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Cerebellar Transcranial Magnetic
Stimulation in Cerebellar Ataxias

Carina Franca and Rubens Gisbert Cury

Abstract Treatment options for autosomal dominant cerebellar ataxias are still
scarce. Transcranial magnetic stimulation (TMS), a neuromodulation technique
currently used for the treatment of depression, pain, vascular motor deficit, and
posttraumatic stress disorder, can be a symptomatic treatment for ataxic patients. In
this chapter, we reviewed current medical literature for the use of cerebellar TMS in
spinocerebellar ataxias. Ten articles, including 170 ataxic patients, reported ataxia
improvement after cerebellar TMS, with variable, but overall small effect sizes.
This procedure appears to be safe since no severe side effect was reported.
Additionally, cerebellar TMS can increase cerebellar blood flow, decrease oxidative
stress, and decrease inhibition of the cerebellum over the contralateral motor cortex.
However optimistic, these results still need to be better investigated in larger, longer,
and more homogeneous trials.

Keywords Ataxia - Spinocerebellar ataxia - Transcranial Magnetic Stimulation -
Neuromodulation - Cerebellum

1 Introduction

Autosomal dominant spinocerebellar ataxias (SCA) are a genetically inherited
group of diseases related to degeneration of the cerebellum and cerebellar pathways
(Klockgether et al. 2019). They can be divided into repeat expansions and non-
repeat mutations SCAs (Klockgether et al. 2019). The prevalence of SCA, although
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challenging to assess, is estimated to be 2.7 cases per 100,000 individuals (Ruano
etal. 2014). All SCAs are invariably progressive, and are responsible for premature
disability, impairment in quality of life, and death (Diallo et al. 2018; Schmitz-
Hiibsch et al. 2010). Currently, there is no treatment capable of slow or cease SCAs
evolution, and treatment is limited to symptomatic options. Even so, there is little
treatment choices to effectively improve ataxic symptoms.

Pharmacological treatments with positive evidence for SCA treatment include
riluzole, valproic acid, lithium carbonate, and varenicline, but evidence of quality of
life improvement is scarce (Klockgether et al. 2019). Currently, rehabilitation thera-
pies (physiotherapy, speech, and occupational therapy) remain the best studied
treatment options for SCA patients. Although improvement in ataxia scores and in
daily function after rehabilitation is well documented, size effects are small, and
rehabilitation alone is often not capable of reestablishing functionality (Zesiewicz
et al. 2018).

In light of this gap in ataxia treatment, transcranial magnetic stimulation (TMS)
has emerged as a possible option treatment for SCA patients (Franca et al. 2018;
Cury et al. 2020). TMS is a non-invasive, safe, and well-tolerated neuromodulation
technique that can reach different areas of the nervous system and is capable of
long-lasting benefits (Lefaucheur et al. 2020). Currently, TMS is successfully used
in the treatment of pain, depression, motor recovery after stroke, Parkinson’s dis-
ease, spasticity, and posttraumatic stress disorders (Lefaucheur et al. 2020). Since
the cerebellum is a neural structure abundantly connected to almost all the central
nervous system, involved in the pathogenesis of SCA, endowed with neuromodula-
tion properties, and accessible through non-invasive neuromodulation techniques, it
is a possible hub of interest for TMS (Cury et al. 2020).

In this chapter, we reviewed studies using TMS aimed at the cerebellum for the
treatment of ataxia. We searched for articles published between January 1, 1996,
and October 18, 2021, on Medline (PubMed) using terms “Transcranial Magnetic
Stimulation” AND *“‘ataxia.” Articles selected for this review should demonstrate
clinical results in patients with spinocerebellar ataxia after TMS targeting the cere-
bellum. We included only articles written in English.

2 Principles of Transcranial Magnetic Stimulation

TMS was introduced by Barker et al. in 1985, following the success of transcranial
electric stimulation in modulating the motor cortex, as a less painful way to deliver
the electric current to the brain (Barker et al. 1985). Based on the electromagnetic
induction principle described in 1831 by Faraday, it can generate up to 2T magnetic
field that lasts for 100 ps, and that is able to go unattenuated through scalp structures
and then generate an electric field in the brain (Farzan 2014).

