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Resumo 
 
França CC. Efeitos da estimulação magnética transcraniana profunda nas ataxias 

cerebelares: um ensaio clínico randomizado, duplo-cego e cruzado [tese]. São Paulo: 

Faculdade de Medicina, Universidade de São Paulo; 2021. 

 
A ataxia cerebelar é atualmente um sintoma neurológico órfão de intervenções 

terapêuticas, apesar de ser prevalente e incapacitante. Estudos prévios 

investigaram de forma exploratória os efeitos da neuromodulação cerebelar em 

pacientes atáxicos. O presente estudo randomizado, placebo-controlado e cruzado 

incluiu pacientes com pontuação maior que 6 na Scale for the Assessment and 

Rating of Ataxia e diagnóstico genético de ataxia espinocerebelar do tipo 3, 

diagnóstico clínico de atrofia de múltiplos sistemas ou história de ataxia pós-lesão 

cerebelar ou pós-acidente vascular cerebelar. Os pacientes incluídos receberam 5 

sessões de estimulação magnética transcraniana ativa neuronavegada para o 

núcleo denteado e 5 sessões placebo, em ordem randômica, com um intervalo 

mínimo de 28 dias entre as duas fases (washout). O objetivo do presente estudo 

foi avaliar os efeitos da estimulação magnética transcraniana repetitiva do cerebelo 

com uma bobina de alcance profundo em sintomas atáxicos. O desfecho primário 

foi a comparação da pontuação da Scale for the Assessment and Rating of Ataxia 

entre as fases ativa e placebo. Desfechos secundários incluíram a International 

Cooperative Ataxia Rating Scale, também utilizada para quantificar sintomas 

atáxicos, e outras escalas motoras, cognitivas, e de qualidade de vida. Este estudo 

foi registrado no clinicaltrials.gov sob o protocolo NCT03213106. Vinte e quarto 

pacientes com idades variando de 29–74 anos foram incluídos neste estudo. Após 

a fase ativa, a pontuação da Scale for the Assessment and Rating of Ataxia foi 

significativamente menor se comparada à pontuação após a fase placebo 

[mediana (interquartis 25 e 75) de 10.2 (6.2, 16.2) para a fase ativa e 12.8 (9.6, 

17.8) para a fase placebo; p = 0.002]. Também houve melhora significativa nos 

sintomas atáxicos de acordo com a International Cooperative Ataxia Rating Scale 

comparando as fases ativa e placebo [mediana (interquartis 25 e 75) de 29.0 (21.0, 

43.5) para a fase ativa e 32.8 (22.0, 47.0) para a fase placebo; p = 0.005]. Os 

outros sintomas avaliados (motores, de qualidade de vida e cognitivos) não 

demonstraram melhora significativa. Nenhum paciente apresentou efeitos 

colaterais severos, e apenas nove apresentaram efeitos colaterais leves e 



 

transitórios. Os achados do presente estudo sugerem que a estimulação 

magnética transcraniana repetitiva cerebelar é capaz de melhorar sintomas 

atáxicos em pacientes com ataxias de diferentes etiologias. Além disso, nosso 

protocolo de estudo mostrou-se seguro e bem tolerado. Tais resultados sugerem 

segurança deste protocolo para prática clínica. Estudos futuros devem avaliar o 

tempo de duração dos benefícios e seu efeito a longo prazo.  

 
Descritores: Ataxia; Estimulação magnética transcraniana; Cerebelo; Ataxia 

espinocerebelar tipo 3; Atrofia de múltiplos sistemas; Acidente vascular encefálico.  



Abstract 
 
França CC. Effects of deep transcranial magnetic stimulation of the cerebellum 

on cerebellar ataxias: a randomized, double-blind, cross-over clinical trial [thesis]. 

São Paulo: "Faculdade de Medicina, Universidade de São Paulo"; 2021. 

 
Cerebellar ataxia remains a neurological symptom orphan of treatment 

interventions, despite being prevalent and incapacitating. Previous studies 

have investigated the effects of cerebellar neuromodulation in ataxic patients 

in an exploratory manner. In this randomized, sham-controlled, crossover trial, 

we included patients with scores > 6 on the Scale for the Assessment and 

Rating of Ataxia and genetic diagnosis of spinocerebellar ataxia type 3, clinical 

diagnosis of multiple systems atrophy cerebellar type, or post-lesion ataxia 

due to neurosurgery or stroke. Patients received five sessions each of sham 

and active neuronavigated 1 Hz deep repetitive transcranial magnetic 

stimulation of the cerebellum in randomized order with a 28-day minimum 

washout period between phases. We aimed to study whether cerebellar deep 

repetitive transcranial magnetic stimulation could improve ataxia. Our primary 

outcome was the Scale for the Assessment and Rating of Ataxia comparing 

phases (active x sham). Secondary outcomes measures included the 

International Cooperative Ataxia Rating Scale, and other motor, cognitive, and 

quality of life scales. This study was registered at the clinicaltrials.gov under 

protocol NCT03213106. Twenty-four patients aged 29–74 years were included 

in our trial. After active stimulation, the Scale for the Assessment and Rating 

of Ataxia score was significantly lower than the score after sham stimulation 

[median (interquartile range) of 10.2 (6.2, 16.2) versus 12.8 (9.6, 17.8); p = 

0.002]. The International Cooperative Ataxia Rating Scale score also 

decreased after active stimulation versus sham [median (interquartile range) 

of 29.0 (21.0, 43.5) versus 32.8 (22.0, 47.0); p = 0.005]. Ratings of other motor 

scales, quality of life, and cognitive measures were not significantly modified 

by stimulation. No patient presented severe side effects, and nine presented 

mild and self-limited symptoms. These findings suggest that deep repetitive 

transcranial magnetic stimulation of the cerebellum may improve ataxic 

symptoms in patients with different types of ataxia. These results provide 



 

 

reassurance about safety for clinical practice, and future studies should 

establish possibility to maintain these effects in the long-term. 

 
Descriptors: Ataxia; Transcranial magnetic stimulation; Cerebellum; 

Spinocerebellar ataxia type 3; Multiple systems atrophy; Stroke. 
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1 INTRODUCTION 
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1 INTRODUCTION 

 

Cerebellar ataxia is a prevalent and disabling neurological symptom with diverse 

etiologies, ranging from hereditary to acquired. The personal economic burden of 

spinocerebellar ataxia (SCA) alone is estimated to be around 18,776 euros per 

annum.1 Currently there is no significant evidence-based treatment able to relieve 

ataxic symptoms although many therapeutic strategies have been tested in the 

past years.2 Considering its safety, and the potential to alleviate ataxic symptoms, 

non-invasive neuromodulation therapies can be considered a promising 

treatment strategy for this symptom.2 

Despite having different etiologies, ataxic symptoms can have a common 

physiopathological basis.1 Because the cerebellum is highly connected to 

important areas related to motor function, it has emerged as an attractive and 

promising neuromodulation target for controlling movement disorders.3 

Technological improvements have allowed targeting deeper structures non-

invasively.4 Deep repetitive transcranial magnetic stimulation (d-rTMS) using a 

double-cone coil is capable of reaching structures as deep as the dentate 

nucleus.5,6 Correction of a disruptive cerebellar network is believed to lead to 

changes in distant brain sites, such as sensorimotor areas, and bring about 

subsequent symptomatic control.7–11 

In this study, we sought to investigate the effects of cerebellar d-rTMS on ataxic 

patients. We included patients with both hereditary and acquired diseases in a 

randomized, prospective, crossover, double-blind, sham-controlled phase II trial.  
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2 OBJECTIVES 
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2 OBJECTIVES 

 

a) Evaluate the effects of d-rTMS aimed at the dentate nucleus on ataxic 

symptoms in patients with multiple systems atrophy cerebellar type (MSA-

c), spinocerebellar ataxia type 3 (SCA3) and post-lesion ataxia. 

b) Investigate if other symptoms such as tremor, dystonia, gait, quality of life, 

anxiety, depression, and cognition could improve after cerebellar d-rTMS. 

c) Correlate changes in ataxia to cerebellar volume. 

d) Investigate if cortical excitability parameters would change after cerebellar 

d-rTMS, compared with sham stimulation. 

e) Evaluate the safety of cerebellar d-rTMS. 
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3 LITERATURE REVIEW 

 

 

3.1 An overview of cerebellar diseases 

 

        Ataxia, originally derived from Greek “lack of order”, refers to poorly 

coordinated movements. Dysfunction of the cerebellum and its input or output 

tracts can lead to ataxia, which is usually partially responsive to rehabilitation 

treatments and can lead to a significant impact in functionality and quality of 

life.12 Cerebellar ataxia is a clinically heterogeneous group of disorders, which 

includes several well-characterized genetic diseases as well as sporadic 

ataxias, and ataxia due to stroke, and trauma.  

        Stroke is one of the most important cases of ataxia in terms of prevalence: 

it is currently the second leading cause of death worldwide, and the third 

greatest cause of disability-adjusted life years, a sum of years of life lived with 

disability and years lost due to premature death.13,14 The incidence of stroke in 

low-income countries seems to be rising, affecting around 33 million people in 

2010.15,16 Of all brain strokes, cerebellar stroke accounts for only 2-3%, but it 

has a disproportionate share of the resulting morbidity and mortality, with near 

twice the mortality rate of supratentorial strokes.17 Severe complications in 

these cases include brain edema, obstructive hydrocephalus, and death.17–20  

           Genetic and acquired neurodegenerative diseases can also affect the 

cerebellum. Among the genetic causes, SCAs are the most common. The 

overall ataxia occurrence rate is 26/100,000 in children.21,22 To date, there are 

over 40 different types of autosomal dominant SCAs, with estimated prevalence 

of 2.5 cases in 100,000.23 The estimated prevalence of autosomal recessive 

SCAs is 3.3 cases in 100,000.23 Regarding acquired neurogenerative causes of 

cerebellar ataxia, multiple systems atrophy is one of the most prevalent (4-5 

cases in 100,000).24 Although these are rare diseases, their high social impact 

must be considered, once they are inevitably progressive and do not have real 

therapeutic options thus far.  
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3.2 Principles of transcranial magnetic stimulation 

 

        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.25  

Based on the electromagnetic induction principle described in 1831 by Faraday, 

it can generate up to 2T magnetic field that lasts for 100μs, and that is able to 

go unattenuated through scalp structures and then generate an electric field in 

the brain.  

