored. Finally, the 1204 

interaction between neuromodulation protocols and pharmacological therapies is still an unexplored 1205 

line of research that needs to be addressed to safeguard clinical success and credibility of CB-NIBS. 1206 

1207 



49 
 

Declaration 1208 

The authors declare no conflict of interest. 1209 

 1210 

Funding 1211 

This work was conducted without any funding from public or private sources. 1212 

 1213 

Ethical Committee Request 1214 

Not applicable 1215 

 1216 

Data availability 1217 

The concept reported in this manuscript is not associated with raw data.  1218 

 1219 

Code availability  1220 

There is no software application or custom code used in this paper. 1221 

 1222 

Authors’ Contribution 1223 

Writing:  All authors have read and agreed to the publication.1224 



50 
 

References 1225 

1.  Baumann O, Borra RJ, Bower JM, Cullen KE, Habas C, Ivry RB, et al. Consensus Paper: 1226 

The Role of the Cerebellum in Perceptual Processes. Cerebellum. 2015 Apr 1;14(2):197.  1227 

2.  Allen GI, Tsukahara N. Cerebrocerebellar communication systems. Vol. 54, Physiological 1228 

Reviews. Physiol Rev; 1974. p. 957–1006.  1229 

3.  Ugawa Y, Rothwell JC, Day BL, Thompson PD, Marsden CD. Percutaneous electrical 1230 

stimulation of corticospinal pathways at the level of the pyramidal decussation in humans. 1231 

Ann Neurol. 1991;29(4):418–27.  1232 

4.  Thach WT. Cerebellar inputs to motor cortex. Vol. 132, Ciba Foundation symposium. Ciba 1233 

Found Symp; 1987. p. 201–20.  1234 

5.  Ugawa Y, Day BL, Rothwell JC, Thompson PD, Merton PA, Marsden CD. Modulation of 1235 

motor cortical excitability by electrical stimulation over the cerebellum in man. J Physiol. 1236 

1991 Sep 1;441(1):57–72.  1237 

6.  Ugawa Y, Uesaka Y, Terao Y, Hanajima R, Kanazawa I. Magnetic stimulation over the 1238 

cerebellum in humans. Ann Neurol. 1995;37(6):703–13.  1239 

7.  Strick PL, Dum RP, Fiez JA. Cerebellum and nonmotor function. Vol. 32, Annual Review of 1240 

Neuroscience. Annu Rev Neurosci; 2009. p. 413–34.  1241 

8.  Groiss SJ, Ugawa Y. Cerebellum. In: Handbook of Clinical Neurology. Elsevier B.V.; 2013. 1242 

p. 643–53.  1243 

9.  Stoodley CJ, Schmahmann JD. Evidence for topographic organization in the cerebellum of 1244 

motor control versus cognitive and affective processing. Cortex. 2010 Jul;46(7):831–44.  1245 

10.  Koch G. The new era of TMS-EEG: Moving towards the clinical practice. Clin 1246 

Neurophysiol. 2019 May 1;130(5):791–2.  1247 

11.  Casula EP, Pellicciari MC, Ponzo V, Stampanoni Bassi M, Veniero D, Caltagirone C, et al. 1248 

Cerebellar theta burst stimulation modulates the neural activity of interconnected parietal and 1249 

motor areas. Sci Rep. 2016 Oct 31;6(1):1–10.  1250 



51 
 

12.  Koch G, Esposito R, Motta C, Casula EP, Di Lorenzo F, Bonnì S, et al. Improving visuo-1251 

motor learning with cerebellar theta burst stimulation: Behavioral and neurophysiological 1252 

evidence. Neuroimage. 2020 Mar 1;208:116424.  1253 

13.  Hoshi E, Tremblay L, Féger J, Carras PL, Strick PL. The cerebellum communicates with the 1254 

basal ganglia. Nat Neurosci. 2005 Nov 2;8(11):1491–3.  1255 

14.  Prudente CN, Hess EJ, Jinnah HA. Dystonia as a network disorder: What is the role of the 1256 

cerebellum? Vol. 260, Neuroscience. Elsevier Ltd; 2014. p. 23–35.  1257 

15.  Wu T, Hallett M. The cerebellum in Parkinson’s disease. Vol. 136, Brain. Oxford University 1258 

Press; 2013. p. 696–709.  1259 

16.  Grimaldi G, Argyropoulos GP, Boehringer A, Celnik P, Edwards MJ, Ferrucci R, et al. Non-1260 

invasive cerebellar stimulation - A consensus paper. Vol. 13, Cerebellum. Springer New 1261 

York LLC; 2014. p. 121–38.  1262 

17.  Galea JM, Jayaram G, Ajagbe L, Celnik P. Modulation of cerebellar excitability by polarity-1263 

specific noninvasive direct current stimulation. J Neurosci. 2009 Jul 15;29(28):9115–22.  1264 

18.  Doeltgen SH, Young J, Bradnam L V. Anodal Direct Current Stimulation of the Cerebellum 1265 

Reduces Cerebellar Brain Inhibition but Does Not Influence Afferent Input from the Hand or 1266 

Face in Healthy Adults. Cerebellum. 2016 Aug 1;15(4):466–74.  1267 

19.  Zang Y, De Schutter E. Climbing Fibers Provide Graded Error Signals in Cerebellar 1268 

Learning. Front Syst Neurosci. 2019 Sep 11;0:46.  1269 

20.  Mitoma H, Manto M. The Era of Cerebellar Therapy. Curr Neuropharmacol. 2018 Dec 1270 

13;17(1):3–6.  1271 

21.  Cook AA, Fields E, Watt AJ. Losing the Beat: Contribution of Purkinje Cell Firing 1272 

Dysfunction to Disease, and Its Reversal. Neuroscience. 2021 May 10;462:247–61.  1273 

22.  Grimaldi G, Argyropoulos GP, Bastian A, Cortes M, Davis NJ, Edwards DJ, et al. Cerebellar 1274 

Transcranial Direct Current Stimulation (ctDCS): A Novel Approach to Understanding 1275 

Cerebellar Function in Health and Disease. Vol. 22, Neuroscientist. SAGE Publications Inc.; 1276 



52 
 

2016. p. 83–97.  1277 

23.  Stagg CJ, Best JG, Stephenson MC, O’Shea J, Wylezinska M, Kineses ZT, et al. Polarity-1278 

sensitive modulation of cortical neurotransmitters by transcranial stimulation. J Neurosci. 1279 

2009 Apr 22;29(16):5202–6.  1280 

24.  Amassian VE, Cracco RQ, Maccabee PJ, Cracco JB. Cerebello-frontal cortical projections in 1281 

humans studied with the magnetic coil. Electroencephalogr Clin Neurophysiol Evoked 1282 

Potentials. 1992;85(4):265–72.  1283 

25.  Ugawa Y, Genba‐Shimizu K, Rothwell JC, Iwata M, Kanazawa I. Suppression of motor 1284 

cortical excitability by electrical stimulation over the cerebellum in ataxia. Ann Neurol. 1285 

1994;36(1):90–6.  1286 

26.  Di Lazzaro V, Molinari M, Restuccia D, Leggio MG, Nardone  r., Fogli D, et al. Cerebro-1287 

cerebellar interactions in man: neurophysiological studies in patients with focal cerebellar 1288 

lesions. Electroencephalogr Clin Neurophysiol Evoked Potentials. 1994;93(1):27–34.  1289 

27.  Ugawa Y, Terao Y, Hanajima R, Sakai K, Furubayashi T, Machii K, et al. Magnetic 1290 

stimulation over the cerebellum in patients with ataxia. Electroencephalogr Clin 1291 

Neurophysiol - Evoked Potentials. 1997 Sep;104(5):453–8.  1292 

28.  Jayaram G, Galea JM, Bastian AJ, Celnik P. Human locomotor adaptive learning is 1293 

proportional to depression of cerebellar excitability. Cereb Cortex. 2011 Aug;21(8):1901–9.  1294 

29.  Spampinato DA, Block HJ, Celnik PA. Cerebellar–M1 connectivity changes associated with 1295 

motor learning are somatotopic specific. J Neurosci. 2017 Mar 1;37(9):2377–86.  1296 

30.  Shirota Y, Hamada M, Hanajima R, Terao Y, Matsumoto H, Ohminami S, et al. Cerebellar 1297 

dysfunction in progressive supranuclear palsy: A transcranial magnetic stimulation study. 1298 

Mov Disord. 2010 Oct;25(14):2413–9.  1299 

31.  Hanajima R, Tsutsumi R, Shirota Y, Shimizu T, Tanaka N, Ugawa Y. Cerebellar dysfunction 1300 

in essential tremor. Mov Disord. 2016 Aug 1;31(8):1230–4.  1301 

32.  Meyer BU, Röricht S, Machetanz J. Reduction of corticospinal excitability by magnetic 1302 



53 
 

stimulation over the cerebellum in patients with large defects of one cerebellar hemisphere. 1303 

Electroencephalogr Clin Neurophysiol Evoked Potentials. 1994;93(5):372–9.  1304 

33.  Werhahn KJ, Taylor J, Ridding M, Meyer BU, Rothwell JC. Effect of transcranial magnetic 1305 

stimulation over the cerebellum on the excitability of human motor cortex. 1306 

Electroencephalogr Clin Neurophysiol - Electromyogr Mot Control. 1996;101(1):58–66.  1307 

34.  Fernandez L, Major BP, Teo WP, Byrne LK, Enticott PG. Assessing cerebellar brain 1308 

inhibition (CBI) via transcranial magnetic stimulation (TMS): A systematic review. Vol. 86, 1309 

Neuroscience and Biobehavioral Reviews. Elsevier Ltd; 2018. p. 176–206.  1310 

35.  Fisher KM, Lai HM, Baker MR, Baker SN. Corticospinal activation confounds cerebellar 1311 

effects of posterior fossa stimuli. Clin Neurophysiol. 2009 Dec;120(12):2109–13.  1312 