The electric field, and consequently the neural structures affected, can be shaped
through several variables, such as coil geometry, current orientation, and intensity.
Circular coils were the first types of coils used and allow a large, albeit not deep,
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area of cortical stimulation (Deng et al. 2013). For a more focal stimulation, figure-
of-eight and double-cone coils are preferred, and these are also responsible for
deeper stimulation fields (the former more than the latter). However, there is a rapid
attenuation of the electric field in depth, which implies that more superficial struc-
tures receive most of the electric field (Deng et al. 2013). The stimulation of deeper
structures, however, can increase depending on the delivered stimulation intensity,
since the intensity of the induced current reduces with the square distance to the
stimulation site (Deng et al. 2013). Regarding current orientation, it is known TMS
stimulates preferentially axons than cell bodies, and the former are best stimulated
by a parallel current. However, additionally to depth, shape, and intensity of stimu-
lation, the effects of TMS must be accounted also for structures distant from the
stimulation site, since TMS acts by circuit activation (Lefaucheur 2016). After axo-
nal excitation by TMS, the changes in neuronal membrane spread in both ortho-
dromic and antidromic directions, activating postsynaptic and presynaptic structures,
respectively (Lefaucheur 2019). Although the effects of TMS are not exclusively
consequence of local effects, but also distant circuit effects, it is important to pre-
cisely determine the stimulation target, and for this purpose the use of neuronaviga-
tion systems seems to be preferred over skull landmarks (Lefaucheur 2019).

There are several available TMS protocols. Single-pulse TMS (pulses separated
by intervals >4 s) is largely used to measure neurophysiological variables, such as
motor-evoked potentials, which reflect cortical excitability and the integrity of cor-
ticospinal pathways (Farzan 2014; Rodriguez-Labrada et al. 2018). Paired-pulse
TMS consists of a conditioning stimulus followed by a test stimulus, and both stim-
uli are separated by an interstimulus interval (Rodriguez-Labrada et al. 2018). In the
cerebellum, paired-pulse TMS can be used to measure cerebellar-brain inhibition
(CBI) and cerebellar-brain facilitation (CBF) (Ugawa et al. 1995). CBI most likely
reflects activation of cerebellar cortex Purkinje cells, which inhibits cerebellar facil-
itatory output through dentate-thalamic-cortical pathway to the contralateral cere-
bral motor cortex (Ugawaetal. 1995). The use of TMS in repetitive pulses—repetitive
TMS (rTMS)—has a modulatory effect over neural structures possibly through
long-term depression and long-term potentiation, and can generate plastic synaptic
changes (Chen et al. 1997; Pascual-Leone et al. 1998). High frequency rTMS
(=5 Hz) is considered to be excitatory, while low frequency rTMS (<1 Hz) is inhibi-
tory. A type of rTMS, theta burst stimulation (TBS), can also be used for neuro-
modulation, and consists of 50 Hz bursts at 5 Hz delivered continuously (cTBS,
considered inhibitory) or intermittently (iTBS, considered excitatory) (Suppa et al.
2016). This notion of inhibitory or excitatory is not always straightforward, since it
can vary depending on the stimulation target and the prior state of circuits activation
(Lefaucheur 2006; Fitzgerald et al. 2006). As dictated by the Bienenstock—Cooper—
Munro model, if postsynaptic activity is high, it is more likely to be depressed; if it
is low, it is more likely to be potentiated (Bienenstock et al. 1982). Therefore, the
effects of rTMS are more dependent of baseline excitability levels than stimulation
frequency (Daskalakis et al. 2006). This is probably one of the reasons why a typical
plastic responses and altered excitability modifications to cortical stimulation have
been reported in various neuropsychiatric diseases (Ueki et al. 2006; Quartarone
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et al. 2003; Pascual-Leone et al. 1996). Additionally, most of the knowledge about
r'TMS effects is derived from motor cortex studies; the effects after cerebellar rTMS
are more limited. The size effect after one rTMS session is usually small, and short-
lasting, but its effectiveness can be enhanced if patient is submitted to repeated ses-
sions, especially in consecutive days (Valero-Cabré et al. 2008).

3 The Cerebellum as a Window to the Whole Brain

The cerebellum has emerged as an attractive and promising target for neuromodula-
tion in neurological disorders over the last few years. Because cerebellar areas pres-
ent several connections with important cortical and subcortical structures, the
modulation of these different neuronal networks could potentially treat pathologic
neuronal oscillations and thus influence motor and sensory integration (Fig. 1).