        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, area of cortical stimulation.26 For a more focal stimulation, 

figure-of-eight and double-cone coils are preferred. Double-cone coils also are 

selected for deeper stimulation fields, although there is a rapid attenuation of 

the electric field in depth, which implies that more superficial structures receive 

most of the electric field.26 The stimulation of deeper structures, however, can 

increase depending on the delivered stimulation intensity, since the intensity of 

the induced current diminished with the square distance to the stimulation site. 

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 stimulation, the effects of 

TMS must be accounted also for structures distant from the stimulation site, 

since TMS acts by circuit activation.27 After axonal excitation by TMS, the 

changes in neuronal membrane spread in both orthodromic and antidromic 

directions, activating postsynaptic and presynaptic structures, respectively.28 

Although the effects of TMS are not exclusively consequence of local effects, 

but also distant circuit effects, it is important to precisely determine the 

stimulation target, and for this purpose the use of neuronavigated systems 

seems to be preferred over skull landmarks.28  

        The use of TMS in repetitive pulses – repetitive TMS (rTMS) – has a 

modulatory effect over neural structures possibly through long-term depression 
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and long-term potentiation, and can generate plastic synaptic changes.29,30 

Hight frequency rTMS ( ≥ 5Hz) is considered to be excitatory, while low 

frequency rTMS ( ≤ 1Hz) is inhibitory. This concept is not always 

straightforward, since it can vary depending on the stimulation target and the 

prior state of circuits activation.31,32 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.33 Therefore, the effects of rTMS are 

more dependent of baseline excitability levels than stimulation frequency.34 This 

is probably one of the reasons why atypical plastic responses and altered 

excitability modifications to cortical stimulation have been reported in various 

neuropsychiatric diseases.35–37 The effects after one rTMS session are usually 

faint and short-lasting, but its effectiveness can be enhanced if patient is 

submitted to repeated sessions, especially in consecutive days.38 

 

 

3.3 The cerebellum as a window to the whole brain 

 

        The cerebellum has emerged as an attractive and promising target for 

neuromodulation in neurological disorders over the last few years. Because 

cerebellar areas present 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 (Figure 1). 
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Figure 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. The 
modulation of the dentate nucleus activity through transcranial magnetic 
stimulation could restore changes in motor cortex excitability that is seen in 
some ataxic syndromes. Adapted from França C, de Andrade DC, Silva V, 
Galhardoni R, et al. Effects of cerebellar transcranial magnetic stimulation on 
ataxias: A randomized trial. Parkinsonism Relat Disord. 2020 Nov;80:1–6. 
 
        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.39–41 Instead, inferences 

from deficits after specific lesions, as well as physiological and transneuronal 
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tracing techniques, and functional neuroimaging could be used to investigate 

correlated areas. 

        Coherence is a spectral measure of the neural synchrony that can suggest 

communication 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 cerebellum, and found functional connections between the 

cerebellum and the entire cerebral cortex, except perhaps primary visual and 

auditory cortices.42 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.42 Although the previous concept of the cerebellum as a 

structure related to motor control, somatomotor regions occupy only a small 

portion of the cerebellum; functional connections to cerebral association 

networks are by far larger.42 Moreover, the cerebellum has at least two 

complete homotopic 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 representation in the cerebral cortex, meaning the 

largest cerebral networks are associated with the greatest representations in 

the cerebellum.42 This evidence points to a comprehensive cortical 

representation in the cerebellum. 

        In addition to cortical areas, several brainstems structures receive 

cerebellar outputs: nucleus reticularis tegmenti pontis, basilar pontine nuclei, 

pontine and medullary reticular formation, inferior olive, red nucleus, 

periaqueductal gray area, prerubral area, accessory oculomotor nuclei and 

superior colliculus.43 The nucleus reticularis tegmenti pontis is associated with 

motor learning,44 while the inferior olive plays a role not only in motor learning, 

but also in motor timing.45 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 control.46  

        Recent studies in patients with basal ganglia deep brain stimulation (DBS) 

have attempted to evaluate subcortical local field potentials through DBS 
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electrodes and compare them to data from cortical whole head 

magnetoencephalography in order to characterize cerebro-cerebral coherence. 

Neumann and colleagues described a series of nine patients with cervical 

dystonia and bilateral globus pallidus internus (GPi) DBS in which coherence 

was measured.47 They reported pallidal coherence to ipsilateral temporal (theta 

band) and sensorimotor (beta band) areas, but also to the cerebellum (alpha 

band). More interestingly, the degree of pairing in the alpha band was inversely 

proportional to the severity of dystonia symptoms before surgery. This finding, 

though observational, could suggest that this neuronal synchrony between the 

cerebellum and basal ganglia is somehow involved in cervical dystonia 

pathophysiology. This hypothesis could shed light on why all studies to date 

showed improvement of cervical dystonia after cerebellar modulation.48–51 

Another study reported that, during writing, coherence between the ipsilateral 

cerebellum and contralateral posterior parietal cortex was reduced in patients 

with writing dystonia, compared to healthy controls.52 Furthermore, patients with 

essential tremor (ET) performing hand motor tasks had a different coherence 

pattern than patients with age-related tremor, since the former showed a 

significant coupling between motor cortex (M1) in the contralateral cerebellum, 

while the latter did not,53 corroborating the findings of a previous study. 

Parkinson’s disease (PD) patients with tremor also showed signs of increased 

cerebellar coherence with M1.54 Casula et al, analyzing data from 

electroencephalography after cerebellar theta burst stimulation (TBS) pulses, 

reported not only changes in M1, but also in the posterior parietal cortex. 

Similarly to previous findings in M1, continuous TBS would increase, while 

intermittent TBS would decrease local TMS-evoked activity and long-interval 

intracortical inhibition in the posterior parietal cortex, which demonstrates in 

humans a direct projection from cerebellum to a cortical non-motor area.55  

        The cerebellum is an important source of excitatory input to M1 via the 

dentato-thalamo-cortical pathway (Figure 1) and when this input is diminished, 

there is a reduction in cortical excitability (increase in intracortical inhibition and 

decrease in intracortical facilitation).56 Injury in the dentato-thalamo-cortical 

pathway reduces excitability in the contralateral cortex,57 whereas stimulation of 

the dentate nucleus increases cortical excitability and consequently promotes 
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motor facilitation (Figure 2).7 Therefore, cerebellar neuromodulation techniques 

can modulate cortical excitability, since the cerebellum is a subcortical structure 

deputed to plastic mechanisms of motor learning.58 It is not yet known whether 

cerebellar stimulation affects the dentate nucleus or Purkinje cells, structures 

with different roles in the cerebello-talamo-cortical activation.  

 

 
Figure 2 – Schematic representation of the rational of stimulating the Dentate 
Nucleus and its influence on restoring the primary motor area activity. Panel A 
shows the excitatory cerebellum-cortico pathway passing through the red 
nucleus and thalamus. There is an ICI between both M1 cortices (panel B) that 
is related to maintaining the integrity of axial and limbs movements. Panel C 
shows a progression of changes in intracortical motor function over time 
following a contralateral cerebellar lesion, that initially causes depression, but 
ultimately leads to progressive disinhibition of the primary motor cortex (the ICI 
of contralesional M1 decreases). Panel D shows the restoration of the 
interhemispheric asymmetry after DBS of the left DN (ICF of the ipsilesional M1 
and ICI of the contralesional M1 both increase). 
Abbreviations: DN = Dentate Nucleus, R = Red Nucleus, Th = Thalamus, M1 = 
Motor Cortex, ICI = Intracortical Inhibition, ICF =Intracortical Facilitation, DRTT 
= dentate-rubro-thalamic tract, green arrow = Excitatory projection, red arrow = 
Inhibitory projection. Adapted from Teixeira MJ, Cury RG, Galhardoni R, et al. 
Deep brain stimulation of the dentate nucleus improves cerebellar ataxia after 
cerebellar stroke. Neurology. 2015;85:2075–2076. 
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3.4 Little brain, big expectations: cerebellar modulation in movement 

disorders 

 

        The foundation behind the hypothesis of cerebellar stimulation in 

improving movement disorder symptoms is still unclear and theoretical. It lies on 

the fact that the cerebellum has been linked to the pathophysiology of 

numerous movement disorders, such as ataxia, dystonia,59 PD tremor,60 

levodopa-induced dyskinesias,61 ET,62 and progressive supranuclear palsy 

(PSP).63 Those are disorders with sometimes challenging treatments and are 

capable of gravely impairing the patient’s quality of life. 

        Patients with dystonia present neuroimaging that is suggestive of 

cerebellar grey matter abnormalities,64 microstructural deficits in cerebellar 

outflow 65, and augmented cerebellar metabolic activity.59 Additionally, eye blink 

classical conditioning, linked to cerebellar function, is abnormal in dystonia.66 

There has also been pathological evidence supporting cerebellar involvement in 

cervical dystonia, including the loss of Purkinje cells, areas of focal gliosis, and 

torpedo bodies.67 

        Some features of PD have also been linked to cerebellar abnormalities. 

The dimmer-switch model proposes that resting tremor in PD is a consequence 

of anomalies in connections between the basal ganglia and the cerebello-

thalamo-cortical circuit, especially regarding tremor amplitude.60 Another study 

found a correlation between cerebellar circuits and resting tremor in PD, but not 

postural tremor.68 Levodopa-induced dyskinesias are also associated with the 

cerebellum, since cerebellar sigma-receptors might be involved in its 

pathogenesis.69 Patients with PD treated with pallidotomy or GPi-DBS, 

procedures that alleviate levodopa-induced dyskinesias, also exhibited 

functional and metabolic changes in the cerebellum after surgery.61 

        Evidence from clinical and neuroimaging studies show that the cerebellum 

is also involved in the pathophysiology of ET.62 Studies report increased activity 

of the cerebellar cortex and deep cerebellar nuclei70 and cerebellar 

degenerative changes in ET patients.71  

       Despite the fact that no frequent clinical symptoms point to cerebellar 

involvement in PSP, there is evidence to suggest otherwise. Shirota and 
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colleagues reported a dampening in cerebellar-brain inhibition in PSP patients, 

when compared to PD patients, which might insinuate a dentato-thalamo-

cortical pathway or Purkinje cell impairment.63  

 

 

3.4.1 Effects of cerebellar modulation on ataxia 

 

        To date, seventeen trials evaluated the effects of different types of 

cerebellar modulation in ataxias (Table 1).  