36.  Ugawa Y. Can we see the cerebellar activation effect by TMS over the back of the head? 1313 

Vol. 120, Clinical Neurophysiology. Clin Neurophysiol; 2009. p. 2006–7.  1314 

37.  Harvey RJ, Porter R, Rawson JA. Discharges of intracerebellar nuclear cells in monkeys. J 1315 

Physiol. 1979 Dec 1;297(1):559–80.  1316 

38.  Soteropoulos DS, Baker SN. Bilateral representation in the deep cerebellar nuclei. J Physiol. 1317 

2008 Feb 15;586(4):1117–36.  1318 

39.  Nashef A, Cohen O, Israel Z, Harel R, Prut Y. Cerebellar Shaping of Motor Cortical Firing Is 1319 

Correlated with Timing of Motor Actions. Cell Rep. 2018 May 1;23(5):1275–85.  1320 

40.  Hardwick RM, Lesage E, Miall RC. Cerebellar transcranial magnetic stimulation: The role of 1321 

coil geometry and tissue depth. Brain Stimul. 2014 Sep 1;7(5):643–9.  1322 

41.  Spampinato D, Ibáñez J, Spanoudakis M, Hammond P, Rothwell JC. Cerebellar transcranial 1323 

magnetic stimulation: The role of coil type from distinct manufacturers. Brain Stimul. 2020 1324 

Jan 1;13(1):153–6.  1325 

42.  Hashimoto M, Ohtsuka K. Transcranial magnetic stimulation over the posterior cerebellum 1326 

during visually guided saccades in man. Brain. 1995 Oct;118(5):1185–93.  1327 

43.  Miyaguchi S, Inukai Y, Matsumoto Y, Miyashita M, Takahashi R, Otsuru N, et al. Effects on 1328 



54 
 

motor learning of transcranial alternating current stimulation applied over the primary motor 1329 

cortex and cerebellar hemisphere. J Clin Neurosci. 2020 Aug 1;78:296–300.  1330 

44.  Naro A, Leo A, Russo M, Cannavò A, Milardi D, Bramanti P, et al. Does Transcranial 1331 

Alternating Current Stimulation Induce Cerebellum Plasticity? Feasibility, Safety and 1332 

Efficacy of a Novel Electrophysiological Approach. Brain Stimul. 2016 May 1;9(3):388–95.  1333 

45.  Spampinato D, Celnik P. Deconstructing skill learning and its physiological mechanisms. 1334 

Cortex. 2018 Jul 1;104:90–102.  1335 

46.  Pleger B, Timmann D. The role of the human cerebellum in linguistic prediction, word 1336 

generation and verbal working memory: evidence from brain imaging, non-invasive 1337 

cerebellar stimulation and lesion studies. Neuropsychologia. 2018 Jul 1;115:204–10.  1338 

47.  Spampinato D, Celnik P. Temporal dynamics of cerebellar and motor cortex physiological 1339 

processes during motor skill learning. 2017 Jan 16;7(1):1–12.  1340 

48.  Galea JM, Vazquez A, Pasricha N, Orban De Xivry JJ, Celnik P. Dissociating the roles of the 1341 

cerebellum and motor cortex during adaptive learning: The motor cortex retains what the 1342 

cerebellum learns. Cereb Cortex. 2011 Aug;21(8):1761–70.  1343 

49.  Penhune VB, Doyon J. Cerebellum and M1 interaction during early learning of timed motor 1344 

sequences. Neuroimage. 2005 Jul 1;26(3):801–12.  1345 

50.  D’Angelo E. Physiology of the cerebellum. In: Handbook of Clinical Neurology. Elsevier 1346 

B.V.; 2018. p. 85–108.  1347 

51.  Apps R, Hawkes R, Aoki S, Bengtsson F, Brown AM, Chen G, et al. Cerebellar Modules and 1348 

Their Role as Operational Cerebellar Processing Units. Vol. 17, Cerebellum. Springer New 1349 

York LLC; 2018. p. 654–82.  1350 

52.  Bareš M, Apps R, Avanzino L, Breska A, D’Angelo E, Filip P, et al. Consensus paper: 1351 

Decoding the Contributions of the Cerebellum as a Time Machine. From Neurons to Clinical 1352 

Applications. Cerebellum. 2019 Apr 15;18(2):266–86.  1353 

53.  Liebrand M, Karabanov A, Antonenko D, Flöel A, Siebner HR, Classen J, et al. Beneficial 1354 



55 
 

effects of cerebellar tDCS on motor learning are associated with altered putamen-cerebellar 1355 

connectivity: A simultaneous tDCS-fMRI study. Neuroimage. 2020 Dec 1;223:117363.  1356 

54.  Ito M. Cerebellar circuitry as a neuronal machine. Prog Neurobiol. 2006 Feb 1;78(3–5):272–1357 

303.  1358 

55.  D’Mello AM, Turkeltaub PE, Stoodley CJ. Cerebellar tdcs modulates neural circuits during 1359 

semantic prediction: A combined tDCS-fMRI study. J Neurosci. 2017 Feb 8;37(6):1604–13.  1360 

56.  Turkeltaub PE, Swears MK, D’Mello AM, Stoodley CJ. Cerebellar tDCS as a novel 1361 

treatment for aphasia? Evidence from behavioral and resting-state functional connectivity 1362 

data in healthy adults. Restor Neurol Neurosci. 2016 Aug 13;34(4):491–505.  1363 

57.  Jalali R, Miall RC, Galea JM. No consistent effect of cerebellar transcranial direct current 1364 

stimulation on visuomotor adaptation. J Neurophysiol. 2017 Aug 1;118(2):655–65.  1365 

58.  Rezaee Z, Ruszala B, Dutta A. A computational pipeline to find lobule-specific electric field 1366 

distribution during non-invasive cerebellar stimulation. In: IEEE International Conference on 1367 

Rehabilitation Robotics. IEEE Computer Society; 2019. p. 1191–6.  1368 

59.  Gomez-Tames J, Asai A, Mikkonen M, Laakso I, Tanaka S, Uehara S, et al. Group-level and 1369 

functional-region analysis of electric-field shape during cerebellar transcranial direct current 1370 

stimulation with different electrode montages. J Neural Eng. 2019;16(3).  1371 

60.  Baillieux H, Vandervliet EJM, Manto M, Parizel PM, Deyn PPD, Mariën P. Developmental 1372 

dyslexia and widespread activation across the cerebellar hemispheres. Brain Lang. 2009 1373 

Feb;108(2):122–32.  1374 

61.  Walther S, Stegmayer K, Federspiel A, Bohlhalter S, Wiest R, Viher P V. Aberrant 1375 

hyperconnectivity in the motor system at rest is linked to motor abnormalities in 1376 

schizophrenia spectrum disorders. Schizophr Bull. 2017 Sep 1;43(5):982–92.  1377 

62.  Grimaldi G, Taib NO Ben, Manto M, Bodranghien F. Marked reduction of cerebellar deficits 1378 

in upper limbs following transcranial cerebello-cerebral DC stimulation: Tremor reduction 1379 

and re-programming of the timing of antagonist commands. Front Syst Neurosci. 2014 Jan 1380 



56 
 

30;8(JAN).  1381 

63.  Bodranghien F, Oulad Ben Taib N, Van Maldergem L, Manto M. A postural tremor highly 1382 

responsive to transcranial cerebello-cerebral DCS in ARCA3. Front Neurol. 2017 Mar 1383 

3;8(MAR):71.  1384 

64.  Mitoma H, Buffo A, Gelfo F, Guell X, Fucà E, Kakei S, et al. Consensus Paper. Cerebellar 1385 

Reserve: From Cerebellar Physiology to Cerebellar Disorders. Cerebellum. 2020 Feb 1386 

1;19(1):131–53.  1387 

65.  Miyaguchi S, Otsuru N, Kojima S, Saito K, Inukai Y, Masaki M, et al. Transcranial 1388 

alternating current stimulation with gamma oscillations over the primary motor cortex and 1389 

cerebellar hemisphere improved visuomotor performance. Front Behav Neurosci. 2018 Jul 1390 

5;12.  1391 

66.  Miyaguchi S, Otsuru N, Kojima S, Yokota H, Saito K, Inukai Y, et al. The effect of gamma 1392 

tACS over the M1 region and cerebellar hemisphere does not depend on current intensity. J 1393 

Clin Neurosci. 2019 Jul 1;65:54–8.  1394 

67.  Singh A, Trapp NT, De Corte B, Cao S, Kingyon J, Boes AD, et al. Cerebellar Theta 1395 

Frequency Transcranial Pulsed Stimulation Increases Frontal Theta Oscillations in Patients 1396 

with Schizophrenia. Cerebellum. 2019 Jun 15;18(3):489–99.  1397 

68.  Naro A, Russo M, Leo A, Cannavò A, Manuli A, Bramanti A, et al. Cortical connectivity 1398 

modulation induced by cerebellar oscillatory transcranial direct current stimulation in 1399 

patients with chronic disorders of consciousness: A marker of covert cognition? Clin 1400 

Neurophysiol. 2016 Mar 1;127(3):1845–54.  1401 

69.  Miterko LN, Baker KB, Beckinghausen J, Bradnam L V., Cheng MY, Cooperrider J, et al. 1402 

Consensus Paper: Experimental Neurostimulation of the Cerebellum. Cerebellum 2019 186. 1403 

2019 Jun 4;18(6):1064–97.  1404 

70.  Di Nuzzo C, Ruggiero F, Cortese F, Cova I, Priori A, Ferrucci R. Non-invasive Cerebellar 1405 

Stimulation in Cerebellar Disorders. CNS Neurol Disord - Drug Targets. 2018 Jun 1406 



57 
 

20;17(3):193–8.  1407 

71.  MR D. Primate models of movement disorders of basal ganglia origin. Trends Neurosci. 1408 

1990;13(7):281–5.  1409 

72.  Bostan AC, Dum RP, Strick PL. Cerebellar networks with the cerebral cortex and basal 1410 

ganglia. Trends Cogn Sci. 2013 May 1;17(5):241–54.  1411 

73.  Asan AS, Sahin M. Modulation of Multiunit Spike Activity by Transcranial AC Stimulation 1412 

(tACS) in the Rat Cerebellar Cortex. In: Proceedings of the Annual International Conference 1413 

of the IEEE Engineering in Medicine and Biology Society, EMBS. Institute of Electrical and 1414 

Electronics Engineers Inc.; 2019. p. 5192–5.  1415 

74.  Chan CY, Nicholson C. Modulation by applied electric fields of Purkinje and stellate cell 1416 

activity in the isolated turtle cerebellum. J Physiol. 1986 Feb 1;371(1):89–114.  1417 