Since the cerebral cortex is connected to the cerebellum only by polysynaptic
circuits, and hence there are no monosynaptic connections, traditional techniques of
anterograde and retrograde tracing cannot explore the topographic relationship
between these two structures (Evarts and Thach 1969; Schmahmann and Pandya
1997; Strick 1985). Instead, inferences from deficits after specific lesions, as well as
physiological and transneuronal tracing techniques, and functional neuroimaging
could be used to investigate correlated areas.

Coherence is a spectral measure of the neural synchrony that can suggest com-
munication between brain areas and can be measured using intrinsic low-frequency
functional correlations by functional magnetic resonance imaging (MRI). Buckner
et al. used this technique to create a complete functional map of the human cerebel-
lum, and found functional connections between the cerebellum and the entire cere-
bral cortex, except perhaps primary visual and auditory cortices (Buckner et al.
2011). The cerebellum holds hubs of major functional brain networks, including
Somatomotor Network, Default Mode Network, Limbic Network, Frontal Control
Network, Ventral Attention Network, and Dorsal Attention Network (Buckner et al.
2011). Despite the previous concept of the cerebellum as a structure purely related
to motor control, somatomotor regions occupy only a small portion of the cerebel-
lum; functional connections to cerebral association networks are by far larger
(Buckner et al. 2011). Moreover, the cerebellum has at least two complete homo-
topic maps of all aforementioned cortical networks: one inverted representation in
the anterior lobe, and one mirrored upright representation in the posterior lobe. The
size of a cerebellar region dedicated to a network is in fact proportionate to its rep-
resentation in the cerebral cortex, meaning the largest cerebral networks are associ-
ated with the greatest representations in the cerebellum (Buckner et al. 2011). This
evidence points to a comprehensive cortical representation in the cerebellum.

In addition to cortical areas, several brainstems structures receive cerebellar
outputs: pontine reticular nucleus of the tegmentum, basilar pontine nuclei, pontine
and medullary reticular formation, inferior olive, red nucleus, periaqueductal
gray area, prerubral area, accessory oculomotor nuclei, and superior colliculus
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Fig. 1 Schematic representation of cerebellar cortical and subcortical connections. Network
model showing cerebellar connections to distant regions. The dentate nucleus receives inhibitory
input from Purkinje cells and modulates other brain areas, including contralateral primary motor
cortex (facilitatory tonus). There is intracortical inhibition between both motor cortices, which is
related to maintaining the integrity of axial, and limbs movements. (Adapted from Franga
et al. (2020))

(Teune et al. 2000). The pontine reticular nucleus of the tegmentum is associated
with motor learning (Takeichi et al. 2005), while the inferior olive plays a role not
only in motor learning, but also in motor timing (De Zeeuw et al. 1998). Since the
red nucleus receives fibers from the dentate nucleus and is connected to both motor
cortex and spinal cord, it is associated with motor control, especially postural con-
trol (Herter et al. 2015).

The cerebellum is an important source of excitatory input to M1 via the dentato-
thalamo-cortical pathway (Fig. 1) and when this input is diminished, there is a
reduction in cortical excitability (increase in intracortical inhibition and decrease in
intracortical facilitation) (Liepert et al. 2004). Injury in the dentato-thalamo-cortical
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pathway reduces excitability in the contralateral cortex (Rispal-Padel et al. 1981),
whereas stimulation of the dentate nucleus increases cortical excitability and conse-
quently promotes motor facilitation (Iwata and Ugawa 2005). Therefore, cerebellar
neuromodulation techniques can modulate cortical excitability, since the cerebel-
lum is a subcortical structure deputed to plastic mechanisms of motor learning (Ito
2008). However, it is not yet known whether cerebellar stimulation affects the den-
tate nucleus or Purkinje cells, structures with different roles in the cerebellum-
thalamus-cortical activation.

4 Clinical Outcomes

Presently, ten trials evaluated the effects of TMS in spinocerebellar ataxias (Table 1).
Overall, 170 patients were evaluated, although additional causes of cerebellar ataxia
other than spinocerebellar ataxia were included (multiple system atrophy (MSA-c),
post-lesion ataxia, and idiopathic late-onset cerebellar atrophy). Five trials were
double-blind and the remaining used open-label or single-blind designs. As for the
TMS protocol, six studies used single-pulse TMS, one used low frequency rTMS,
one used high frequency rTMS, one used cTBS, and one used iTBS.