        Overall, these studies included patients with cerebellar ataxia due to 

stroke,5,72–74 degenerative causes,75–84 or cerebral palsy,85 with a total of 237 

patients. Nine studies were double-blind.5,73,74,76,80,82–85 Eight studies used TMS 

stimulation,5,72,73,75–77,84,86 seven used transcranial direct current stimulation 

(tDCS),78–83,85 and 1 implanted a DBS device.74 The time of evaluation after the 

intervention ranged from immediately after the stimulation to 1 year after the 

stimulation. Out of seventeen studies with cerebellar ataxia, only one reported no 

improvement, although it is important to point out the great variability in clinical 

improvement, probably reflecting the heterogeneity of the studied population, the 

number of sessions, and the type of technique used. In addition, the long-term 

effects have not been assessed.78  
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias  

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Shimizu et 
al., 1999 75 

(4) Spinocerebellar 
degeneration (2 
SCA6, 1 SCA1 and 
1 SCA7) 

Cerebellum 
(tangentially 
over the inion, 
4 cm to the 
right, and 4cm 
to the left) 

Single pulse 
TMS (1 pulse 
of 0.1ms 
every >5s, 10 
pulses per 
site, total 30 
pulses per 
session) 21 
sessions with 
9cm circular 
coil at 100% 
of maximum 
stimulator 
output 

Baseline + 
21 days 

None Open label Decrease in time and 
number of steps 
required for a 10m 
walk examination; 
increase in number of 
feasible steps in 
tandem; decrease in 
total length of tracing 
body balance.  

Shiga et al., 
2002 76 

(74) 
Spinocerebellar 
degeneration 
(cerebellar type x 
OPCA type): 39 
active, 35 placebo 

Cerebellum 
(over the inion, 
4cm to the left 
and 4cm to the 
right) 

Single pulse 
TMS (1 pulse 
every 6s, 10 
pulses per 
site, total 30 
pulses per 
session) 21 
sessions with 
14cm circular 
coil at 250% 
RMT 

Baseline + 3 
weeks  

None Double-
blind sham-
controlled 

Improvement in 10m 
time, 10m steps, 
tandem steps and 
standing capacities, 
especially in the 
cerebellar type. 

       continues
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias (continuation) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Ihara et al., 
200586 

(20) 
Spinocerebellar 
degeneration (10 
OPCA, 6 CCA, 4 
SCA6) 

Cerebellum 
(over the inion, 
4cm to the left 
and 4cm to the 
right) 

Single-pulse 
TMS (1 pulse 
every 5s, 10 
pulses per 
site, total 30 
pulses per 
session), 24 
sessions with 
70mm figure-
of-eight coil at 
100% 
maximum 
stimulator 
output. 

Baseline + 1 
day 

Not 
mentioned 

Single-blind, 
uncontrolled 

Improvement in ataxia 
(ICARS). 

Farzan et al., 
2013 77 

(1) Idiopathic late-
onset cerebellar 
atrophy 

Cerebellum 
(over the inion, 
4cm to the left 
and 4cm to the 
right) 

Single pulse 
TMS (1 pulse 
every 6s, 10 
pulses per 
site, total 30 
pulses per 
session) 21 
sessions with 
14cm circular 
coil at 250% 
RMT 

Baseline + 3 
weeks + 8 
months 

Not 
mentioned 

Open label Improvement of 9% in 
timed up-and-go test 
and gait speed. 
Decrease in stride 
duration variability 
and double support 
time.  

continues
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias (continuation) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Grimaldi and 
Manto, 2013 
78 
 

(9) Cerebellar 
ataxias (1 immune 
ataxia; 1 
paraneoplastic 
ataxia; 3 SAOA; 1 
autosomal 
recessive ataxia; 3 
dominant ataxia) 

Right 
cerebellum 
hemisphere 
and vermis 
(over the inion 
and 3cm right) 

Anodal tDCS 
1 session with 
1mA 

Baseline + 
immediately 
after 

Not 
mentioned 

Single-blind 
sham-
controlled 
crossover (> 
six days 
washout) 

No change in 
posturography and 
upper limb dexterity.  

Bonnì et al., 
2014 72 

(6) Posterior 
circulation stroke 
with ataxia 

Cerebellar 
hemisphere 
(ipsilateral to 
the lesion) 

rTMS (iTBS, 
3 pulses at 50 
Hz repeated 
at a rate of 5 
Hz; 20 trains 
of 10 bursts 
delivered at 
8-sec inter- 
vals; total 
duration: 190 
sec, 600 
pulses) 10 
sessions with 
70mm figure-
of-eight coil at 
80% RMT + 
physical 
therapy 

Baseline + 2 
weeks 

Not 
mentioned 

Open label Ataxia improvement 
(MICARS), especially 
posture and gait 
subscales.  

continues
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias (continuation) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Kim et al., 
2014 73 

(32) Posterior 
circulation stroke 
with ataxia 

Cerebellar 
hemisphere 
(2cm under the 
inion and 2cm 
ipsilateral to 
the lesion) 

rTMS (1Hz, 
15 min 
duration, total 
900 pulses 
per session), 
5 sessions 
with 75mm 
figure-of-eight 
coil at 100% 
RMT 

Baseline + 5 
days + 1 
month 

None Double-
blind sham-
controlled 

Improvement in the 
10m walk test 1 month 
after. BBS improved 
after 5 days and after 
1 month 

Grimaldi et 
al., 2014 79 
 

(2) SCA 2 Right 
cerebellar 
hemisphere 
(3cm right of 
the inion) and 
motor cortex 
(hand 
representation 
area) 

Anodal tDCS 
1 session with 
1mA 

Baseline + 
immediately 
after 

Not 
mentioned 

Single-blind 
sham-
controlled 

Improvement in 
postural and action 
tremor. Improvement 
in limb hypermetria.  

Grecco et al., 
2015 85 
 

(1) Ataxic Cerebral 
Palsy 

Cerebellum Anodal tDCS 
1 session + 
treadmill 
training 

Baseline + 
immediately 
after + 1 
month 

Not 
mentioned 

Double-
blind sham-
controlled 

Improvement in 
balance. 

continues 
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias (continuation) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Cury et al., 
2015 5 

(1) Cerebellar 
ataxia, cerebellar 
tremor and 
dystonia (cerebellar 
stroke) 

Contralateral 
dentate 
nucleus - 
neuronavigate
d 

rTMS 1Hz, 2 
sessions 
(active and 
sham) with 
double-cone 
coil at 90% of 
RMT 

Baseline + 1 
week 

None Double-
blind sham-
controlled 
crossover 
(four weeks 
washout) 

Improvement in 
tremor (FTMTRS) and 
ataxia (SARA). No 
improvement in 
dystonia (UDRS) 

Teixeira et 
al., 2015 74 

(1) Cerebellar 
ataxia, cerebellar 
tremor and 
dystonia 
(cerebellar stroke) 

Contralateral 
dentate 
nucleus 
(contralateral)  

DBS with 
bipolar setting 
(1.4 mA, 2.8 
V, 60 ms 
pulse width at 
20 Hz, and 
2031 Ω) 
 

Baseline + 1 
year (ON 
and OFF) 

None Double-
blind sham-
controlled 
crossover 
(same day) 

Improvement in 
tremor (FTMTRS) and 
ataxia (SARA) 
comparing ON and 
OFF. No 
improvement in 
dystonia (UDRS) 

Benussi et 
al., 2015 80 

(19) Cerebellar 
ataxia (5 SCA2; 1 
SCA1; 2 SCA 38; 1 
Friedreich’s ataxia; 
1 AOMA2; 6 MSA-
C; 1 FXATAS and 2 
SAOA) 

Cerebellum Anodal tDCS 
1 session with 
2mA 

Baseline 
and 
immediately 
after 

Not 
mentioned 

Double-
blind sham-
controlled 
crossover 
(one week 
washout) 

Improvement in 
SARA, ICARS, 9HPT 
and 8MW 

continues 
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias (continuation) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Grecco et al., 
2016 87 

(6) Ataxic cerebral 
palsy 

Cerebellum 
(1cm under the 
inion) 

Anodal tDCS 
20min 
duration 10 
sessions with 
1mA + 
treadmill 
training 

Baseline + 1 
week + 1 
month + 3 
months 

Present, 
mild 
(tingling 
and pain, 
tolerable) 

Single-blind, 
sham-
controlled, 
crossover 
(three 
months 
washout) 

Improvement in hip 
oscillation during 
eyes-closed gait 
(stabilometric 
evaluation) 

Bodranghien 
et al., 2017 81 
 

(1) Cerebellar 
ataxia associated 
with ANO 10 
mutation 

Right 
cerebellar 
hemisphere 
(3cm right of 
the inion) 

Anodal tDCS 
1 session with 
1.5mA 

Baseline + 
30min 

None Single-blind 
sham-
controlled 
crossover 
(same day) 

Improvement in 
postural tremor and 
slight improvement in 
dysmetria.  

Benussi et 
al., 2017 82 
 

(20) 
Neurodegenerative 
ataxias (5 SCA 2; 2 
SCA 38; 1 SCA 14; 
1 Friedreich’s 
ataxia; 1 AOMA2; 4 
MSA-C; 1 FXATAS; 
5 SAOA) + (10) 
healthy controls 

Cerebellum 
(2cm under the 
inion) 

Anodal tDCS 
10 sessions 
with 2mA 

Baseline + 
immediately 
after + 1 
month + 3 
months 

None Double-
blind sham-
controlled 

Improvement lasting 
at least 3 months in 
SARA, ICARS, 8MW 
and 9HPT (only in the 
non-dominant hand).  

continues 
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Table 1 – Characteristics of studies investigating clinical effects of cerebellar neuromodulation on ataxias (conclusion) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Benussi et 
al., 2018 83 

(20) 
Neurodegenerative 
ataxias (7 SCA 2; 5 
MSA-C; 1 SCA38;1 
SCA14; 1 
Friedreich ataxia; 1 
AOMA2; 4 SAOA) 
 

Cerebellum 
(2cm under the 
inion) and 
spinal cord 
(2cm under 
T11) 

Anodal tDCS 
(cerebellum) 
and cathodal 
tDCS (spinal 
cord) 10 
sessions with 
2mA 

Baseline + 
immediately 
after + 1 
month + 3 
months 

Not 
mentioned 

Double-
blind sham-
controlled 
crossover 
(three 
months 
washout) 

Improvement lasting 
at least 3 months in 
SARA, ICARS, 8MW, 
9HPT, and SF-36. 