75.  Morellini N, Grehl S, Tang A, Rodger J, Mariani J, Lohof AM, et al. What Does Low-1418 

Intensity rTMS Do to the Cerebellum? Vol. 14, Cerebellum. Springer New York LLC; 2015. 1419 

p. 23–6.  1420 

76.  Taib NO Ben, Manto M. Trains of transcranial direct current stimulation antagonize motor 1421 

cortex hypoexcitability induced by acute hemicerebellectomy: Laboratory investigation. J 1422 

Neurosurg. 2009;111(4):796–806.  1423 

77.  Manto MU, Hampe CS, Rogemond V, Honnorat J. Respective implications of glutamate 1424 

decarboxylase antibodies in stiff person syndrome and cerebellar ataxia. Orphanet J Rare Dis. 1425 

2011;6(1).  1426 

78.  Asan AS, Lang EJ, Sahin M. Entrainment of cerebellar purkinje cells with directional AC 1427 

electric fields in anesthetized rats. Brain Stimul. 2020 Nov 1;13(6):1548–58.  1428 

79.  Parker KL, Kim YC, Kelley RM, Nessler AJ, Chen K-H, Muller-Ewald VA, et al. Delta-1429 

frequency stimulation of cerebellar projections can compensate for schizophrenia-related 1430 

medial frontal dysfunction. Mol Psychiatry 2017 225. 2017 Mar 28;22(5):647–55.  1431 

80.  Das S, Spoor M, Sibindi TM, Holland P, Schonewille M, De Zeeuw CI, et al. Impairment of 1432 



58 
 

long-term plasticity of cerebellar purkinje cells eliminates the effect of anodal direct current 1433 

stimulation on vestibulo-ocular reflex habituation. Front Neurosci. 2017 Aug 3;11(AUG).  1434 

81.  de Solages C, Szapiro G, Brunel N, Hakim V, Isope P, Buisseret P, et al. High-Frequency 1435 

Organization and Synchrony of Activity in the Purkinje Cell Layer of the Cerebellum. 1436 

Neuron. 2008 Jun 12;58(5):775–88.  1437 

82.  Ostojic S, Szapiro G, Schwartz E, Barbour B, Brunel N, Hakim V. Neuronal Morphology 1438 

Generates High-Frequency Firing Resonance. J Neurosci. 2015 May 6;35(18):7056–68.  1439 

83.  Ferrucci R, Bocci T, Cortese F, Ruggiero F, Priori A. Noninvasive Cerebellar Stimulation as 1440 

a Complement Tool to Pharmacotherapy. Curr Neuropharmacol. 2018 Dec 13;17(1):14–20.  1441 

84.  Benussi A, Dell’Era V, Cantoni V, Bonetta E, Grasso R, Manenti R, et al. Cerebello-spinal 1442 

tDCS in ataxia A randomized, double-blind, sham-controlled, crossover trial. Neurology. 1443 

2018;91(12):E1090–101.  1444 

85.  Spampinato D, Celnik P. Multiple Motor Learning Processes in Humans: Defining Their 1445 

Neurophysiological Bases. Neurosci. 2020 Jul 25;107385842093955.  1446 

86.  Smith MA, Shadmehr R. Intact ability to learn internal models of arm dynamics in 1447 

Huntington’s disease but not cerebellar degeneration. J Neurophysiol. 2005 May;93(5):2809–1448 

21.  1449 

87.  Streng ML, Popa LS, Ebner TJ. Modulation of sensory prediction error in Purkinje cells 1450 

during visual feedback manipulations. Nat Commun. 2018 Dec 1;9(1):1–12.  1451 

88.  Medina JF, Lisberger SG. Links from complex spikes to local plasticity and motor learning 1452 

in the cerebellum of awake-behaving monkeys. Nat Neurosci. 2008 Oct;11(10):1185–92.  1453 

89.  Herzfeld DJ, Pastor D, Haith AM, Rossetti Y, Shadmehr R, O’Shea J. Contributions of the 1454 

cerebellum and the motor cortex to acquisition and retention of motor memories. 1455 

Neuroimage. 2014;98:147–58.  1456 

90.  Jayaram G, Tang B, Pallegadda R, Vasudevan EVL, Celnik P, Bastian A. Modulating 1457 

locomotor adaptation with cerebellar stimulation. J Neurophysiol. 2012 Jun 1;107(11):2950–1458 



59 
 

7.  1459 

91.  Block H, Celnik P. Stimulating the cerebellum affects visuomotor adaptation but not 1460 

intermanual transfer of learning. Cerebellum. 2013 Dec;12(6):781–93.  1461 

92.  Bonnì S, Motta C, Pellicciari MC, Casula EP, Cinnera AM, Maiella M, et al. Intermittent 1462 

Cerebellar Theta Burst Stimulation Improves Visuo-motor Learning in Stroke Patients: a 1463 

Pilot Study. Cerebellum 2020 195. 2020 May 28;19(5):739–43.  1464 

93.  Cantarero G, Spampinato D, Reis J, Ajagbe L, Thompson T, Kulkarni K, et al. Cerebellar 1465 

direct current stimulation enhances on-line motor skill acquisition through an effect on 1466 

accuracy. J Neurosci. 2015 Feb 18;35(7):3285–90.  1467 

94.  Torriero S, Oliveri M, Koch G, Caltagirone C, Petrosini L. Interference of left and right 1468 

cerebellar rTMS with procedural learning. J Cogn Neurosci. 2004 Nov;16(9):1605–11.  1469 

95.  Ehsani F, Bakhtiary AH, Jaberzadeh S, Talimkhani A, Hajihasani A. Differential effects of 1470 

primary motor cortex and cerebellar transcranial direct current stimulation on motor learning 1471 

in healthy individuals: A randomized double-blind sham-controlled study. Neurosci Res. 1472 

2016 Nov 1;112:10–9.  1473 

96.  Ferrucci R, Brunoni AR, Parazzini M, Vergari M, Rossi E, Fumagalli M, et al. Modulating 1474 

human procedural learning by cerebellar transcranial direct current stimulation. Cerebellum. 1475 

2013 Aug;12(4):485–92.  1476 

97.  Koch G, Bonnì S, Casula EP, Iosa M, Paolucci S, Pellicciari MC, et al. Effect of Cerebellar 1477 

Stimulation on Gait and Balance Recovery in Patients with Hemiparetic Stroke: A 1478 

Randomized Clinical Trial. JAMA Neurol. 2019 Feb 1;76(2):170–8.  1479 

98.  Sebastian R, Saxena S, Tsapkini K, Faria A V., Long C, Wright A, et al. Cerebellar tDCS: A 1480 

novel approach to augment language treatment post-stroke. Front Hum Neurosci. 2017 Jan 1481 

12;10:695.  1482 

99.  Benussi A, Koch G, Cotelli M, Padovani A, Borroni B. Cerebellar transcranial direct current 1483 

stimulation in patients with ataxia: A double-blind, randomized, sham-controlled study. Mov 1484 



60 
 

Disord. 2015 Oct 1;30(12):1701–5.  1485 

100.  Feigin VL, Nichols E, Alam T, Bannick MS, Beghi E, Blake N, et al. Global, regional, and 1486 

national burden of neurological disorders, 1990–2016: a systematic analysis for the Global 1487 

Burden of Disease Study 2016. Lancet Neurol. 2019 May 1;18(5):459–80.  1488 

101.  Baron JC, Bousser MG, Comar D, Castaigne P. “Crossed cerebellar diaschisis” in human 1489 

supratentorial brain infarction. Trans Am Neurol Assoc. 1981;105:459–61.  1490 

102.  Kikuchi S, Mochizuki H, Moriya A, Nakatani-Enomoto S, Nakamura K, Hanajima R, et al. 1491 

Ataxic hemiparesis: Neurophysiological analysis by cerebellar transcranial magnetic 1492 

stimulation. Cerebellum. 2012 Mar;11(1):259–63.  1493 

103.  Celnik P. Understanding and Modulating Motor Learning with Cerebellar Stimulation. Vol. 1494 

14, Cerebellum. Springer New York LLC; 2015. p. 171–4.  1495 

104.  Wessel MJ, Hummel FC. Non-invasive Cerebellar Stimulation: a Promising Approach for 1496 

Stroke Recovery? Vol. 17, Cerebellum. Springer New York LLC; 2018. p. 359–71.  1497 

105.  Zandvliet SB, Meskers CGM, Kwakkel G, van Wegen EEH. Short-Term Effects of 1498 

Cerebellar tDCS on Standing Balance Performance in Patients with Chronic Stroke and 1499 

Healthy Age-Matched Elderly. Cerebellum. 2018 Oct 1;17(5):575–89.  1500 

106.  Berg KO, Wood-Dauphinee SL, Williams JI, Maki B. Measuring balance in the elderly: 1501 

Validation of an instrument. In: Canadian Journal of Public Health. 1992. p. S7-11.  1502 

107.  Picelli A, Chemello E, Castellazzi P, Filippetti M, Brugnera A, Gandolfi M, et al. Combined 1503 

effects of cerebellar transcranial direct current stimulation and transcutaneous spinal direct 1504 

current stimulation on robot-assisted gait training in patients with chronic brain stroke: A 1505 

pilot, single blind, randomized controlled trial. Restor Neurol Neurosci. 2018;36(2):161–71.  1506 

108.  Enright PL. The Six-Minute Walk Test. Respir Care. 2003;48(8).  1507 

109.  Picelli A, Brugnera A, Filippetti M, Mattiuz N, Chemello E, Modenese A, et al. Effects of 1508 

two different protocols of cerebellar transcranial direct current stimulation combined with 1509 

transcutaneous spinal direct current stimulation on robot-assisted gait training in patients 1510 



61 
 

with chronic supratentorial stroke: A single blind, randomized controlled trial. Restor Neurol 1511 

Neurosci. 2019;37(2):97–107.  1512 

110.  Bonnì S, Ponzo V, Caltagirone C, Koch G. Cerebellar theta burst stimulation in stroke 1513 

patients with ataxia. Funct Neurol. 2014;29(1):41–5.  1514 

111.  Kim WS, Jung SH, Oh MK, Min YS, Lim JY, Paik NJ. Effect of repetitive transcranial 1515 

magnetic stimulation over the cerebellum on patients with ataxia after posterior circulation 1516 

stroke: A pilot study. J Rehabil Med. 2014;46(5):418–23.  1517 

112.  Marangolo P, Fiori V, Caltagirone C, Pisano F, Priori A. Transcranial cerebellar direct 1518 

current stimulation enhances verb generation but not verb naming in poststroke Aphasia. J 1519 