All trials reported clinical improvement in ataxia after cerebellar TMS. Shimizu
et al., in a preliminary open label study, demonstrated improvement in balance and
gait after 21 sessions of single-pulse TMS in 4 SCA patients (Shimizu et al. 1999).
Afterward, the same group used a similar protocol on 74 patients with cerebellar
ataxia (etiologies not thoroughly described) using a double-blind design, also
describing gait and balance improvement. Thara et al. were the first to describe
effects of single-pulse TMS on 20 ataxic patients (mixed etiologies) using a vali-
dated ataxia scale, the International Cerebellar Ataxia Rating Scale (ICARS). The
most recent single-pulse TMS study included 20 spinocerebellar ataxia patients
using a double-blind sham-controlled design and observed statistically significant
improvement in the stance sub-score of the Scale for the Assessment and Rating of
Ataxia (SARA) (Manor et al. 2019). Dang et al. were the first to use cerebellar
rTMS in one SCAG patient, reporting great improvement in SARA and ICARS
(Dang et al. 2019). After 18 months of the last session, this improvement was not
only sustained, but increased. The largest rTMS trial included 24 patients (9 SCA3
patients, 8 MSA-c patients, and 7 post-lesion ataxia patients) with a double-blind
sham-controlled crossover design and applied five low-frequency rTMS sessions
using a deep reaching (double-cone) coil (Franga et al. 2020). This trial was the first
to use neuronavigation to better locate the stimulation target (dentate nucleus con-
tralateral to the most ataxic hemibody) and reported a significant improvement in
ataxia using SARA and ICARS comparing active and sham stimulations. Two other
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Main clinical

Author (n) Population | Target Protocol Study design | outcomes
Shimizu | (4) Cerebellum Single pulse | Open label | Decrease in
etal. Spinocerebellar | (tangentially over | TMS (1 pulse time and
(1999) degeneration (2 | the inion, 4 cm to | of 0.1 ms number of steps
SCA6, 1 SCA1 | the right, and every >5 s, required for a
and 1 SCA7) 4 cm to the left) | 10 pulses per 10 m walk
site, total 30 examination;
pulses per increase in
session) 21 number of
sessions with feasible steps in
9 c¢m circular tandem;
coil at 100% decrease in total
of maximum length of tracing
stimulator body balance.
output
Shiga (74) Cerebellum (over | Single pulse | Double- Improvement in
et al. Spinocerebellar | the inion, 4 cm to | TMS (1 pulse | blind 10 m time, 10 m
(2002) degeneration the left and 4 cm |every 68, 10 | sham- steps, tandem
(cerebellar type | to the right) pulses per controlled steps, and
x OPCA type) site, total 30 standing
pulses per capacities,
session) 21 especially in the
sessions with cerebellar type.
14 cm
circular coil
at 250%
RMT
Thara et al. | (20) Cerebellum (over | Single-pulse | Single-blind, | Improvement in
(2005) Spinocerebellar | the inion, 4 cm to | TMS (1 pulse | uncontrolled | ataxia (ICARS).
degeneration the left and 4 cm |every 5's, 10
(10 OPCA, 6 to the right) pulses per
CCA, 4 SCA6) site, total 30
pulses per

session), 24
sessions with
70 mm
figure-of-
eight coil at
100%
maximum
stimulator
output.

(continued)
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Main clinical

Author (n) Population | Target Protocol Study design | outcomes
Farzan (1) Idiopathic | Cerebellum (over | Single pulse | Open label | Improvement of
et al. late-onset the inion, 4 cm to | TMS (1 pulse 9% in timed
(2013) cerebellar the left and 4 cm |every 6s, 10 up-and-go test
atrophy to the right) pulses per and gait speed.
site, total 30 Decrease in
pulses per stride duration
session) 21 variability and
sessions with double support
14 cm time.
circular coil
at 250%
RMT
Kawamura | (1) SCA6 Cerebellum (over | Cerebellum: | Open label | Diplopia and
et al. the inion) and Single pulse limb ataxia
(2018) motor cortex TMS (20 improvement
(over the vertex) | pulses at after motor
0.5 Hz) 20 cortex
sessions with stimulation
14 cm
circular coil
at 50% RMT
Motor cortex:
single pulse
TMS (40
pulses at
0.3 Hz) 20
sessions with
14 cm
circular coil
at 100%
RMT
Dang et al. | (1) SCA6 Cerebellum (over | ITMS Open label | Improvement in
(2019) the inion) (10Hz, 1s ataxia
trains, 10 s immediately
intertrain after rTMS
interval, 1500 (57% in SARA
pulses/ and 61% in
session), 20 ICARS) and