Manor et al., 
2019 88 

(20) 
Spinocerebellar 
ataxia 

Cerebellum 
(over the inion, 
4cm to the left 
and 4cm to the 
right) 

Single pulse 
TMS (1 pulse 
every 6s, 10 
pulses per 
site, total 30 
pulses per 
session) 20 
sessions with 
14cm circular 
coil at 100% 
maximum 
stimulator 
output. 

Baseline + 
immediately 
after + 1 
month 

None Double-
blind sham-
controlled 

Improvement only in 
stance sub-score of 
SARA and standing 
postural sway 
metrics. 

Abbreviations: 8MW: 8-meter walking time; 9HPT: 9-hole peg test; AOMA2: ataxia with oculomotor apraxia type 2; Ass. TP: assessment 
time points; BBS = Berg Balance Scale; cTBS = continuous theta burst stimulation; DBS = deep brain stimulation; tDCS = transcranial 
direct current stimulation; FTMTRS = Fahn Tolosa Marin Tremor Rating Scale; FXATAS; fragile-X-associated tremor/ataxia syndrome; 
ICARS: International Cooperative Ataxia Rating Scale; M1 = primary motor cortex; MICARS = Modified International Cooperative Ataxia 
Rating Scale; MSA-C: multiple system atrophy cerebellar type; OPCA = olivopontocerebellar atrophy; SARA = scale for the assessment 
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and rating of ataxia; SAOA = sporadic adult-onset ataxia; SF-36 = short-form 36; TMS = transcranial magnetic stimulation; UDRS = 
unified dystonia rating scale. 
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        The largest cohort included 74 patients with SCA, which were allocated into 

two arms: active or sham stimulation.76 Participants underwent the following 

cerebellar single-pulse TMS stimulation protocol for 21 days: 10 pulses with 6-s 

interpulse intervals first over the inion, 4cm laterally to the right, and finally 4cm 

laterally to the left. In the active group, the authors found significant 

improvements in the 10-meter-walk time, number of tandem steps, and standing 

capacities. In one of the most recent studies,82 Benussi and colleagues applied 

10 sessions of anodal tDCS over the cerebellum of 20 patients with cerebellar 

ataxia in a double-blind design and reported a marked improvement in ataxic 

symptoms. No study reported major side effects. 

 

3.4.2 Effects of cerebellar modulation on dystonia 

 

        In the nine studies that investigated the effects of cerebellar modulation on 

dystonia, 112 patients with cervical dystonia or focal hand dystonia (FHD) were 

included (Table 2).48–51,89–93 Five trials used TMS stimulation,48,50,51,92,93 three 

used tDCS,49,89,90 and one implanted a DBS device.91 All four studies with 

cervical dystonia reported good outcomes, while none of the five trials with FHD 

observed a significant improvement. Koch et al conducted a double-blind, 

placebo-controlled trial with 20 cervical dystonia patients and applied 10 

sessions of continuous TBS, a specific TMS protocol, in 10 consecutive 

weekdays.50 At the end of the last session, patients had a small (15%) but 

significant improvement, according to the Toronto Western Spasmodic 

Torticollis Rating Scale, although no difference was found using the Burke-

Fahn-Marsden Dystonia Rating Scale. Another open-label study found greater 

improvement – 39% as measured by the Toronto Western Spasmodic Torticollis 

Rating Scale.49 Sokal et al implanted a deep anterior cerebellar lobe DBS in 10 

patients with spasticity and dystonia secondary to cerebral palsy and 

retrospectively observed a 25% dystonia improvement in 5 of them.91 Only one 

study reported infectious complications after DBS implantation.91  
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Table 2 – Characteristics of studies investigating effects of cerebellar neuromodulation on dystonia 

 

Author (n) Population Target Intervention Ass. TP Side effects Blinding Main findings 

Hoffland 
et al., 
2013 48 

(11) Cervical 
dystonia + (8) 
healthy 
controls 

Right 
cerebellum 

cTBS 1 
session with 
figure-of-eight 
coil 

5 min None Open 
label 

Improvement of 
EBCC 

Bradnam 
et al., 
2014 49 

(1) Cervical 
dystonia 

Cerebellar 
hemisphere
s (bilateral) 
and M1 

Anodal tDCS, 
20 sessions + 
botulinum toxin 
A injection 

Baseline + 4, 
8 and 12 
weeks 

None Open 
label 

Dystonia 
improvement of 
39% (TWSTRS) 

Koch et 
al., 2014 
50 

(20) Cervical 
dystonia 

Left and 
right lateral 
cerebellum 

cTBS 10 
sessions with 
70mm figure-
of-eight coil 

Baseline + 
2,4 and 6 
weeks 

None Double-
blind 
sham-
controlled 

Clinical 
improvement only 
in the 2-week 
evaluation as 
measured by the 
TWSTRS (15%), 
but not by the 
BFMDRS 

Sadnicka 
et al., 
2014 89 

(10) Writing 
dystonia 
 

Right 
cerebellar 
cortex 

Anodal tDCS 1 
session with 
2mA 

Baseline + 
immediately 
after + 30 min 

Not 
mentioned 

Double-
blind 
sham-
controlled 
crossover 
(one 
week 
washout) 

No statistical 
difference 
between dystonia 
improvement in 
sham and active 
stimulations 

continues 
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Table 2 – Characteristics of studies investigating effects of cerebellar neuromodulation on dystonia (continuation) 

 
Author (n) Population Target Intervention Ass. TP Side effects Blinding Main findings 

Bradnam 
et al., 
2015 90 
 

(8) FHD + (8) 
healthy 
controls 

Lateral 
cerebellum 
(3 cm lateral 
and 1 
inferior to 
the inion) 

Anodal and 
cathodal tDCS 
1 session with 
2mA 

Baseline + 
5min 

None Double-
blind 
sham-
controlled 
crossover 
(five days 
washout) 

Decrease of 
mean stroke 
frequency and 
average pen 
pressure 

Sokal et 
al., 2015 
91 
 

(10) Cerebral 
palsy with 
secondary 
dystonia 

Deep 
anterior 
cerebellar 
lobe 

DBS Retrospective 
evaluation 

3 infectious 
complications  

Open 
label 

Improvement of 
25% in dystonia 
(UDRS) in 5 
patients 

Linssen 
et al., 
2015 92 
 

(10) Writing 
dystonia 

Cerebellar 
hemisphere 
ipsilateral to 
the 
dominant 
hand 

cTBS 1 
session with 
figure-of-eight 
coil 

Baseline + 
immediately 
after 

Not 
mentioned 

Double-
blind 
sham-
controlled 

No significant 
differences in 
writing 
performance 

Bologna 
et al., 
2016 93 
 

(13) FHD + 
(13) CD + (13) 
healthy 
controls 

Cerebellar 
hemisphere 
ipsilateral to 
the affected 
side of the 
body 

cTBS 1 
session with 
figure-of-eight 
coil 

Baseline + 
5min + 45 
min 

None Double-
blind 
sham-
controlled 

No changes in 
clinical scores or 
reaching and 
neck movements  

continues
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Table 2 – Characteristics of studies investigating effects of cerebellar neuromodulation on dystonia (conclusion) 

 

Author (n) Population Target Intervention Ass. TP Side effects Blinding Main findings 

Bradnam 
et al., 
2016 51 
 

(16) Cervical 
dystonia 

Lateral 
cerebellum, 
bilaterally 

iTBS 10 
sessions with 
70mm figure-
of-eight coil + 
motor control 
training 

Baseline + 5 
days + 10 
days 

None Double-
blind 
sham-
controlled 

Reduction in total 
TWSTRS score 
and time to 
perform the 
grooved 
pegboard task 

 

Abbreviations: Ass. TP: assessment time points; BFMDRS: Burke-Fahn-Marsden Dystonia Rating Scale; cTBS: continuous 

theta burst stimulation; DBS: deep brain stimulation; tDCS: transcranial direct current stimulation; EBCC: eyeblink classical 

conditioning; FHD: focal hand dystonia; iTBS: intermittent theta burst stimulation; M1: primary motor cortex; TWSTRS: Toronto 

Western Spasmodic Torticollis Rating Scale. 
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3.4.3 Effects of cerebellar modulation on essential tremor 

 

        Six trials studied the effects of cerebellar stimulation in 68 ET patients,94–99 

three of which used a double-blind design (Table 3). Only three studies found a 

significant clinical benefit (range: 9% to 27%) in tremor scales, two of them 

using TMS and one using cathodal tDCS.95,96,99 The improvement was larger 

and lasted longer in patients that underwent more sessions. In the longest trial, 

improvement (20%) was only significant after 15 cathodal tDCS sessions, but 

not after 10.99 Other studies failed to find any clinical benefit.94,97,98 One study 

reported local skin erythema and chemosis as a side effect,97 while another 

reported mild headache in one patient.95 There were no other side effects. 

 

 



 

 

                                                                                             LITERATURE REVIEW – 28 

Table 3 – Characteristics of studies investigating effects of cerebellar neuromodulation on essential tremor 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Avanzino 
et al., 
2009 94 

(15) Essential 
tremor + (11) 
Healthy 
controls 

Right lateral 
cerebellum 

rTMS 1 
session with 
90mm figure-
of-eight coil 

Baseline + 
immediately 
after + 5 min 
+ 30 min 

Not 
mentioned 

Open label in 8 
patients and 
single blind 
sham controlled 
in 7 patients; 
cervical 
stimulation in 5 
patients 

Decrease of TD 
values, increase of ITI 
values and decrease 
of the coefficient of 
variation of ITI. No 
change in frequency or 
magnitude of 
accelerometer signal. 