Cogn Neurosci. 2018 Feb 1;30(2):188–99.  1520 

113.  Sebastian R, Kim JH, Brenowitz R, Tippett DC, Desmond JE, Celnik PA, et al. Cerebellar 1521 

neuromodulation improves naming in post-stroke aphasia. Brain Commun. 2020 Nov 9;  1522 

114.  Wessel MJ, Zimerman M, Timmermann JE, Heise KF, Gerloff C, Hummel FC. Enhancing 1523 

Consolidation of a New Temporal Motor Skill by Cerebellar Noninvasive Stimulation. Cereb 1524 

Cortex. 2016 Apr 1;26(4):1660–7.  1525 

115.  Leggio M, Olivito G, Lupo M, Clausi S. The Cerebellum: A Therapeutic Target in Treating 1526 

Speech and Language Disorders. In: Translational Neuroscience of Speech and Language 1527 

Disorders. Springer International Publishing; 2020. p. 141–75.  1528 

116.  Desmond JE, Chen SHA, Shieh PB. Cerebellar transcranial magnetic stimulation impairs 1529 

verbal working memory. Ann Neurol. 2005 Oct;58(4):553–60.  1530 

117.  Tomlinson SP, Davis NJ, Morgan HM, Bracewell RM. Cerebellar contributions to verbal 1531 

working memory. Cerebellum. 2014;13(3):354–61.  1532 

118.  Ferrucci R, Marceglia S, Vergari M, Cogiamanian F, Mrakic-Sposta S, Mameli F, et al. 1533 

Cerebellar transcranial direct current stimulation impairs the practice-dependent proficiency 1534 

increase in working memory. J Cogn Neurosci. 2008 Sep;20(9):1687–97.  1535 

119.  Boehringer A, Macher K, Dukart J, Villringer A, Pleger B. Cerebellar transcranial direct 1536 



62 
 

current stimulation modulates verbal working memory. Brain Stimul. 2013 Jul;6(4):649–53.  1537 

120.  Macher K, Böhringer A, Villringer A, Pleger B. P 50. Anodal cerebellar tDCS impairs verbal 1538 

working memory. Clin Neurophysiol. 2013 Oct 1;124(10):e87–8.  1539 

121.  Pope PA, Miall RC. Task-specific facilitation of cognition by cathodal transcranial direct 1540 

current stimulation of the cerebellum. Brain Stimul. 2012 Apr;5(2):84–94.  1541 

122.  Gronwall DMA. Paced auditory serial addition task: A measure of recovery from concussion. 1542 

Percept Mot Skills. 1977;44(2):367–73.  1543 

123.  Arasanz CP, Staines WR, Roy EA, Schweizer TA. The cerebellum and its role in word 1544 

generation: A cTBS study. Cortex. 2012;48(6):718–24.  1545 

124.  Rami L, Gironell A, Kulisevsky J, García-Sánchez C, Berthier M, Estévez-González A. 1546 

Effects of repetitive transcranial magnetic stimulation on memory subtypes: A controlled 1547 

study. Neuropsychologia. 2003 Jan 1;41(14):1877–83.  1548 

125.  Argyropoulos GPD. The cerebellum, internal models and prediction in ‘non-motor’ aspects 1549 

of language: A critical review. Brain Lang. 2016 Oct 1;161:4–17.  1550 

126.  Argyropoulos GP. Cerebellar theta-burst stimulation selectively enhances lexical associative 1551 

priming. Cerebellum. 2011 Sep;10(3):540–50.  1552 

127.  Argyropoulos GP, Muggleton NG. Effects of cerebellar stimulation on processing semantic 1553 

associations. Cerebellum. 2013;12(1):83–96.  1554 

128.  Allen-Walker LST, Bracewell RM, Thierry G, Mari-Beffa P. Facilitation of Fast Backward 1555 

Priming After Left Cerebellar Continuous Theta-Burst Stimulation. Cerebellum. 2018 Apr 1556 

1;17(2):132–42.  1557 

129.  Lesage E, Morgan BE, Olson AC, Meyer AS, Miall RC. Cerebellar rTMS disrupts predictive 1558 

language processing. Vol. 22, Current Biology. Cell Press; 2012.  1559 

130.  Miall RC, Antony J, Goldsmith-Sumner A, Harding SR, McGovern C, Winter JL. 1560 

Modulation of linguistic prediction by TDCS of the right lateral cerebellum. 1561 

Neuropsychologia. 2016 Jun 1;86:103–9.  1562 



63 
 

131.  Gatti D, Van Vugt F, Vecchi T. A causal role for the cerebellum in semantic integration: a 1563 

transcranial magnetic stimulation study. Sci Reports 2020 101. 2020 Oct 23;10(1):1–12.  1564 

132.  Dave S, VanHaerents S, Voss JL. Cerebellar Theta and Beta Noninvasive Stimulation 1565 

Rhythms Differentially Influence Episodic Memory versus Semantic Prediction. J Neurosci. 1566 

2020 Sep 16;40(38):7300–10.  1567 

133.  Oliveri M, Bonnì S, Turriziani P, Koch G, Lo Gerfo E, Torriero S, et al. Motor and linguistic 1568 

linking of space and time in the cerebellum. PLoS One. 2009 Nov 20;4(11).  1569 

134.  Runnqvist E, Bonnard M, Gauvin HS, Attarian S, Trébuchon A, Hartsuiker RJ, et al. Internal 1570 

modeling of upcoming speech: A causal role of the right posterior cerebellum in non-motor 1571 

aspects of language production. Cortex. 2016 Aug 1;81:203–14.  1572 

135.  Cho SS, Yoon EJ, Bang SA, Park HS, Kim YK, Strafella AP, et al. Metabolic changes of 1573 

cerebrum by repetitive transcranial magnetic stimulation over lateral cerebellum: A study 1574 

with FDG PET. Cerebellum. 2012 Sep;11(3):739–48.  1575 

136.  Macher K, Böhringer A, Villringer A, Pleger B. Cerebellar-parietal connections underpin 1576 

phonological storage. J Neurosci. 2014 Apr 2;34(14):5029–37.  1577 

137.  Farzan F, Wu Y, Manor B, Anastasio EM, Lough M, Novak V, et al. Cerebellar TMS in 1578 

treatment of a patient with cerebellar ataxia: Evidence from clinical, biomechanics and 1579 

neurophysiological assessments. Cerebellum. 2013 Oct;12(5):707–12.  1580 

138.  Lin Q, Chang Y, Liu P, Jones JA, Chen X, Peng D, et al. Cerebellar Continuous Theta Burst 1581 

Stimulation Facilitates Auditory–Vocal Integration in Spinocerebellar Ataxia. Cereb Cortex. 1582 

2021 Jul;  1583 

139.  Brusa L, Ponzo V, Mastropasqua C, Picazio S, Bonnì S, Di Lorenzo F, et al. Theta burst 1584 

stimulation modulates Cerebellar-cortical connectivity in patients with progressive 1585 

supranuclear palsy. Brain Stimul. 2014 Jan;7(1):29–35.  1586 

140.  DeMarco AT, Dvorak E, Lacey E, Stoodley CJ, Turkeltaub PE. An Exploratory Study of 1587 

Cerebellar Transcranial Direct Current Stimulation in Individuals With Chronic Stroke 1588 



64 
 

Aphasia. Cogn Behav Neurol. 2021 Jun;34(2):96–106.  1589 

141.  Phillips JR, Hewedi DH, Eissa AM, Moustafa AA. The Cerebellum and Psychiatric 1590 

Disorders. Front Public Heal. 2015 May 5;3:66.  1591 

142.  Ferrucci R, Bocci T, Priori A. Cerebellar and spinal tDCS. In: Transcranial Direct Current 1592 

Stimulation in Neuropsychiatric Disorders: Clinical Principles and Management. Springer 1593 

International Publishing; 2016. p. 223–9.  1594 

143.  O’Connell NE, Wand BM, Marston L, Spencer S, DeSouza LH. Non-invasive brain 1595 

stimulation techniques for chronic pain. In: Cochrane Database of Systematic Reviews. John 1596 

Wiley & Sons, Ltd; 2010.  1597 

144.  Tortella G. Transcranial direct current stimulation in psychiatric disorders. World J 1598 

Psychiatry. 2015;5(1):88.  1599 

145.  Kuo MF, Nitsche MA. Exploring prefrontal cortex functions in healthy humans by 1600 

transcranial electrical stimulation. Vol. 31, Neuroscience Bulletin. Science Press; 2015. p. 1601 

198–206.  1602 

146.  Ho KA, Bai S, Martin D, Alonzo A, Dokos S, Puras P, et al. A pilot study of alternative 1603 

transcranial direct current stimulation electrode montages for the treatment of major 1604 

depression. J Affect Disord. 2014 Oct 1;167:251–8.  1605 

147.  Minichino A, Bersani FS, Spagnoli F, Corrado A, De Michele F, Calò WK, et al. Prefronto-1606 

cerebellar transcranial direct current stimulation improves sleep quality in euthymic bipolar 1607 

patients: A brief report. Behav Neurol. 2014 Dec 4;2014.  1608 

148.  Curcio G, Tempesta D, Scarlata S, Marzano C, Moroni F, Rossini PM, et al. Validity of the 1609 

Italian Version of the Pittsburgh Sleep Quality Index (PSQI). Neurol Sci. 2013 Apr 1610 

13;34(4):511–9.  1611 

149.  Minichino A, Bersani FS, Bernabei L, Spagnoli F, Vergnani L, Corrado A, et al. Prefronto–1612 

cerebellar transcranial direct current stimulation improves visuospatial memory, executive 1613 

functions, and neurological soft signs in patients with euthymic bipolar disorder. 1614 