sessions with
figure-of-
eight coil at
100% of
RMT

18 months after
the last session
(82% in SARA
and 73% in
ICARS)

(continued)
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Main clinical

Author (n) Population | Target Protocol Study design | outcomes
Manor (20) Cerebellum (over | Single pulse | Double- Improvement
etal. Spinocerebellar | the inion, 4 cm to | TMS (1 pulse | blind only in stance
(2019) ataxia the leftand 4 cm |every 6's, 10 | sham- sub-score of
to the right) pulses per controlled SARA and
site, total 30 standing
pulses per postural sway
session) 20 metrics.
sessions with
14 cm
circular coil
at 100%
maximum
stimulator
output.
Franca (24) Cerebellar | Dentate nucleus | rTMS (20 Double- Improvement in
et al. ataxias (9 contralateral to | series of 60-s | blind ataxia (SARA
(2020) SCA3; 8 the most affected | pulses at sham- and ICARS)
MSA-c; 7 hemibody 1 Hz and controlled
post-lesion (neuronavigated) | inter-train- crossover
ataxia) pulses of 1 s), | (>28 days
5 sessions washout)
with
double-cone
coil at 90%
of RMT
Linetal. |(19) Cerebellar |Right cerebellum |cTBS (3 Double- Improvement in
(2022) degeneration (1 cm inferior pulse bursts | blind ataxic
(13 SCA3; 3 and 3 cm right to | at 50 Hz sham- dysarthria
SCAL; 2 SCAG6; | the inion, repeated controlled (smaller vocal
1 SCA2) neuronavigated) |every 200 ms | crossover compensations
for 40 ), 1 (>7 days for pitch
session with | washout) perturbations
figure-of- with shorter
eight coil at peak times
80% of AMT paralleled by
larger cortical
P1 and P2
responses and
smaller N1
responses)

(continued)
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Table 1 (continued)

Main clinical

Author (n) Population | Target Protocol Study design | outcomes
Sanna (6) SCA38 Cerebellum iTBS Double- Improvement in
et al. (1 cm inferior (20 cycles of | blind ataxia
(2020) and 3 cm left/ 2 sof sham- (MICARS)
right to the inion) | three-pulsed | controlled

bursts at crossover

50 Hz (45 days

repeated washout)

every 200 ms

(5 Hz)

repeated

every 10 s for
a total of 600
pulses), 10
sessions with
figure-of-
eight coil at
80% of AMT

Abbreviations: AMT active motor threshold, CCA cortical cerebellar atrophy, ¢7BS continuous
theta burst stimulation, /CARS International Cooperative Ataxia Rating Scale, i7BS intermittent
theta burst stimulation, MICARS Modified International Cooperative Ataxia Rating Scale, MSA-C
multiple system atrophy cerebellar type, OPCA olivopontocerebellar atrophy, RMT rest motor
threshold, rTMS repetitive transcranial magnetic stimulation, SARA scale for the assessment and
rating of ataxia, SCA spinocerebellar ataxia, TMS transcranial magnetic stimulation

rTMS trials used TBS protocols and reported improvement in ataxia (iTBS) (Sanna
et al. 2020), and more specifically in ataxic dysarthria (cTBS) (Lin et al. 2022).