Gironell 
et al., 
2002 95 

(10) Essential 
tremor 

Posterior 
cerebellum 

rTMS 1 
session with 
70mm 
butterfly coil 

Baseline + 
5min + 
60min 

Slight 
headache 
in one 
patient 

Double-blind 
sham-controlled 

Tremor improvement 
according to the 
TCRS, (17%) and 
accelerometry 
evaluation on the + 
5min assessment 

Popa et 
al., 2013 
96 

(11) Essential 
tremor + (11) 
healthy 
controls 

Posterior 
cerebellum 
(bilateral) – 
neuronavigated 

rTMS 5 
sessions with 
figure-of-eight 
coil 

Baseline + 5 
days + 12 
days + 29 
days 

None Open label Tremor improvement 
that built up until day 
12 and persisted for 3 
weeks.  

Gironell 
et al., 
2014 97 

(10) Essential 
tremor 

Cerebellar 
hemispheres, 
bilaterally 

Cathodal 
tDCS 10 
sessions with 
2mA 

Baseline + 
10 min + 
15min + 
70min + 10 
days + 40 
days 

Local skin 
erythema 
and 
chemosis 

Double-blind 
sham-controlled 

No acute or long-
lasting benefit 

continues
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Table 3 – Characteristics of studies investigating effects of cerebellar neuromodulation on essential tremor (conclusion) 

 

Author (n) Population Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Bologna 
et al., 
2015 98 

(16) Essential 
tremor + (11) 
healthy 
controls 

Right cerebellar 
hemisphere 

TMS (cTBS) 
1 session 
with eight-
shaped coil 

Baseline + 
5min + 45 
min 

None Double-blind 
sham-controlled 

No change in tremor 
severity and reaching 
movements.  

Yilmaz et 
al., 2016 
99 
 

(6) Essential 
tremor 

Cerebellum Cathodal 
tDCS 10 
sessions with 
2mA; 5 more 
sessions after 
1 month 

Baseline + 
20 days + 
50 days 

None Open label Improvement of tremor 
according to the 
TETRAS score (20%) 
only after 50 days 

 

Abbreviations: Ass. TP: assessment time points; cTBS: continuous theta burst stimulation; ITI: inter tapping interval; rTMS: repetitive 

transcranial magnetic stimulation; TCRS: tremor clinical rating scale; tDCS: transcranial direct current stimulation; TETRAS: essential 

tremor rating scale assessment; TD: touch duration; TMS: transcranial magnetic stimulation 
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3.4.4 Effects of cerebellar modulation on Parkinson’s disease 

 

        All five trials that examined effects of cerebellar modulation on Parkinson’s 

disease (n=70) used double-blind designs (Table 4).100–104 There was a great 

variation in the outcomes and symptom subtypes studied. Two studies 

examined the acute effect of continuous cerebellar TBS in 28 PD patients with 

levodopa-induced dyskinesias – both of them reported positive outcomes, with 

the improvement of dyskinesia after stimulation. 100,102 Ferrucci et al compared 

nine PD patients with levodopa-induced dyskinesias who underwent five 

sessions of anodal tDCS over the cerebellum to five daily sessions of M1 

stimulation in a double-blind, sham-controlled design and found a significant 

decrease in the Unified Parkinson’s Disease Rating Scale part IV (dyskinesia 

section) scores after both active stimulations, but not after the sham stimulation. 

This improvement was observed only immediately after the last session and did 

not persist after 1 week.104 Another group  assessed the acute effect of 

cerebellar continuous TBS on resting tremor and found no clinical benefit.103 

Minks et al evaluated dexterity in 20 PD patients after one session of TMS and 

reported improvements in gross upper limb movement, but impairment in fine 

motor finger and hand function.101 No study reported side effects. 
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Table 4 – Characteristics of studies investigating effects of cerebellar neuromodulation on Parkinson’s disease 

 

Author (n) 
Population 

Target Intervention Ass. TP Side 
effects 

Blinding Main findings 

Koch et. 
al., 2009 
100 

(20) PD with 
peak-dose 
dyskinesia 

Lateral 
cerebellum 
ipsilateral (1) 
and bilateral (2) 

cTBS 1 session 
with 70mm 
figure-of-eight 
coil 

Baseline 
+ 2, 4 and 
6 weeks 

None Double-
blind 
sham-
controlled 

Decrease in waking 
time spent as ON 
with dyskinesias.  

Minks 
et. al., 
2011 101 

(20) PD Right lateral 
cerebellum - 
neuronavigation 

rTMS 1 session 
with a conic coil 

Baseline 
+ 2 – 
6min 

None Double-
blind 
sham-
controlled 

Less time to 
complete de ball test 
(gross upper limb 
movement); more 
time to complete the 
nine-hole peg test 
(fine motor finger and 
hand function). 

Brusa 
et. al., 
2012 102 

(8) PD with 
levodopa-
induced 
dyskinesias 

Lateral 
cerebellum 
(bilateral) 

cTBS 5 
sessions with 
70mm figure-of-
eight coil 

Baseline 
+ 1 week 

None Double-
blind 
sham-
controlled 

Reduction of 
dyskinesias. 

Bologna 
et. al., 
2015 103 

(13) PD 
resting tremor 
+ (10) healthy 
controls 

Cerebellar 
hemisphere 
(ipsilateral) 

cTBS 1 session 
with 8-shaped 
coil 

Baseline 
+ 5 min + 
45 min 

None Double-
blind 
sham-
controlled 

No changes in 
tremor amplitude, 
frequency or 
magnitude. 

Ferrucci 
et. al., 
2016 104 

(9) PD with 
levodopa-
induced 
dyskinesias 

Cerebellum and 
M1 

Anodal tDCS 5 
sessions with 
2mA 

Baseline 
+ 5 days + 
12 days + 
33 days 

Not 
mentioned 

Double-
blind 
sham-
controlled 

Improvement in 
UPDRS IV 
(dyskinesias 
section). 
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Abbreviations: Ass. TP: assessment time points; cTBS: continuous theta burst stimulation; tDCS: transcranial direct current 

stimulation; PD: Parkinson disease; rTMS: repetitive transcranial magnetic stimulation; UPDRS: Unified Parkinson’s Disease 

Rating Scale. 
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3.4.5 Effects of cerebellar modulation on progressive supranuclear palsy 

 

        Only one open-label trial included 10 PSP patients and performed 10 

sessions of intermittent TBS over the lateral cerebellum.105 Patients were 

evaluated using the PSP-Rating Scale, which is comprised of 6 sections: daily 

activity, behavior, bulbar, oculomotor, limb motor, and gait/midline 

abnormalities. This study described a significant improvement in all patients 

only in dysarthria, an item in section III Bulbar. Two out of 10 patients also 

showed improved gait. No side effects were observed. 
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4 METHODS 

 

 

4.1. Trial design 

 

        This is a randomized, prospective, double-blind, cross-over, sham-

controlled trial that assessed patients with cerebellar ataxia treated with d-rTMS 

aimed at the cerebellar dentate nucleus.  

 

 

4.2. Ethics 

 

        The Institutional Review Board of the Hospital das Clínicas da Faculdade 

de Medicina da Universidade de São Paulo approved the study, and all patients 

provided informed consent before implementing any study protocol. This study 

was registered at the clinicaltrials.gov under protocol NCT03213106. 

 

 

4.3. Participants 

 

4.3.1 Eligibility criteria 

 

(a) Diagnosis of cerebellar ataxia based on clinical history and neurological 

examination. 

(b) Refractoriness to clinical treatment involving physical therapy, speech, and 

occupational therapy. 

(c) Cerebellar lesion of vascular or surgical etiology; or diagnosis of SCA3 or 

MSA-c. 

(d) Symptoms for at least six months (chronic ataxia). 

(e) Symptoms of moderate ataxia with scale for the assessment and rating of 

ataxia (SARA) > 6. 

(f) Intellectual ability to understand and sign the consent form. 
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(g) Availability and willingness to attend all follow-up visits. 

 

4.3.2 Exclusion criteria 

 

(a) Age < 18 years old. 

(b) Active infection or other uncontrolled pre-existing medical conditions (e.g., 

diabetes, hypertension, symptomatic heart disease, malignant neoplasia, or 

psychiatric illnesses). 

(c) Concomitant treatment with other experimental drugs. 

(d) Cardiac pacemakers, electronic devices, or intra-cranial metallic objects;  

(e) Pregnancy or breastfeeding. 

 

 

4.3.3 Settings and location 

 

        This study was conducted in the Psychiatry Institute of the University of São 

Paulo. Stimulation sessions were performed on the Surgical Pathophysiology 

Laboratory (LIM-62).  

 

 

4.4. Interventions 

 

        The target was the dentate nucleus contralateral to the most clinically 

affected side. If the patient had symmetric ataxia, we arbitrarily established the 

target as the right dentate nucleus 5. Patients were evaluated at baseline and the 

location of the dentate nucleus was mapped through neuronavigation using 

Polaris Vicra, Brainsight software and T2 weighted volumetric MRI (Figure 3), as 

previously reported.5 Briefly, patients comfortably sat in a chair in front of the 

neuronavigation camera. MRI image was uploaded in Brainsight and the 

following landmarks were marked both in the image and in the patient (using the 

neuronavigation pointer): right tragus, left tragus, occipito, and bregma. The 

dentate nucleus of interest was, then, found by moving the neuronavigation 

pointer in patient’s occipital area. After found, the exact spot was marked in 
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patient’s skull using red marker. The distance between the point marked and the 

landmarks previously mentioned was then measured using a measuring tape. 

These values were then used to locate the hotspot in future sessions.  

 

 
Figure 3 – Neuronavigation of the dentate nucleus in sagittal and transverse 
samples using T2 volumetric magnetic resonance imaging. 
 
        Participants were then randomly assigned to an intervention group (sham or 

active d-rTMS) for five consecutive days. Following a minimum of four weeks 

washout (in order to guarantee the return to baseline values), assignments were 

then switched, and participants underwent five additional stimulation sessions; 

those on active d-rTMS were switched to sham, while the ones on sham were 

switched to active d-rTMS (Figure 4). All interventions were administered during 

the morning period.  
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Figure 4 – Study design. Triangles represent assessment of the following 
outcomes: ataxia, tremor, dystonia, cognition, and cortical excitability. Asterisks 
represent assessment of quality of life, anxiety, and depression. Brain drawing 
represents neuronavigation. d-rTMS = deep repetitive transcranial magnetic 
stimulation.  
 