65 
 

Neuropsychiatr Dis Treat. 2015 Aug 28;11:2265–70.  1615 

150.  Shin MS, Park SY, Park SR, Seol SH, Kwon JS. Clinical and empirical applications of the 1616 

Rey-Osterrieth Complex Figure Test. Nat Protoc. 2006 Jul;1(2):892–9.  1617 

151.  Bation R, Poulet E, Haesebaert F, Saoud M, Brunelin J. Transcranial direct current 1618 

stimulation in treatment-resistant obsessive-compulsive disorder: An open-label pilot study. 1619 

Prog Neuro-Psychopharmacology Biol Psychiatry. 2016 Feb 4;65:153–7.  1620 

152.  Montgomery SA, Asberg M. A new depression scale designed to be sensitive to change. Br J 1621 

Psychiatry. 1979;134(4):382–9.  1622 

153.  Goodman WK, Price LH, Rasmussen SA, Mazure C, Delgado P, Heninger GR, et al. The 1623 

Yale-Brown Obsessive Compulsive Scale: II. Validity. Arch Gen Psychiatry. 1989 Nov 1624 

1;46(11):1012–6.  1625 

154.  Jayadev S, Bird TD. Hereditary ataxias: Overview. Vol. 15, Genetics in Medicine. Genet 1626 

Med; 2013. p. 673–83.  1627 

155.  Storey E. Genetic cerebellar ataxias. Semin Neurol. 2014 Jul 1;34(3):280–92.  1628 

156.  Rüb U, Schöls L, Paulson H, Auburger G, Kermer P, Jen JC, et al. Clinical features, 1629 

neurogenetics and neuropathology of the polyglutamine spinocerebellar ataxias type 1, 2, 3, 6 1630 

and 7. Vol. 104, Progress in Neurobiology. Prog Neurobiol; 2013. p. 38–66.  1631 

157.  Delatycki MB, Corben LA. Clinical features of Friedreich ataxia. In: Journal of Child 1632 

Neurology. NIH Public Access; 2012. p. 1133–7.  1633 

158.  Pozzi NG, Minafra B, Zangaglia R, De Marzi R, Sandrini G, Priori A, et al. Transcranial 1634 

direct current stimulation (tDCS) of the cortical motor areas in three cases of cerebellar 1635 

ataxia. Cerebellum. 2014;13(1):109–12.  1636 

159.  Grimaldi G, Manto M. Anodal transcranial direct current stimulation (tDCS) decreases the 1637 

amplitudes of long-latency stretch reflexes in cerebellar ataxia. Ann Biomed Eng. 1638 

2013;41(11):2437–47.  1639 

160.  Barretto TL, Bandeira ID, Jagersbacher JG, Barretto BL, de Oliveira e Torres ÂFS, Peña N, 1640 



66 
 

et al. Transcranial direct current stimulation in the treatment of cerebellar ataxia: A two-1641 

phase, double-blind, auto-matched, pilot study. Clin Neurol Neurosurg. 2019 Jul 1;182:123–1642 

9.  1643 

161.  Chen TX, Yang CY, Willson G, Lin CC, Kuo SH. The Efficacy and Safety of Transcranial 1644 

Direct Current Stimulation for Cerebellar Ataxia: a Systematic Review and Meta-Analysis. 1645 

Cerebellum. Springer; 2020. p. 1–10.  1646 

162.  Benussi A, Pascual-Leone A, Borroni B. Non-invasive cerebellar stimulation in 1647 

neurodegenerative ataxia: A literature review. Vol. 21, International Journal of Molecular 1648 

Sciences. MDPI AG; 2020.  1649 

163.  Orrù G, Cesari V, Conversano C, Gemignani A. The clinical application of transcranial direct 1650 

current stimulation in patients with cerebellar ataxia: a systematic review. International 1651 

Journal of Neuroscience. Taylor and Francis Ltd; 2020.  1652 

164.  Maas RPPWM, Helmich RCG, van de Warrenburg BPC. The role of the cerebellum in 1653 

degenerative ataxias and essential tremor: Insights from noninvasive modulation of cerebellar 1654 

activity. Vol. 35, Movement Disorders. John Wiley and Sons Inc.; 2020. p. 215–27.  1655 

165.  Mathiowetz V, Weber K, Kashman N, Volland G. Adult Norms for the Nine Hole Peg Test 1656 

of Finger Dexterity. Occup Ther J Res. 1985 Jan 24;5(1):24–38.  1657 

166.  Hulst T, John L, Küper M, Van Der Geest JN, Göricke SL, Donchin O, et al. Cerebellar 1658 

patients do not benefit from cerebellar or M1 transcranial direct current stimulation during 1659 

force-field reaching adaptation. J Neurophysiol. 2017 Aug 1;118(2):732–48.  1660 

167.  John L, Küper M, Hulst T, Timmann D, Hermsdörfer J. Effects of transcranial direct current 1661 

stimulation on grip force control in patients with cerebellar degeneration. Cerebellum and 1662 

Ataxias. 2017 Sep 15;4(1).  1663 

168.  Lefaucheur JP, Antal A, Ayache SS, Benninger DH, Brunelin J, Cogiamanian F, et al. 1664 

Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation 1665 

(tDCS). Vol. 128, Clinical Neurophysiology. Elsevier Ireland Ltd; 2017. p. 56–92.  1666 



67 
 

169.  Portaro S, Russo M, Bramanti A, Leo A, Billeri L, Manuli A, et al. The role of robotic gait 1667 

training and tDCS in Friedrich ataxia rehabilitation: A case report. Medicine (Baltimore). 1668 

2019 Feb 1;98(8):e14447.  1669 

170.  Tada M, Nishizawa M, Onodera O. Redefining cerebellar ataxia in degenerative ataxias: 1670 

Lessons from recent research on cerebellar systems. Vol. 86, Journal of Neurology, 1671 

Neurosurgery and Psychiatry. BMJ Publishing Group; 2015. p. 922–8.  1672 

171.  Ferrucci R, Bocci T, Cortese F, Ruggiero F, Priori A. Cerebellar transcranial direct current 1673 

stimulation in neurological disease. Vol. 3, Cerebellum and Ataxias. BioMed Central Ltd.; 1674 

2016.  1675 

172.  Pilloni G, Shaw M, Feinberg C, Clayton A, Palmeri M, Datta A, et al. Long term at-home 1676 

treatment with transcranial direct current stimulation (tDCS) improves symptoms of 1677 

cerebellar ataxia: a case report. J Neuroeng Rehabil. 2019 Mar 19;16(1):41.  1678 

173.  Marinela V, Gabriella P, Vasco M, Jimmy C, Jennifer P, Andrea M. Acta Scientific 1679 

Neurology Combining Transcranial Direct Current Stimulation and Intensive Physiotherapy 1680 

in Patients with Friedreich’s Ataxia: A Pilot Study.  1681 

174.  Albanese A, Bhatia K, Bressman SB, Delong MR, Fahn S, Fung VSC, et al. Phenomenology 1682 

and classification of dystonia: A consensus update. Vol. 28, Movement Disorders. Mov 1683 

Disord; 2013. p. 863–73.  1684 

175.  Jinnah HA, Neychev V, Hess EJ. The Anatomical Basis for Dystonia: The Motor Network 1685 

Model. Vol. 7, Tremor and other hyperkinetic movements (New York, N.Y.). Ubiquity Press; 1686 

2017. p. 506.  1687 

176.  Bradnam L V., Graetz LJ, McDonnell MN, Ridding MC. Anodal transcranial direct current 1688 

stimulation to the cerebellum improves handwriting and cyclic drawing kinematics in focal 1689 

hand dystonia. Front Hum Neurosci. 2015 May 18;9(MAY).  1690 

177.  Sadnicka A, Rosset-Llobet J. A motor control model of task-specific dystonia and its 1691 

rehabilitation. In: Progress in Brain Research. Elsevier B.V.; 2019. p. 269–83.  1692 



68 
 

178.  Furuya S, Nitsche MA, Paulus W, Altenmüller E. Surmounting retraining limits in 1693 

Musicians’ dystonia by transcranial stimulation. Ann Neurol. 2014;75(5):700–7.  1694 

179.  Sadnicka A, Hamada M, Bhatia KP, Rothwell JC, Edwards MJ. Cerebellar stimulation fails 1695 

to modulate motor cortex plasticity in writing dystonia. Mov Disord. 2014;29(10):1304–7.  1696 

180.  Hubsch C, Roze E, Popa T, Russo M, Balachandran A, Pradeep S, et al. Defective cerebellar 1697 

control of cortical plasticity in writer’s cramp. Brain. 2013;136(7):2050–62.  1698 

181.  Popa T, Hubsch C, James P, Richard A, Russo M, Pradeep S, et al. Abnormal cerebellar 1699 

processing of the neck proprioceptive information drives dysfunctions in cervical dystonia. 1700 

Sci Rep. 2018 Dec 1;8(1).  1701 

182.  Bologna M, Paparella G, Fabbrini A, Leodori G, Rocchi L, Hallett M, et al. Effects of 1702 

cerebellar theta-burst stimulation on arm and neck movement kinematics in patients with 1703 

focal dystonia. Clin Neurophysiol. 2016 Nov 1;127(11):3472–9.  1704 

183.  Odorfer TM, Homola GA, Reich MM, Volkmann J, Zeller D. Increased Finger-Tapping 1705 

Related Cerebellar Activation in Cervical Dystonia, Enhanced by Transcranial Stimulation: 1706 

An Indicator of Compensation? Front Neurol. 2019 Mar 15;10:231.  1707 

184.  Hoffland BS, Kassavetis P, Bologna M, Teo JTH, Bhatia KP, Rothwell JC, et al. 1708 

Cerebellum-dependent associative learning deficits in primary dystonia are normalized by 1709 

rTMS and practice. Eur J Neurosci. 2013 Jul;38(1):2166–71.  1710 

185.  Ferrucci R, Priori A. Noninvasive stimulation. In: Handbook of Clinical Neurology. Elsevier 1711 

B.V.; 2018. p. 393–405.  1712 

186.  Sadnicka A, Hamada M. Plasticity and dystonia: a hypothesis shrouded in variability. Exp 1713 

Brain Res. 2020 Aug 23;238(7–8):1611–7.  1714 

187.  Brighina F, Romano M, Giglia G, Saia V, Puma A, Giglia F, et al. Effects of cerebellar TMS 1715 

on motor cortex of patients with focal dystonia: A preliminary report. Exp Brain Res. 2009 1716 