It is important to highlight that, albeit encouraging, improvements reported in
those studies demonstrated highly variable size effects. In the study conducted by
Shiga et al., there was 31% decrease in time to walk 10 m, 18% decrease in the
number of steps to walk 10 m, and 638% increase in number of Tandem steps
achieved, comparing before TMS and after TMS in the active group (Shiga et al.
2002). Thara et al. reported 5.1 points reduction (improvement) in ICARS score
(ranging 0-100) comparing before and after TMS (Ihara et al. 2005). In another
study evaluating 20 SCA patients, there was a 3.9 points reduction (improvement)
in SARA score (ranging 0—40) after 20 TMS sessions comparing scores from base-
line and 1 month follow up (Manor et al. 2019). In the only study using low-
frequency rTMS, there was an improvement of 3.3 points in SARA score, and 5
points in ICARS score (Franca et al. 2020). Finally, in the last published trial, which
included 6 SCA38 patients, there was an improvement of 4.4 points in the Modified
International Cooperative Ataxia Rating Scale (MICARS, ranging 0-120) (Sanna
et al. 2020).

The medical literature up to this point endorses the safety of cerebellar TMS. No
clinical study so far reported severe side effects. Some mild side effects included
headache or local discomfort, and were all self-limited (Franca et al. 2020).
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S Neurophysiological and Biochemical Outcomes

In addition to clinical outcomes, several studies also included neurophysiological
outcomes, which could help us better understand the pathophysiology behind the
clinical efficacy of cerebellar TMS for spinocerebellar ataxias. There is currently
evidence pointing to changes of brain blood flow, oxidative stress markers and CBI
after cerebellar TMS in ataxic patients.

After 21 sessions of single-pulse TMS over the cerebellum (four patients), single
photon emission computed tomography revealed significantly increased blood flow
in the cerebellar hemisphere, putamen, and pons, compared to the measures taken
before TMS, which may be correlated with the clinical improvement (Shimizu et al.
1999). These findings were then corroborated by a two future clinical trials using
single-pulse TMS (Shiga et al. 2002; Thara et al. 2005). Previous reports showed
increase in brain blood flow of normal subjects after TMS both in the stimulated
area and associated regions (Siebner et al. 1998).

Ihara et al. evaluated several cerebrospinal fluidbiochemical oxidative stress
parameters in 20 patients before and after 24 sessions of single-pulse TMS (Thara
et al. 2005). This is an interesting investigation, since there is evidence pointing to
oxidative stress as a pathological mechanism of SCA (Torres-Ramos et al. 2018;
Guevara-Garcia et al. 2012; Araujo et al. 2011). Ataxic patients had higher oxidative
stress compared to controls, and its levels were inversely correlated with clinical
severity (Thara et al. 2005). This finding suggests decrease of oxidative stress as a
possible mechanism underlying the clinical improvement after TMS.

In a single-case study, Farzan et al. examined CBI in a patient with idiopathic
late-onset cerebellar ataxia (precise diagnosis unknown). After 21 sessions of
single-pulse cerebellar TMS, in addition to the clinical improvement, there was CBI
decrease, and this reduction persisted for 6 months after TMS interruption (Farzan
et al. 2013). This might suggest reduction of cerebellar tonic inhibition over the
cerebral cortex as another mechanism responsible for clinical improvement.
Moreover, decrease in the tonic Purkinje cell inhibition may increase vestibular
nuclei activity, which could contribute to balance improvement seen in some ataxic
patients after TMSS (Rub 2002; Shin et al. 2011).

6 Targets and Coils

Location of coil placement, coils shapes, and sizes varied greatly among studies,
regardless of the positive clinical outcomes.

The cerebellum is not a homogeneous structure, and is composed of several
types of cells, fibers, and nuclei. Some of these components have opposite final
effects. For instance, the dentate nucleus is responsible for the excitatory output to
the thalamus, but Purkinje cells inhibit the dentate nucleus. Therefore, distinguish-
ing modulation of Purkinje cells and dentate nucleus is paramount, considering
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these two structures have opposite roles in cerebellar effects over the motor cortex.
However, the determination of the exact brain area being influenced by the induced
electric current is a major inherent limitation of non-invasive modulation techniques
(Lefaucheur et al. 2020). Most likely, more than one structure is being stimulated
simultaneously, and that makes even more difficult to determine which stimulated
structure is actually responsible for the final result. This issue is even more complex
if we add to the equation the concomitant activation of distant parts of the network,
away from the stimulated target (Al-Fatly et al. 2019; Horn et al. 2019).