        Active d-rTMS was performed with neuronavigation coordinates using a 

MagPROX100 machine (Magventure® Tonika Elektronik, Farum, Denmark). A 

butterfly double-cone D-B80 cooled coil was oriented at a tangent to the scalp 

with the main phase of the induced current in the anterior-to-posterior direction. 

Intensity was set at 90% of the rest motor threshold of the abductor pollicis brevis 

muscle.106 The stimulation session consisted of 20 series of 60-sec pulses at 1 

Hz and inter-train-pulses of 1 sec (for a total of 1200 pulses per session). The 

sham stimulation was executed with a sham coil identical to the active d-rTMS, 

which was positioned in the exact same way. Sessions were performed with 

patients reclined in an armchair with both feet up. Patients were advised not to 

change any rehabilitation therapy or medication throughout the study.   

        Patients were evaluated at baseline and then were randomly assigned to 

the intervention (sham or active d-rTMS) for five consecutive days. Following a 

28 days minimum washout period, assignments were then switched, and 

participants underwent five additional stimulation sessions: those on active d-

rTMS were switched to sham while the ones on sham were switched to active d-

rTMS.  
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4.5. Outcomes  

 

        The primary outcome measure was the difference between SARA scales, 

comparing active versus sham phases. SARA is a clinical scale that measures 

clinical cerebellar ataxia on an impairment level, and ranges from zero to 40 

points (Supplementary material C).107 Higher scores indicate higher levels of 

impairment. Currently, it is one of the most commonly used clinical scale to 

quantify ataxia, as was for this reason chosen as primary outcome. There are 

eight items: the first four items (gait, stance, sitting, and speech) measure axial 

ataxic symptoms, while the following four items (finger chase, nose-finger test, 

fast alternating hand movements, and heel-shin slide) measure appendicular 

symptoms and are bilaterally graded (while only the mean value of both sides 

should be added to the total score).  

        Secondary outcome measures included: 

(a) Ataxia measured with International Cooperative Ataxia Rating Scale (ICARS), 

a different, more comprehensive ataxia clinical scale (Supplementary material 

D).107 It ranges from zero to 100, and is divided in four subscales: 1) postural and 

gait disturbances (seven items, ranging 0 – 34), 2) limb ataxia (seven items, 

ranging from 0 – 52), 3) dysarthria (two items, ranging 0 – 8), and 4) oculomotor 

disorders (three items, ranging 0 – 6). Higher scores indicate higher levels of 

impairment. 

(b) Tremor measured with the Fahn-Tolosa-Marin Tremor Rating Scale, a clinical 

scale that measures tremor on an impairment level, and ranges from zero to 144 

(Supplementary material E).108 Higher scores indicate higher levels of impairment. 

This scale is divided in three parts. In part A (nine items, ranging 0 – 80), the 

examiner assesses tremor amplitude at rest, posture, and intention in several 

anatomic locations. In part B (five items, ranging 0 – 36), tremor is quantified 

during writing, pouring, and drawing. Part C (seven items, ranging 0 – 28) weights 

the impact of tremor in activities of daily living. 

(c) Dystonia measured with the Unified Dystonia Rating Scale, a clinical scale 

that rates 14 body regions for dystonia severity and duration, ranging from 0 – 60. 

(Supplementary material F).109 Higher scores indicate higher levels of impairment. 
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(d) Gait speed measured with the timed up and go test, in which two chairs were 

assembled 3 meters apart. Patients started the test sited in one chair, and were 

instructed to stand up, walk to the other chair, go around it, come back to the first 

chair, and sit down. The time between stand up and sit down was measured. 

Three trials were performed, and the smallest time was considered. If patient 

needed walking aids in his/her daily life, the same aids were allowed during the 

test. Higher scores indicate higher levels of impairment.110 

(e) Quality of life measured by the short version of the World Health Organization 

Quality of Life scale, a self-reported questionnaire of 26 questions comprising 

four areas: physical, psychological, social interactions, and environment 

(Supplementary material G).111,112 This scale ranges from 0 – 100, and higher 

scores indicate lower levels of impairment. 

(f) Anxiety and depression, measured with the Hospital Anxiety 

and Depression Scale, a questionnaire that comprises seven questions for 

anxiety and seven questions for depression (Supplementary material H).113 This 

questionnaire ranges from 0 – 21 for both anxiety and depression, that should be 

ranked separately. Higher scores indicate higher levels of impairment. 

(g) Cognition, measured with the Frontal Assessment Battery, direct and indirect 

order digit span, in addition to verbal fluency using animal names and words with 

the letter F. The Frontal Assessment Battery includes several instruments to 

screen for frontotemporal dementia, including similarities, S-word verbal fluency, 

Luria’s test, grasp reflex, and the Go-No-Go test (Supplementary material I).114 It 

ranges from 0 – 18 and higher scores indicate lower levels of impairment. 

(h) Cerebellar volume measured by a trained neuroradiologist with volumetric T2 

sequences using volBrain system.115 

(i) Cortical excitability measured bilaterally over the primary motor cortex 

immediately before the first session and immediately after the fifth session in both 

active and sham groups, and the following parameters were obtained: 1) Rest 

motor threshold, 2) Motor-evoked potential at 120% of rest motor threshold and 

at 140% of rest motor threshold, 3) Short interval intracortical inhibition, and 4) 

Intracortical facilitation. We classified each cortical excitability parameter as 

normal, low, or high after comparison with healthy controls.116  
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(j) Safety was assessed periodically during d-rTMS sessions by a trained nurse 

capable of identifying seizures. Additionally, patients answered a questionnaire 

after the end of the study with questions regarding discomfort, pain, headache, 

and seizures. In this same survey, there was a free text space in which patients 

could describe other sensations they deemed relevant.  

        The baseline evaluation included all previously described scales, 

demographic data, MRI, and cortical excitability. At the end of the first five days 

of intervention (active or sham), all scale tests and cortical excitability were 

repeated (evaluation number two), except for the short version of the World 

Health Organization Quality of Life scale and Hospital Anxiety 

and Depression Scale, which were answered remotely after seven days. After 

the washout period, patients were called for a third clinical evaluation identical to 

baseline. On the last day of the following five-day intervention (sham or active, 

crossover), there was a fourth evaluation identical to the second evaluation. 

Again, the short version of the World Health Organization Quality of Life scale 

and Hospital Anxiety and Depression Scale were repeated seven days after the 

fourth evaluation. After 14 days of the last intervention, patients were contacted 

by telephone for the blinding assessment (Figure 4). There was no follow-up visit 

after the blinding assessment. 

 

 

4.6. Sample size 

 

        Sample size was calculated using G*Power 3 software, based on our 

preliminary study.5,117 To detect a 4-point difference in SARA scale comparing 

active and sham stimulations, and to achieve 80% power with an alpha level of 

5%, assuming a standard deviation of 5, twenty two subjects were required.  

 

 

4.7. Randomization 

 

       Our random sequence was generated by randomization.com using randomly 

permuted blocks with size of four per block. 
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4.8. Blinding 

 

        Researchers were specifically instructed not to attempt to break the 

randomization schedule in any manner. Different researchers performed subject 

allocation, randomization, and clinical evaluation. A single movement disorder 

specialist blinded to the type of stimulation (active/sham) performed all clinical 

evaluations. Patients were blinded regarding randomization and were never 

scheduled on the same day and time, so they were not able to exchange 

information in the waiting room.  

 

 

4.9. Statistical methods 

 

        Our exploratory analysis started with a visual assessment of all variables to 

evaluate the frequencies, percentages, and near-zero variance for categorical 

variables (such as gender, education, comorbidities), distribution for numeric 

variables (including age and the scale scores), and their corresponding missing 

value patterns.118 A near zero variance was found when a categorical variable 

had a small percentage of a given category and was addressed by combining 

different variable categorizations. Missing values were handled through 

imputation algorithms followed by sensitivity analyses in order to verify whether 

our results were stable with and without imputation. When evaluating the balance 

of baseline variables between intervention arms, numeric variables were 

compared through t-tests and categorical variables though chi-squared tests. We 

assumed an alpha error of 0.5, a power of 80%, a 4-point difference in the SARA 

scale, and a standard deviation of 5. A sample size of twenty-two participants 

was obtained.  

        Period, carry-over, and treatment effects were initially evaluated with Mann–

Whitney tests for SARA and ICARS.119 A paired Mann–Whitney test was used 

because the variables did not present a normal distribution, which was confirmed 

through a Shapiro–Wilk test. Period effects were calculated as the difference 
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between the outcome values after the treatment in periods two and one (period 

two minus period one). Carry-over effects were calculated as the sum of outcome 

values after treatment in periods one and two (period one plus period two). The 

treatment effect was evaluated by using a paired Mann–Whitney test to compare 

the means of patients exposed to active d-rTMS to those exposed to sham 

conditions in each period. In order to explore the correlation between cerebellar 

volume and ataxia outcomes (SARA and ICARS changes) we used Spearman 

coefficient. 

        Finally, we performed subgroup analyses by testing the same association 

between our intervention and outcomes within specific subgroups of our sample, 

based on patient diagnoses (post-lesion ataxia, SCA3, and MSA-c) and laterality 

(clinical evaluation with SARA, ICARS, and Fahn-Tolosa-Marin Tremor Rating 

Scale ipsilateral and contralateral to the stimulation site). We used the same 

linear mixed-effects model applied to the whole population to evaluate primary 

and secondary outcomes within each subgroup. Since these were post-hoc 

analyses, they should be interpreted with caution. All analyses were performed 

using the statistical language R. 

 

 

4.10. Funding 

 
This study was funded by the Pain Center and LIM-62 medical research lab 

(research assistant scholarship and TMS/neuronavigation machines). Image 

study was performed through accordance with the Radiology department.
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5  RESULTS 

 

 

5.1 Participant flow 

 

        Two participants dropped out of the study after randomization: one after five 

d-rTMS sessions, and another after three sessions, both for personal reasons not 

related to the protocol itself. Figure 5 displays our study flowchart. Our sample 

consisted of 24 individuals and presented a distribution of 54.2% in the 

active/sham and 45.8% in the sham/active orders. All 24 patients were included 

in the final primary outcome analysis.  