Feb;192(4):651–6.  1717 

188.  Giompres P, Delis F. Dopamine transporters in the cerebellum of mutant mice. Cerebellum. 1718 



69 
 

2005;4(2):105–11.  1719 

189.  Kishore A, Popa T. Cerebellum in levodopa-induced dyskinesias: The unusual suspect in the 1720 

motor network. Vol. 5 AUG, Frontiers in Neurology. Frontiers Research Foundation; 2014.  1721 

190.  Panagopoulos NT, Papadopoulos GC, Matsokis NA. Dopaminergic innervation and binding 1722 

in the rat cerebellum. Neurosci Lett. 1991 Sep 16;130(2):208–12.  1723 

191.  Melchitzky DS, Lewis DA. Tyrosine hydroxylase- and dopamine transporter-1724 

immunoreactive axons in the primate cerebellum: Evidence for a lobular- and laminar-1725 

specific dopamine innervation. Neuropsychopharmacology. 2000 May;22(5):466–72.  1726 

192.  Tremblay S, Austin D, Hannah R, Rothwell JC. Non-invasive brain stimulation as a tool to 1727 

study cerebellar-M1 interactions in humans. Vol. 3, Cerebellum and Ataxias. BioMed 1728 

Central Ltd.; 2016.  1729 

193.  Hallett M. Tremor: Pathophysiology. Park Relat Disord. 2014 Jan;20(SUPPL.1).  1730 

194.  Málly J, Stone TW, Sinkó G, Geisz N, Dinya E. Long term follow-up study of non-invasive 1731 

brain stimulation (NBS) (rTMS and tDCS) in Parkinson’s disease (PD). Strong age-1732 

dependency in the effect of NBS. Brain Res Bull. 2018 Sep 1;142:78–87.  1733 

195.  Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al. 1734 

Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating 1735 

Scale (MDS-UPDRS): Scale presentation and clinimetric testing results. Mov Disord. 2008 1736 

Nov 15;23(15):2129–70.  1737 

196.  Ferrucci R, Cortese F, Bianchi M, Pittera D, Turrone R, Bocci T, et al. Cerebellar and Motor 1738 

Cortical Transcranial Stimulation Decrease Levodopa-Induced Dyskinesias in Parkinson’s 1739 

Disease. Cerebellum. 2016 Feb 1;15(1):43–7.  1740 

197.  Workman CD, Fietsam AC, Uc EY, Rudroff T. Cerebellar transcranial direct current 1741 

stimulation in people with parkinson’s disease: A pilot study. Brain Sci. 2020 Feb 1;10(2).  1742 

198.  Bologna M, Di Biasio F, Conte A, Iezzi E, Modugno N, Berardelli A. Effects of cerebellar 1743 

continuous theta burst stimulation on resting tremor in Parkinson’s disease. Park Relat 1744 



70 
 

Disord. 2015 Sep 1;21(9):1061–6.  1745 

199.  Di Biasio F, Conte A, Bologna M, Iezzi E, Rocchi L, Modugno N, et al. Does the cerebellum 1746 

intervene in the abnormal somatosensory temporal discrimination in Parkinson’s disease? 1747 

Park Relat Disord. 2015 Jul 1;21(7):789–92.  1748 

200.  Sanna A, Follesa P, Puligheddu M, Cannas A, Serra M, Pisu MG, et al. Cerebellar 1749 

continuous theta burst stimulation reduces levodopa-induced dyskinesias and decreases 1750 

serum BDNF levels. Neurosci Lett. 2020 Jan 18;716:134653.  1751 

201.  Janssen AM, Munneke MAM, Nonnekes J, van der Kraan T, Nieuwboer A, Toni I, et al. 1752 

Cerebellar theta burst stimulation does not improve freezing of gait in patients with 1753 

Parkinson’s disease. J Neurol. 2017 May 1;264(5):963–72.  1754 

202.  Brusa L, Ceravolo R, Kiferle L, Monteleone F, Iani C, Schillaci O, et al. Metabolic changes 1755 

induced by theta burst stimulation of the cerebellum in dyskinetic Parkinson’s disease 1756 

patients. Park Relat Disord. 2012 Jan;18(1):59–62.  1757 

203.  Kishore A, Popa T, Balachandran A, Chandran S, Pradeep S, Backer F, et al. Cerebellar 1758 

sensory processing alterations impact motor cortical plasticity in Parkinson’s disease: Clues 1759 

from dyskinetic patients. Cereb Cortex. 2014;24(8):2055–67.  1760 

204.  Popa T, Russo M, Meunier S. Long-lasting inhibition of cerebellar output. Brain Stimul. 1761 

2010 Jul;3(3):161–9.  1762 

205.  Aizenman CD, Manis PB, Linden DJ. Polarity of long-term synaptic gain change is related to 1763 

postsynaptic spike firing at a cerebellar inhibitory synapse. Neuron. 1998 Oct 1;21(4):827–1764 

35.  1765 

206.  Minks E, Mareček R, Pavlík T, Ovesná P, Bareš M. Is the cerebellum a potential target for 1766 

stimulation in parkinson’s disease? Results of 1-Hz rTMS on upper limb motor tasks. 1767 

Cerebellum. 2011 Dec;10(4):804–11.  1768 

207.  Lefaivre SC, Brown MJN, Almeida QJ. Cerebellar involvement in Parkinson’s disease 1769 

resting tremor. Cerebellum & Ataxias. 2016 Dec 8;3(1):13.  1770 



71 
 

208.  Rampersad S, Roig-Solvas B, Yarossi M, Kulkarni PP, Santarnecchi E, Dorval AD, et al. 1771 

Prospects for transcranial temporal interference stimulation in humans: A computational 1772 

study. Neuroimage. 2019 Nov 15;202:116124.  1773 

209.  Grossman N, Bono D, Dedic N, Kodandaramaiah SB, Rudenko A, Suk HJ, et al. 1774 

Noninvasive Deep Brain Stimulation via Temporally Interfering Electric Fields. Cell. 2017 1775 

Jun 1;169(6):1029-1041.e16.  1776 

210.  Chhatbar PY, Kautz SA, Takacs I, Rowland NC, Revuelta GJ, George MS, et al. Evidence of 1777 

transcranial direct current stimulation-generated electric fields at subthalamic level in human 1778 

brain in vivo. Brain Stimul. 2018 Jul 1;11(4):727–33.  1779 

211.  Farina M, Novelli E, Pagani R. Cross-sectional area variations of internal jugular veins 1780 

during supine head rotation in multiple sclerosis patients with chronic cerebrospinal venous 1781 

insufficiency: A prospective diagnostic controlled study with duplex ultrasound 1782 

investigation. BMC Neurol. 2013 Nov 5;13.  1783 

212.  Bagepally BS, Bhatt MD, Chandran V, Saini J, Bharath RD, Vasudev MK, et al. Decrease in 1784 

cerebral and cerebellar gray matter in essential tremor: A voxel-based morphometric analysis 1785 

under 3T MRI. J Neuroimaging. 2012 Jul;22(3):275–8.  1786 

213.  Gironell A, Martínez-Horta S, Aguilar S, Torres V, Pagonabarraga J, Pascual-Sedano B, et 1787 

al. Transcranial direct current stimulation of the cerebellum in essential tremor: A controlled 1788 

study. Vol. 7, Brain Stimulation. Elsevier Inc.; 2014. p. 491–2.  1789 

214.  Yilmaz NH, Polat B, Hanoglu L. Transcranial direct current stimulation in the treatment of 1790 

essential tremor: An open-label study. Neurologist. 2016 Mar 23;21(2):28–9.  1791 

215.  Elble RJ. The Essential Tremor Rating Assessment Scale. Vol. 1, J Neurol Neuromedicine. 1792 

2016.  1793 

216.  Schreglmann S, Wang D, Peach R, Li J, Zhang X, Latorre A, et al. Non-invasive 1794 

Amelioration of Essential Tremor via Phase-Locked Disruption of its Temporal Coherence. 1795 

bioRxiv. 2020 Jun 24;2020.06.23.165498.  1796 



72 
 

217.  Rees EM, Farmer R, Cole JH, Haider S, Durr A, Landwehrmeyer B, et al. Cerebellar 1797 

abnormalities in Huntington’s disease: A role in motor and psychiatric impairment? Mov 1798 

Disord. 2014 Nov 1;29(13):1648–54.  1799 

218.  Wolf RC, Thomann PA, Sambataro F, Wolf ND, Vasic N, Landwehrmeyer GB, et al. 1800 

Abnormal cerebellar volume and corticocerebellar dysfunction in early manifest 1801 

Huntington’s disease. J Neurol. 2015 Apr 1;262(4):859–69.  1802 

219.  Bocci T, Baloscio D, Ferrucci R, Sartucci F, Priori A. Cerebellar Direct Current Stimulation 1803 

(ctDCS) in the Treatment of Huntington’s Disease: A Pilot Study and a Short Review of the 1804 

Literature. Front Neurol. 2020 Dec 3;11.  1805 

220.  Tramontano M, Grasso MG, Soldi S, Casula EP, Bonnì S, Mastrogiacomo S, et al. Cerebellar 1806 

Intermittent Theta-Burst Stimulation Combined with Vestibular Rehabilitation Improves Gait 1807 

and Balance in Patients with Multiple Sclerosis: a Preliminary Double-Blind Randomized 1808 

Controlled Trial. Cerebellum 2020 196. 2020 Jul 17;19(6):897–901.  1809 

221.  Michelle Welman FHS, Smit AE, Jongen JLM, Tibboel D, van der Geest JN, Holstege JC. 1810 

Pain Experience is Somatotopically Organized and Overlaps with Pain Anticipation in the 1811 

Human Cerebellum. Cerebellum. 2018 Aug 1;17(4):447–60.  1812 

222.  Baarbé JK, Yielder P, Haavik H, Holmes MWR, Murphy BA. Subclinical recurrent neck 1813 

pain and its treatment impacts motor training-induced plasticity of the cerebellum and motor 1814 

cortex. PLoS One. 2018 Feb 1;13(2).  1815 

223.  Mehnert J, May A. Functional and structural alterations in the migraine cerebellum. J Cereb 1816 

Blood Flow Metab. 2019 Apr 1;39(4):730–9.  1817 

224.  Mehnert J, Schulte L, Timmann D, May A. Activity and connectivity of the cerebellum in 1818 

trigeminal nociception. Neuroimage. 2017 Apr 15;150:112–8.  1819 

225.  Claassen J, Koenen LR, Ernst TM, Labrenz F, Theysohn N, Forsting M, et al. Cerebellum is 1820 

more concerned about visceral than somatic pain. Vol. 91, Journal of Neurology, 1821 