To comprehend more about this issue, it is important to understand about differ-
ent coils characteristics. Coils can vary in shapes (circular, figure-of-eight, double-
cone, etc.), and sizes (coil diameter). Circular coils are considered superficial coils
and can reach a large stimulation area—the larger the coil diameter, the larger the
area stimulated. Figure-of-eight and double-cone coils, on the other hand, are deeper
reaching coils, and stimulate smaller areas (Deng et al. 2013). The double-cone coil
is considered to reach structures as deep as the foot motor cortex (Galhardoni et al.
2019). Since the dentate nucleus lies as deep from the skull surface as the foot motor
cortex, it is safe to say double-cone coils are able to reach it (Cury et al. 2015;
Hardwick et al. 2014). However, between the dentate nucleus and the skull surface
lie Purkinje cells on the cerebellar cortex that could be also modulated by the mag-
netic field. The electric field diminishes as a function of coil distance; hence, it is
possible that Purkinje and dentate nucleus, in addition to other cerebellar structures
beneath the coil and its lateral wings, are concurrently modulated at different inten-
sities (Hayward et al. 2007). The insula lies at a similar depth from the scalp as the
dentate nucleus (4.5-5.0 cm). Interestingly, TMS insula studies found antinocicep-
tive effects only when using double-cone coils (Ciampi de Andrade et al. 2012;
Lenoir et al. 2018). More importantly, this analgesic effect was clinically equivalent
to the effect obtained by direct stimulation of the posterior insula using electrodes
during electroencephalography in patients with refractory epilepsy (Ciampi de
Andrade et al. 2012). These data point to a relatively good specificity and target
accuracy when performing TMS with a double-cone coil (Deng et al. 2013). Another
study comparing TMS coils found no changes in cerebellar-brain inhibition after
cerebellar 1 Hz repetitive transcranial magnetic stimulation with superficial figure-
of-eight coil but only with deep-reaching coils (Hardwick et al. 2014). Cury et al.
previously reported improvement in the SARA score after cerebellar rTMS using
double-cone coil in one post-lesion ataxic patient, and after this same patient
received a dentate nucleus Deep Brain Stimulation implant, the improvement in
SARA was identical, which would argue in favor of the dentate nucleus as respon-
sible for the clinical improvement (Cury et al. 2015; Teixeira et al. 2015). Currently,
we do not have an answer for this conundrum. The most probable explanation might
involve effects from multiple structures acting in resonance.

Another possible mechanism is derived from studies of neuromodulation for
Parkinson’s disease (PD). In PD patients, it is well known that beta oscillations
(13-30 Hz) are greatly enhanced, and its presence is correlated with parkinsonian
symptoms (rigidity and bradykinesia) (Little and Brown 2014). Levodopa therapy
and high frequency Deep Brain Stimulation can reduce beta oscillations, and
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improve parkinsonian symptoms. If there is a specific diseased cerebellar activity
that correlates with ataxic symptoms, this activity could be disrupted by TMS, and
this disruption could be responsible for the clinical benefit observed across studies.
However, more studies are required to verify this hypothesis.

7 Little Brain, Big Expectations: A Glimpse into the Future

Albeit homogeneously reporting clinical improvement, studies investigating cere-
bellar TMS in SCA patients are wildly heterogeneous regarding coil type, fre-
quency, intensity, location, number of sessions, follow-up, evaluation tools, and
additional outcomes (Franga et al. 2018). It is therefore important to corroborate
these finding with larger studies using the same stimulation parameters, and with
longer follow-ups. Moreover, the fact that all studies reported positive clinical out-
comes, but chose different types of TMS, makes us wonder what would be the best
TMS setting. More likely, there is not a single answer for all SCA patients since
there are different pathological mechanisms depending on the SCA type (Klockgether
et al. 2019). In that line, studies should try to include homogeneous populations—a
single type of SCA—or post-hoc analysis considering the molecular diagnosis. The
main difficulty lies in the heterogeneous rarity of SCAs. SCA3, for instance, is one
of the most common SCA, while SCA38 can only be observed in three family clus-
ters (Klockgether et al. 2019; Sanna et al. 2020; Gazulla et al. 2020; Borroni et al.
2016). With this low prevalence in mind, and considering TMS effects are time-
limited, multicentric crossover trials seem to be the best path.