 



 

 

                                                                                                                  RESULTS – 46 

 
Figure 5 – Consolidated Standards of Reporting Trials (CONSORT) Flow 
Diagram for Randomization of Patients with Ataxia Enrolled in the Study. d-rTMS 
= deep repetitive transcranial magnetic stimulation 
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5.2 Recruitment 

 

        Data were collected between July 2016 and April 2019. The trial ended 

when previously calculated sample size was reached with two additional patients 

to compensate for potential dropouts. No interim analysis was conducted during 

the protocol. 

 

 

5.3 Baseline Data 

 

        Baseline demographic characteristics results were similar between groups 

(Table 5).  
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Table 5 – Description of the overall study sample 
 

Variable Total 
(n = 24) 

Active/Sham d-
rTMS (n = 13) 

Sham/Active d-
rTMS (n = 11) 

P value 

Age 49 (13.8) 53.4 (11.2) 44.5 (15.6) p = 0.131 

Female 16 
(66.7%) 

8 (61.5%) 8 (72.7%) p = 0.885 

Diagnosis    p = 0.368 

- MSA-c 8 (33.3%) 5 (38.5%) 3 (27.3%)  

- Post-lesion 
ataxia 

7 (29.2%) 5 (38.5%) 2 (18.2%)  

- SCA 3 9 (37.5%) 3 (23.0%) 6 (54.5%)  

Employment 
status 

   p = 0.346 

- Employed 4 
(16.7 %) 

3 (25 %) 1 (10 %)  

- Retired 14 
(58.3 %) 

8 (66.7 %) 6 (60 %)  

- Others 4 
(16.7 %) 

1 (8.33 %) 3 (30 %)  

Education    p = 0.547 

- Elementary 1 
(4.17 %) 

1 (7.69 %) 0 (0 %)  

- High school 8 
(33.3 %) 

3 (23.1 %) 5 (45.5 %)  

- College 8 
(33.3 %) 

5 (38.5 %) 3 (27.3 %)  

- Graduate 7 
(29.2 %) 

4 (30.8 %) 3 (27.3 %)  

Years of 
education 

15 (+- 
4.6) 

15 (+- 4.2) 14.9 (+- 5.3) p = 0.981 

Cardiovascular 
diseases 

11 
(45.8%) 

8 (61.5%) 3 (27.3%) p = 0.205 

Depression 14 
(58.3%) 

10 (76.9%) 4 (36.4%) p = 0.111 

Values are mean (SD) or n (%). Abbreviations: d-rTMS: deep repetitive 
transcranial magnetic stimulation, MSA-c: multiple systems atrophy cerebellar 
type, SCA 3: spinocerebellar ataxia type 3. 
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        Regarding the stimulation side, 14 patients received d-rTMS directed to the 

right cerebellum (six active/sham and eight sham/active), while 10 patients 

received it to the left (seven active/sham and three sham/active) (p = 0.3). 

Distances from stimulation hotspot to skull landmarks are depicted in Table 6. 

 

 

Table 6 – Distance in centimeters from the coil hotspot to skull landmarks 
 

 Right ear 
helical root 

Left ear 
helical root 

Bregma Occipito 

Right 
dentate 
nucleus 

11.0 (11, 
12.3) 

16.5 (15.6, 
18.3) 

21.0 (20.1, 
21.5) 

5.0 (4.0, 5.3) 

Left dentate 
nucleus 

16.0 (15.0, 
17.3) 

11.2 (11.0, 
11.8) 

20.0 (19.0, 
19.8) 

5.0 (3.6, 5.5) 

Values are median (interquartile range). 
 

 

5.4 Outcomes 

 

5.4.1 Clinical efficacy of the stimulation 

 

        Table 7 displays the main results of our evaluation instruments at baseline, 

after active d-rTMS and after sham, in addition to the p-values (active x sham). 

Since it was not found any statistical differences between baseline data 

(evaluations one and three), we depicted only one. 
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Table 7 – Outcome measures at baseline, post-sham and post-active phases 
 

Variable 
[missing] 

Baseline Sham d-
rTMS 

Active d-
rTMS 

P value for 
treatment effect 
(sham vs active) 

SARA [0] 13.5 (9.7, 
17.6) 

12.8 (9.6, 
17.8) 

10.2 (6.2, 
16,2) 

p = 0.002 

ICARS [2] 34.0 (25.0, 
43.7) 

32.8 (22.0, 
47.0) 

29.0 (21.0, 
43.5) 

p = 0.005 

ICARS 
posture and 
gait 
disturbances 
[2] 

16.0 (10.5, 
19.5) 

15.0 (9.2, 
21.5) 

14.0 (9.5, 
19.5) 

p = 0.086 

ICARS kinetic 
function [2] 

16.0 (10.7, 
20.5) 

14.5 (9.0, 
19.7) 

10.5 (7.7, 
17.5) 

p = 0.005 

ICARS 
speech 
disorders [2] 

3.5 (1.7, 
5.0) 

2.0 (2.0, 
4.7) 

2.5 (1.7, 
5.0) 

p = 0.285 

ICARS 
oculomotor 
disorders [2] 

3.0 (2.0, 
4.0) 

3.0 (2.0, 
4.0) 

3.0 (2.0, 
3.2) 

p = 0.305 

FTM score [0] 11.0 (2.5, 
29.2) 

9.5 (3.0, 
29.2) 

8.5 (3.0, 
23.5) 

p = 0.415 

UDRS score 
[0] 

0.0 (0.0, 
0.0) 

0.0 (0.0, 
0.0) 

0.0 (0.0, 
0.0) 

p = 0.172 

TUG [12] 15.5 (10.5, 
28.2) 

14.0 (11.5, 
26.0) 

12.0 (11.0, 
24.5) 

p = 0.106 

WHOQOL-
BREF score 
[1] 

53.0 (48.0, 
60.0) 

55.0 (46.0, 
62.0) 

53.0 (44.0, 
62.0) 

p = 0.791 

Anxiety HADS 
score [2] 

6.0 (2.0, 
8.2) 

4.5 (2.0, 
8.0) 

5.0 (2.8, 
8,2) 

p = 0.447 

Depression 
HADS score 
[2] 

8.0 (2.8, 
9.5) 

5.5 (4.0, 
9.2) 

7.0 (3.0 – 
0.9) 

p = 0.527 

FAB [0] 15.0 (12.2, 
17.0) 

17.0 (15.2, 
18.0) 

17.0 (15.2, 
18.0) 

p = 0.228 

Digit span 
direct order 
[0] 

5.0 (4.0, 
5.7) 

5.0 (5.0, 
5.7) 

5.0 (5.0, 
5.7) 

p = 0.515 

Digit span 
indirect order 
[0] 

4.0 (3.0, 
4.0) 

3.0 (3.0, 
4.0) 

4.0 (3.0, 
4.0) 

p = 0.515 

continues 
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Table 7 – Outcome measures at baseline, post-sham and post-active phases 
(conclusion) 
 

Variable 
[Missing] 

Baseline Sham d-
rTMS 

Active d-
rTMS 

P value for 
treatment effect 
(sham vs active) 

Phonemic 
fluency (letter 
F) [0] 

10.5 (7.2, 
13.5) 

12.0 (9.0, 
14.0) 

12.0 (9.0, 
15.0) 

p = 0.921 

Semantic 
fluency 
(animals) [0] 

15.5 (12.2, 
19.5) 

17.0 (13.2, 
20.7) 

15.5 (14.0, 
20.0) 

p = 0.476 

Values are median (interquartile range). Abbreviations: d-rTMS: deep repetitive 
transcranial magnetic stimulation, FAB: frontal assessment battery, FMT: Fahn-
Tolosa Marin tremor rating scale, HADS: hospital anxiety and depression score, 
ICARS: international cooperative ataxia rating scale, MBS: most bothersome 
symptom, SARA: scale for the assessment and rating of ataxia, TUG: time up-
and-go, UDRS: unified dystonia rating scale, WHOQOL-BREF: short version of 
the World Health Organization quality of life scale. 
 

        We found a significant improvement in ataxia according to the SARA scale 

after active cerebellar d-rTMS with a 2.6-point difference between medians of 

active and sham groups (p = 0.002, Table 7, Figure 6) and 3.3-point between 

baseline and active group (p < 0.005, Table 7). The difference in SARA 

between baseline and sham groups did not change significantly (p = 0.480). 
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Figure 6 – Median (central mark), interquartile range (bottom and top edges of 
the box), maximum and minimum values (whiskers) of Scale for the 
Assessment and Rating of Ataxia (SARA) values at baseline, post-sham, and 
post-active modulation. 
 

        Similar to the SARA results, ICARS (measured in 22 out of 24 patients) 

also significantly improved in patients after active cerebellar d-rTMS compared 

to sham (3.8-point difference; p = 0.005, Table 7, Figure 7) and to baseline 

(6.08-point difference; p = 0.001). 
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Figure 7 – Median (central mark), interquartile range (bottom and top edges of 
the box), maximum and minimum values (whiskers) of International Cooperative 
Ataxia Rating Scale (ICARS) values at baseline, post-sham, and post-active 
modulation. 
 

        Regarding ICARS sub scores, only in “kinetic function”, which measures 

appendicular abilities, there was significant improvement after active d-rTMS 

compared to sham (p = 0.020, Table 7). Axial functions, such as gait, balance, 

oculomotor abilities, and speech did not show significant improvement after d-

rTMS. 