Neurosurgery and Psychiatry. BMJ Publishing Group; 2020. p. 218–9.  1822 



73 
 

226.  Liu HY, Lee PL, Chou KH, Lai KL, Wang YF, Chen SP, et al. The cerebellum is associated 1823 

with 2-year prognosis in patients with high-frequency migraine. J Headache Pain. 2020 Mar 1824 

18;21(1):29.  1825 

227.  Qin Z, He XW, Zhang J, Xu S, Li GF, Su J, et al. Structural changes of cerebellum and 1826 

brainstem in migraine without aura. J Headache Pain. 2019 Sep 2;20(1):93.  1827 

228.  Coombes SA, Misra G. Pain and motor processing in the human cerebellum. Pain. 2016 Jan 1828 

1;157(1):117–27.  1829 

229.  Fernandez L, Albein-Urios N, Kirkovski M, McGinley JL, Murphy AT, Hyde C, et al. 1830 

Cathodal Transcranial Direct Current Stimulation (tDCS) to the Right Cerebellar Hemisphere 1831 

Affects Motor Adaptation During Gait. Cerebellum. 2017 Feb 1;16(1):168–77.  1832 

230.  Henderson LA, Peck CC, Petersen ET, Rae CD, Youssef AM, Reeves JM, et al. Chronic 1833 

pain: Lost inhibition? J Neurosci. 2013 Apr 24;33(17):1754–82.  1834 

231.  Ruscheweyh R, Kühnel M, Filippopulos F, Blum B, Eggert T, Straube A. Altered 1835 

experimental pain perception after cerebellar infarction. Pain. 2014;155(7):1303–12.  1836 

232.  Rueger MA, Keuters MH, Walberer M, Braun R, Klein R, Sparing R, et al. Multi-session 1837 

transcranial direct current stimulation (tDCS) Elicits inflammatory and regenerative 1838 

processes in the rat brain. PLoS One. 2012 Aug 22;7(8).  1839 

233.  Leffa DT, Bellaver B, Salvi AA, de Oliveira C, Caumo W, Grevet EH, et al. Transcranial 1840 

direct current stimulation improves long-term memory deficits in an animal model of 1841 

attention-deficit/hyperactivity disorder and modulates oxidative and inflammatory 1842 

parameters. Brain Stimul. 2018 Jul 1;11(4):743–51.  1843 

234.  Bocci T, De Carolis G, Ferrucci R, Paroli M, Mansani F, Priori A, et al. Cerebellar 1844 

Transcranial Direct Current Stimulation (ctDCS) Ameliorates Phantom Limb Pain and Non-1845 

painful Phantom Limb Sensations. Cerebellum. 2019 Jun 15;18(3):527–35.  1846 

235.  Bocci T, Santarcangelo E, Vannini B, Torzini A, Carli G, Ferrucci R, et al. Cerebellar direct 1847 

current stimulation modulates pain perception in humans. Restor Neurol Neurosci. 2015 Oct 1848 



74 
 

5;33(5):597–609.  1849 

236.  Bocci T, Barloscio D, Parenti L, Sartucci F, Carli G, Santarcangelo EL. High Hypnotizability 1850 

Impairs the Cerebellar Control of Pain. Cerebellum. 2017 Feb 1;16(1):55–61.  1851 

237.  Valeriani M, Le Pera D, Restuccia D, de Armas L, Miliucci R, Betti V, et al. Parallel spinal 1852 

pathways generate the middle-latency N1 and the late P2 components of the laser evoked 1853 

potentials. Clin Neurophysiol. 2007 May 1;118(5):1097–104.  1854 

238.  Singer T, Seymour B, O’Doherty J, Kaube H, Dolan RJ, Frith CD. Empathy for Pain 1855 

Involves the Affective but not Sensory Components of Pain. Science (80- ). 2004 Feb 1856 

20;303(5661):1157–62.  1857 

239.  Moriguchi Y, Decety J, Ohnishi T, Maeda M, Mori T, Nemoto K, et al. Empathy and judging 1858 

other’s pain: An fMRI study of alexithymia. Cereb Cortex. 2007 Sep;17(9):2223–34.  1859 

240.  Pereira M, Rafiq B, Chowdhury E, Babayev J, Boo HJ, Metwaly R, et al. Anodal cerebellar 1860 

tDCS modulates lower extremity pain perception. NeuroRehabilitation. 2017;40(2):195–200.  1861 

241.  Zunhammer M, Busch V, Griesbach F, Landgrebe M, Hajak G, Langguth B. RTMS over the 1862 

cerebellum modulates temperature detection and pain thresholds through peripheral 1863 

mechanisms. Brain Stimul. 2011 Oct 1;4(4):210-217.e1.  1864 

242.  Bolognini N, Spandri V, Olgiati E, Fregni F, Ferraro F, Maravita A. Long-term analgesic 1865 

effects of transcranial direct current stimulation of the motor cortex on phantom limb and 1866 

stump pain: A case report. Vol. 46, Journal of Pain and Symptom Management. J Pain 1867 

Symptom Manage; 2013.  1868 

243.  Bolognini N, Olgiati E, Maravita A, Ferraro F, Fregni F. Motor and parietal cortex 1869 

stimulation for phantom limb pain and sensations. Pain. 2013;154(8):1274–80.  1870 

244.  Bolognini N, Spandri V, Ferraro F, Salmaggi A, Molinari ACL, Fregni F, et al. Immediate 1871 

and Sustained Effects of 5-Day Transcranial Direct Current Stimulation of the Motor Cortex 1872 

in Phantom Limb Pain. J Pain. 2015 Jul 1;16(7):657–65.  1873 

245.  Bradnam L V., McDonnell MN, Ridding MC. Cerebellar intermittent theta-burst stimulation 1874 



75 
 

and motor control training in individuals with cervical dystonia. Brain Sci. 2016 Dec 1;6(4).  1875 

246.  Bradnam L V., Frasca J, Kimberley TJ. Direct current stimulation of primary motor cortex 1876 

and cerebellum and botulinum toxin a injections in a person with cervical dystonia. Vol. 7, 1877 

Brain Stimulation. Elsevier Inc.; 2014. p. 909–11.  1878 

247.  Koch G, Porcacchia P, Ponzo V, Carrillo F, Cáceres-Redondo MT, Brusa L, et al. Effects of 1879 

two weeks of cerebellar theta burst stimulation in cervical dystonia patients. Brain Stimul. 1880 

2014;7(4):564–72.  1881 

248.  Linssen MW, Van Gaalen J, Munneke MAM, Hoffland BS, Hulstijn W, Van De Warrenburg 1882 

BPC. A single session of cerebellar theta burst stimulation does not alter writing performance 1883 

in writer’s cramp. Vol. 138, Brain. Oxford University Press; 2015. p. e355.  1884 

249.  Shin HW, Youn YC, Hallett M. Focal Leg Dystonia Associated with Cerebellar Infarction 1885 

and Application of Low-Frequency Cerebellar Transcranial Magnetic Stimulation: Evidence 1886 

of Topographically Specific Cerebellar Contribution to Dystonia Development. Cerebellum. 1887 

2019 Dec 1;18(6):1147–50.  1888 

1889 



76 
 

 1890 

Figure 1. Postulated anatomical pathway (red arrows) responsible for CBI. TMS is hypothesized to 1891 

activate Purkinje neurons in the cerebellar cortex, which inhibit neurons in the dentate nucleus. This 1892 

withdraws any ongoing facilitation from dentate via thalamus to area 4, resulting in reduced 1893 

excitability of motor cortex. The blue arrows indicate the reciprocal connection from area 4 to 1894 

cerebellum via the pons. 1895 
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 1900 

Figure 2. Number of articles published per year between 2008 and 2020, listed in PubMed (search 1901 

strategy: cerebell* AND (transcranial direct current stimulation OR tDCS)). A number of 214 1902 

articles are found between 2008 and 2020, of which half (106) were published in the past 4 years 1903 
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Author Yea

r 

Domain Cohort (n) Protocol Task / 

therapy 

Main finding 

tDCS 

Sebastia

n et al. 

[98] 

2017 Cognitio

n 

(languag

e) 

Chronic 

bilateral MCA 

infarct (1, case 

report) 

Randomized, double-blind, sham-controlled, 

cross-over design; anodal ctDCS (I: 2 mA, T: 

20 min (active) or 30 s (sham) consecutive to 

2 x 15 training sessions, A: 25 cm2, E1: right 

cerebellum 1 cm below and 4 cm lateral to the 

inion, E2: over right deltoid muscle) 

Behavior 

spelling 

treatment 

Greater improvement in word 

spelling to dictation; 

generalization to written 

picture naming after active 

stimulation 

Marango

lo et al. 

[112] 

2018 Cognitio

n 

(languag

e) 

Chronic left-

hemispheric 

stroke (12) 

Randomized, double-blind, sham-controlled, 

cross-over design; cathodal ctDCS (I: 2 mA, 

T: 20 min (active) or 30 s (sham) over 5 

consecutive daily sessions, A: 5 x 7 cm, E1: 

right cerebellum 1 cm below and 4 cm lateral 

to the inion, E2: over right deltoid muscle) 

Verb 

generation 

and verb 

naming task 

Active stimulation led to 

greater improvement in a verb 

generation task when 

compared to sham; no effect on 

verb naming task 

Zandvlie

t et al. 