Important progress should also be directed to better understand cerebral activity
in SCAs. In Parkinson’s disease, it is now known that the excess of beta oscillation
is correlated with rigidity and bradykinesia (Kiihn et al. 2009). Therefore, it is con-
sidered an oscillopathy. Both dopaminergic medications and Deep Brain Stimulation
therapy can overwrite this pathological activity, and improve symptoms. In ataxia
there could be a similar diseased-dominant frequency correlated with the symp-
toms, and this could potentially be overwritten by neuromodulation.
Neurophysiological studies, and, in the future, studies using closed-loop DBS could
aid in this matter (Arlotti et al. 2016).

Effect size reported in trials of cerebellar TMS studies for SCA are variable, and
most are small. This is a constant in SCA clinical trials so far, regardless of the treat-
ment approach. Romano et al. tested the efficacy of riluzole versus placebo in 55
patients (different types of SCAs and Friedreich ataxia) and found a decrease in
SARA scores by 1.02 points in patients (Romano et al. 2015). Another group stud-
ied valproic acid in a smaller sample of 12 SCA3 patients and reported a 2.05-point
decrease in SARA scores (Lei et al. 2016). However, although an one point decrease
in SARA, a scale with a 40-point range, may seem small, it was considered to be
clinically relevant in previous studies (Klockgether et al. 2019; Schmitz-Hiibsch
etal. 2010). Clinical trials combining treatment options (for instance, neuromodula-
tion and physiotherapy) seem to be the natural next step, so we can best evaluate if
the combination of treatments could enhance effect size.
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An important shortcoming of most trials so far is the absence of quality-of-life
measures. It is impossible to understand the degree of impact a certain scale
improvement has in a patient’s life if quality of life is not evaluated. The only study
so far in which quality of life was assessed did not report significant improvement
after TMS (Franca et al. 2020). However, follow-up might have been insufficient to
detect real improve in day-to-day activities. It is vital that future trials include qual-
ity of life in its outcomes (perhaps as main outcome) and have appropriate
follow-ups.

To date, there are no studies comparing TMS to other non-invasive neuromodu-
lation techniques in ataxic patients. In theory, TMS induces a more focal and deeper
electric field when compared to transcranial direct current stimulation (tDCS), and
can activate specific neural circuits (Di Lazzaro and Rothwell 2014). Comparative
studies for pain and upper limb recovery after stroke showed superiority of TMS
over tDCS in chosen protocols (Attal et al. 2016; Doris Miu et al. 2020). However,
tDCS is a simpler technique, and can be used at bedside, which widens its use pos-
sibilities. Studies comparing TMS to tDCS in ataxic patients are needed.

Another gap that needs to be filled is the selection of good responders. Almost all
trials up to this point included patients with different ataxia types. Shiga et al.
divided patients into two groups—cerebellar type (hereditary and sporadic cerebel-
lar atrophy, including SCA6), and olivopontocerebellar atrophy (OPCA; MSA,
SCA1, SCA3)—and reported better outcomes in patients from the OPCA group
(Shiga et al. 2002). Franga et al. included patients with MSA, SCA3, and post-
lesion ataxia, and found best improvement in MSA patients (Franga et al. 2020).
Despite these post-hoc analysis results, there is still a paucity of information regard-
ing differences between good and bad responders. Does cerebellar connectivity
influence clinical response? Or is it a matter or cerebellar atrophy? A previous study
found no correlation between cerebellar volume and clinical outcome after low fre-
quency r'TMS (Franga et al. 2020). Is it possible that integrity of superior cerebellar
peduncle (cerebellar efferent pathway) plays a role in clinical improvement after
cerebellar TMS? Or are there biochemical differences responsible for the different
outcomes? Manto et al. discussed the concept of cerebellar reserve—how much of
the cerebellum cells and synapses are still intact—as a way a measure the potential
of improvement after cerebellar non-invasive modulation (Manto et al. 2021). With
that in mind, perhaps there are no good or bad responders, but good or bad treatment
timings. Many questions still need to be answered before we can understand which
patient profile could benefit the most.

8 Conclusions

There is evidence to suggest cerebellar TMS is safe and can reduce ataxic symptoms
in SCA patients. Additional evidence suggests it can also increase cerebellar brain
blood flow, decrease brain oxidative stress, and decrease CBI. Although encourag-
ing, these results should be further explored in larger, more homogeneous trials, and
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trials with longer follow-ups. The pathophysiological mechanism of this improve-
ment also should be better explored, as well as characterization of good and bad
responders.
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