2018 Standing 

balance 

Chronic stroke 

(15), exclusion 

Randomized, single-blinded, sham-controlled, 

cross-over design; anodal tDCS to contra- or 

Postural 

tracking 

Contralesional cerebellar tDCS 

improved standing balance 
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[105] of patients 

with cerebellar 

lesions 

ipsilesional cerebellum partially overlapping 

with performance of a tracking task (I: 1.5 

mA, T: 20 min (active) or 2 x 30 s (sham), A: 

3.14 cm2, E1: 3 cm lateral to the inion, E2/3: 

over ipsilateral buccinator muscle) 

task performance (tandem position) 

Picelli et 

al. [107] 

2018 Gait Chronic stroke 

patients (20) 

with unilateral 

lesions in the 

anterior 

circulation 

Randomized, single-blind, parallel design; 

cathodal contralesional ctDCS + cathodal S-

tDCS or anodal ipsilesional M1-tDCS + 

cathodal S-tDCS concurrently to 10 sessions 

of 20 min RAGT (I: 2 mA, T: 20 min, A: 

circular 4 cm diameter, E1: 10-20 EEG 

position O1 or O2, E2: over ipsilateral 

buccinator muscle) 

RAGT, 

outcome: 

6MWT 

ctDCS + S-tDCS stimulation 

group showed greater 

improvement in 6MWT at 1st 

post-treatment assessment 

when compared to the M1-

tDCS + S-tDCS group 

Picelli et 

al. [109] 

2019 Gait Chronic first-

ever unilateral 

supratentorial 

stroke (40) 

Randomized, single-blind, parallel design; 

cathodal contralesional ctDCS + cathodal S-

tDCS or cathodal ipsilesional ctDCS + 

cathodal S-tDCS concurrently to 10 sessions 

RAGT, 

outcome: 

6MWT 

No significant differences 

between stimulation groups 

(contra versus ipsilesional 

cerebellar hemisphere) at post-
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with lesions in 

the anterior 

circulation 

of 20 min RAGT (I: 2 mA, T: 20 min, A: 

circular 4 cm diameter, E1: 10-20 EEG 

position O1 or O2, E2: over ipsilateral 

buccinator muscle) 

treatment assessments 

Sebastia

n et al. 

[113] 

2020 Cognitio

n 

(languag

e) 

Chronic left-

hemispheric 

stroke patients 

(24) 

Randomized, double-blind, sham-controlled, 

within-subject cross-over design, 2 phases of 

15 treatment sessions starting with anodal or 

cathodal ctDCS followed by sham or opposite 

order (I: 2 mA, T: 20 min (active) or 45 s 

(sham), A: 5 x 5 cm, E1: over the right 

cerebellum (1 cm under and 4 cm lateral to 

the inion), E2: over right shoulder 

Computeriz

ed aphasia 

therapy 

Repetitive ctDCS in 

combination with 

computerized aphasia 

treatment improved picture 

naming 

rTMS / TBS 

Bonni et 

al. [110] 

2014 Gait Chronic 

cerebellar 

stroke (6) 

Non-controlled interventional study; iTBS 

over lesioned cerebellum applied over 10 

sessions (C: 1 cm below and 3 cm lateral to 

the inion, P: 3 pulses at 50 Hz repeated at 5 

Standard 

physical 

therapy 

Improvement in posture and 

gait subscale of MICARS 
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Hz, 20 trains of 10 burst delivered at 8 s 

intervals, 600 pulses, 80% of AMT)  

Kim et 

al. [111] 

2014 Balance 

and gait 

Acute 

posterior 

circulation 

stroke (32) 

Randomized, double-blind, sham-controlled, 

2-to-1 ratio design; 1 Hz rTMS ipsilesional 

cerebellar hemisphere over 5 sessions (C: 2 

cm below and 2 cm lateral to the inion, P: 900 

pulses at 1 Hz at 100% RMT, sham coil was 

placed perpendicular to the scalp)  

Convention

al 

rehabilitatio

n therapy 

Active stimulation resulted in 

greater improvement in BBS 

and 10MWT 

Koch et 

al. [97] 

2019 Balance 

and gait 

Chronic stroke 

patients (36) 

with lesions in 

the MCA 

territory  

Randomized, double-blind, sham-controlled, 

parallel design; iTBS to contralesional 

cerebellar hemisphere over 3 weeks of daily 

sessions (C: over lateral cerebellum as guided 

by a neuronavigation system, P: iTBS, 1200 

pulses (delivered in 2 runs), 80% of AMT 

normalized to scalp-to-cortex distance) 

Convention

al 

physiothera

py 

 

Active stimulation resulted in 

an improved BBS score at the 

immediate post intervention 

assessment, the effect persisted 

at a 3-weeks post intervention 

follow-up 

Table 1. Cerebellar NIBS studies conducted in the stroke cohort. 1904 
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Table depicts the summary of identified studies testing CB-NIBS interventions in the stroke cohort assessing effects on cognitive and balance/gait 1905 

functions. Abbreviations: tDCS: transcranial direct current stimulation; ctDCS: cerebellar tDCS; S-tDCS: spinal tDCS; M1: primary motor 1906 

cortex; MCA: middle cerebral artery; I: current strength; T: stimulation duration; A: electrode size; E1: position stimulation electrode; E2: 1907 

position return electrode; RAGT: robot-assisted gait training; 6MWT: 6-minute walk test; rTMS: repetitive transcranial magnetic stimulation; 1908 

iTBS: intermittent theta burst stimulation; C: TMS coil position: P: description of TMS protocol; AMT: active motor threshold; RMT: resting 1909 

motor threshold; MICARS: Modified International Cooperative Ataxia Rating Scale; BBS: Berg Balance Scale; 10MWT: 10-m walk test.  1910 
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 1912 

 1913 

 1914 

 1915 

 1916 

 1917 

 1918 
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Data, 

author 

Cerebellar stimulation 

(inhibitory; facilitatory) 

Clinical response Biomarker 

response 

Main result 

Cervical dystonia 

2019, 

Odorfer et 

al. [183] 

Bilateral cTBS, single 

session 

16 patients 

 MEP, CSP, 

fMRI 

Increased finger-tapping related cerebellar activation on fMRI in 

dystonia which was more pronounced after cerebellar stimulation 

2018, Popa 

et al. [181] 

sham, iTBS and cTBS. 

Three sessions. 

22 patients 23 controls 

TWSTRS PAS Cerebellar inhibition suppressed PAS and excitation enhanced 

PAS (opposite to controls).  Turning the head or providing 

proprioceptive perturbation to neck muscles in healthy controls 

inverted cerebellar modulation of plasticity. 

2016, 

Bradnam et 

al. [245] 

sham or bilateral iTBS 

10 sessions/days 

8 patients in each group 

TWSTRS, CDQ-

24 QoL, hand 

dexterity 

MEP 

CSP 

Clinical markers improved favourably in iTBS group.  No 

change of neurophysiology. 

2014, 

Bradnam et 

al. [246] 

Single patient. 20 varied a-

tDCS cerebellar 

stimulations over 10 weeks 

TWSTRS, CDQ-

24, CDIP-58 

M1 

excitability 

Stimulation is safe with concurrent botulinum toxin injections. 

2014, Koch sham or bilateral cTBS TWSTRS, CBI, SICI, Small 15% improvement in TWSTRS for one week post 
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et al. [247] 

 

10 sessions over 2 weeks BFMDRS ICF, CSP, 

PAS 

intervention.  Stimulation modified CBI and reduced heterotopic 

PAS potentiation. 

2013, 

Hoffland et 

al. [184] 

cTBS, single session, 11 

patients 

 EBCC cTBS normalised deficit in eyeblink classical conditioning 

acquisition.  In keeping with a functional and reversible 

disruption of the cerebellum in dystonia 

Task-specific dystonia/focal hand dystonia 

2015, 

Bradnam et 

al. [176] 

sham, a-tDCS and ctDCS. 

Each single session.  8 

patients 

WCRS, ADDS, 

kinematic 

CBI a-tDCS improved kinematics of handwriting and circle drawing 

tasks but did not reveal clear neurophysiological mechanism 

(CBI within normal limits) 

2015, 

Lissen et 

al.  [248] 

sham or cTBS.  Each single 

session 

10 patients 

Writing 

kinematics 

 No significant change in writing kinematics 

2014, 

Sadnicka et 

al. [179] 

a-tDCS single session. 10 

patients 

 

WCRS RMT, AMT, 

CSP, PAS, 

RC 

Anodal stimulation reduced the magnitude of plasticity response 

(whether they facilitated or inhibited). High variability of PAS 

response noted.  No change in clinical score. 

2013, 

Hubsch et 

sham, iTBS and cTBS. Each 

single session. 21 writer’s 

 PAS, 

SICI/LICI 

Cerebellar cortex excitation and inhibition were ineffective in 

modulating cortical sensorimotor plasticity (in contrast to 
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Table 2. CB-NIBS studies conducted in the dystonia cohort. 1919 

Table depicts the summary of identified studies testing CB-NIBS interventions in the dystonia cohort assessing effects on clinical and 1920 

neurophysiological functions. Abbreviations: ADDS: Arm Dystonia Disability Scale;  AMT: active motor threshold;  a-tDCS: anodal transcranial 1921 

direct current stimulation; BFMDRS: Burke-Fahn-Marsden Dystonia Rating Scale; CBI: cerebellar brain inhibition; CDIP-58: Cervical Dystonia 1922 

Impact Profile; CDQ-24 QoL: Cranio-cervical Dystonia Questionnaire Quality of Life; CSP: cortical silent period; cTBS: continuous theta burst 1923 

stimulation; c-DCS: cathodal transcranial direct current stimulation; EBCC: eyeblink classical conditioning; fMRI: functional magnetic resonance 1924 

al.  [180] cramp 25 controls. controls). 

Mixed group 

2016, 

Bologna et 

al. [182] 

Two sessions: sham and 

cTBS 

13 focal hand dystonia, 13 

cervical dystonia, 13 

controls 

Arm and neck 

kinematics 

M1 

excitability 

cTBS reduced the excitability of contralateral primary motor 

cortex in healthy subjects and cervical dystonia but not patient 

with focal hand dystonia.  No change in clinical scores. 

Secondary dystonia 

2019, Shin 

et al. [249] 

Single case. Five sessions of 

low frequency TMS 

BFMDRS  Leg dystonia secondary to cerebellar infarction. Stimulation 

applied to side of lesions.  Improved dystonia at rest, no change 

to dystonia during gait 
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imaging; ICF: intracortical facilitation; iTBS: intermittent theta burst stimulation; LICI: long-interval intracortical inhibition; MEP: motor evoked 1925 

potential; PAS: paired associative stimulation; RC: recruitment curve; RMT: resting motor threshold; SICI: short-interval intracortical inhibition; 1926 

TWSTRS: Toronto Western Spasmodic Rating Scale; WCRS: writer’s cramp rating scale. 1927 