        Both SARA and ICARS improved bilaterally, regardless of the unilateral d-

rTMS (Table 8).   
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Table 8 – Treatment effects of SARA, ICARS and Fahn-Tolosa-Marin Tremor        
                 Rating Scale between sham and active d-rTMS treatments regarding  
                 the laterality of the stimulation 
 

Variable Baseline Active d-rTMS Sham d-rTMS P value for 
treatment 

effect (sham 
vs active) 

Ipsilateral 

SARA limb 
score 

4.0 (3.0, 
6.0) 

3.0 (1.2, 4.0) 4.5 (3.0, 6.0) p = 0.005 

ICARS limb 
score 

5.0 (3.0, 
8.2) 

4.0 (2.0, 6.0) 4.5 (3.0, 7.2) p = 0.013 

FTM limb 
score 

2.5 (0.25, 
6.7) 

2.0 (1.0, 4.7) 2.0 (1.0, 6.7) p = 0.083 

Contralateral 

SARA limb 
score 

7.0 (4.2, 
9.7) 

4.5 (3.0, 7.7) 6.0 (4.0, 7.7) p = 0.044 

ICARS limb 
score 

9.0 (5.0, 
11.0) 

4.5 (3.0, 8.7) 8.0 (4.0, 11.0) p = 0.001 

FTM limb 
score 

3.5 (2.0, 
7.0) 

2.5 (1.0, 5.7) 3.5 (1.5, 8.7) p = 0.084 

Values are median (interquartile range). For SARA, it was considered right and 
left values for items five to eight (total range 0-16 each side). For ICARS, we 
considered right and left values for bilateral items of kinetic function (items eight 
to fourteen, total range 0-24 each side). For FTM, we considered right and left 
values for bilateral items (items five, eight, and eleven to fourteen, range 0-40 
each side). Abbreviations: d-rTMS: deep repetitive transcranial magnetic 
stimulation, SARA: scale for the assessment and rating of ataxia, ICARS: 
international cooperative ataxia rating scale, FMT: Fahn-Tolosa-Marin tremor 
rating scale. 
 

        When analyzing the subgroups outcomes (post-hoc analysis) comparing to 

baseline scores, SCA3, MSA-c, and post-lesion ataxia showed improvement in 

SARA and ICARS after d-rTMS. However, only MSA-c was significantly 

influenced by the stimulation when comparing sham and active d-rTMS (p < 

0.05) (Table 9, Figure 8). 

 

 
 
 
 
 
 



 

 

                                                                                                                  RESULTS – 55 

Table 9 – Motor outcomes for the subgroup analysis according to diagnosis 
 

Outcome Baseline Sham d-
rTMS 

Active d-
rTMS 

P value 
active 
versus 

baseline 

P value 
active 

versus sham 

Multiple system atrophy cerebellar type (n = 8) 

SARA 14.0 
(12.6, 
22.8) 

14.7 
(11.6, 
23.5) 

11.0 (6.3, 
22.6) 

0.025 0.021 

ICARS (total 
score) 

37.5 
(27.2, 
55.0) 

37.4 
(24.0, 
55.5) 

30.5 
(23.0, 
51.0) 

0.024 0.011 

ICARS 
(posture and 
gait 
disturbances) 

16.5 
(10.5, 
23.7) 

17.5 
(8.7, 
27.2) 

15.5 (8.0, 
26.7) 

0.609 0.157 

ICARS 
(kinetic 
function) 

17.0 
(12.0, 
22.0) 

16.5 
(9.0, 
20.5) 

12.0 (8.5, 
15.0) 

0.017 0.020 

ICARS 
(speech 
disorders) 

4.0 (2.0, 
5.0) 

4.0 (2.0, 
5.0) 

3.5 (2.0, 
4.7) 

0.564 0.998 

ICARS 
(oculomotor 
disorders) 

3.0 (2.0, 
3.7) 

2.5 (2.0, 
3.7) 

3.0 (1.2, 
3.0) 

0.480 0.655 

FTM 12.0 (4.0, 
28.7) 

12.0 
(4.0, 
29.2) 

9.5 (4.2, 
21.5) 

0.108 0.176 

continues 
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Table 9 – Motor outcomes for the subgroup analysis according to diagnosis 
(continuation) 
 

Outcome Baseline Sham d-
rTMS 

Active d-
rTMS 

P value 
active 
versus 

baseline 

P value 
active 

versus sham 

Spinocerebellar ataxia type 3 (n = 9) 

SARA 12.0 (6.7, 
13.5) 

10.0 
(7.7, 
13.2) 

7.5 (6.0, 
10.5) 

0.030 0.063 

ICARS (total 
score) 

32.0 
(22.5, 
40.0) 

28.0 
(21.0, 
36.5) 

23.0 
(19.5, 
28.0) 

0.017 0.202 

ICARS 
(posture and 
gait 
disturbances) 

11.0 
(10.0, 
17.0) 

11.0 
(9.5, 
19.5) 

11.0 (8.5, 
16.0) 

0.111 0.334 

ICARS 
(kinetic 
function) 

13.0 (7.5, 
16.5) 

9.0 (6.5, 
13.5) 

9.0 (3.5, 
9,5) 

0.028 0.399 

ICARS 
(speech 
disorders) 

2.0 (1.0, 
3.5) 

2.0 (1.0, 
2.0) 

2.0 (0.5, 
2.5) 

0.157 0.890 

ICARS 
(oculomotor 
disorders) 

3.0 (2.0, 
4.5) 

3.0 (2.0, 
5.0) 

3.0 (2.5, 
4.5) 

0.157 0.589 

FTM 4.0 (1.0, 
10.5) 

3.0 (2.0, 
8.0) 

3.0 (1.5, 
7.0) 

0.865 0.764 

continues
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Table 9 – Motor outcomes for the subgroup analysis according to diagnosis 
(conclusion) 
 

Outcome Baseline Sham d-
rTMS 

Active d-
rTMS 

P value 
active 
versus 

baseline 

P value 
active 

versus sham 

Post-lesion ataxia (n = 7) 

SARA 18.5 
(14.0, 
28.5) 

17.5 
(10.5, 
29.0) 

16.5 
(10.0, 
27.0) 

0.027 0.293 

ICARS (total 
score) 

46.0 
(26.5, 
72.5) 

43.0 
(17.0, 
66.0) 

40.0 
(23.5, 
63.0) 

0.043 0.109 

ICARS 
(posture and 
gait 
disturbances) 

23.5 
(12.5, 
30.7) 

17.0 
(3.0, 
31.0) 

21.5 
(11.7, 
30.5) 

0.180 0.109 

ICARS 
(kinetic 
function) 

22.0 
(17.0, 
32.0) 

20.0 
(9.0, 
25.0) 

19.0 
(15.0, 
24.0) 

0.042 0.680 

ICARS 
(speech 
disorders) 

5.0 (2.0, 
5.5) 

4.0 (2.0, 
5.0) 

5.0 (2.5, 
5.5) 

0.564 0.414 

ICARS 
(oculomotor 
disorders) 

3.0 (1.5, 
4.5) 

3.0 (2.0, 
4.0) 

2.0 (1.0, 
2.5) 

0.102 0.157 

FTM  49.0 
(10.0, 
53.0) 

38.0 
(10.0, 
42.0) 

44.0 
(10.0, 
48.0) 

0.492 0.058 

 
Values are median (interquartile range). Abbreviations: d-rTMS: deep repetitive 
transcranial magnetic stimulation, FMT: Fahn-Tolosa-Marin tremor rating scale, 
ICARS: international cooperative ataxia rating scale, SARA: scale for the 
assessment and rating of ataxia. 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

                                                                                                                  RESULTS – 58 

 
Figure 8 – Individual analysis of Scale for the Assessment and Rating of Ataxia 
(SARA) values at baseline, after sham and after active d-rTMS in patients with 
A) MSA-c; B) SCA3; and C) post-lesion ataxia. 
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        Regarding individual analysis, after active d-rTMS, four patients did not 

present improved or had slightly worse SARA scores (range 0 to 1 point) while 

20 patients showed improvements (range 0.5 to 8.5 points, Table 10, Figure 8). 
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Table 10 – Individual analysis from the 24 patients  
 
Patient 

No. 
Sex Age Diagnosis SARA 

baseline 
SARA 
after 

active 
treatment 

ICARS 
baseline 

ICARS 
after 

active 
treatment 

1 F 74 MSA-c 13 4.5 26 21 

2 F 49 MSA-c 14.5 15.5 43 45 

3 F 70 MSA-c 13.5 9 31 29 

4 F 59 MSA-c 25.5 25 62 60 

5 M 62 MSA-c 12.5 10.5 33 29 

6 F 56 MSA-c 7 5.5 25 13 

7 M 67 MSA-c 15 11.5 42 32 

8 M 52 MSA-c 30 25 59 53 

9 F 40 SCA 3 6.5 6 23 21 

10 F 29 SCA 3 13.5 10 40 30 

11 F 29 SCA 3 15.5 11 34 26 

12 F 49 SCA 3 6.5 7.5 20 18 

13 M 48 SCA 3 12 7 40 22 

14 F 36 SCA 3 8.5 6 32 25 

15 M 37 SCA 3 12 8 25 18 

16 F 48 SCA 3 14.5 14.5 43 43 

17 F 44 SCA 3 7 6 22 23 

18 M 46 Cerebellar 
lesion after 
tumor 
resection 

14 14 34 30 

continues 
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Table 10 – Individual analysis from the 24 patients (conclusion) 
 
Patient 

No. 
Sex Age Diagnosis SARA 

baseline 
SARA 
after 

active 
treatment 

ICARS 
baseline 

ICARS 
after 

active 
treatment 

19 F 20 Cerebellar 
lesion after 
tumor 
resection 

28.5 26.5 74 62 

20 M 54 Left 
cerebellar 
stroke 

14 10 .. .. 

21 F 36 Left 
cerebellar 
stroke 

9 4 19 17 

22 F 67 Cerebellar 
lesion after 
tumor 
resection 

18.5 16.5 46 40 

23 F 51 Unilateral 
hemorrhagic 
cerebellar 
stroke 

30.5 27 71 64 

24 M 59 Left 
cerebellar 
stroke 

27.5 27 -- -- 

Abbreviations: ICARS: international cooperative ataxia rating scale, MSA-c: 
Multiple Systems Atrophy cerebellar type, SARA: scale for the assessment 
and rating of ataxia, SCA 3: spinocerebellar ataxia type 3. 
 

        There was no significant carryover effect in SARA (p = 0.9) and in ICARS 

scores (p = 0.9), showing that the effect of the active sessions did not persist 

after the washout period (Table 11). Patients who received active stimulation in 

the first five days (active/sham) did not show different effects when comparing 

with the patients randomized to receive sham stimulation first (sham/active) with 

p = 0.5 for the period effect of SARA and p = 0.2 for ICARS. Differences 

between groups were evaluated through paired Mann–Whitney tests.  
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Table 11 – Paired Mann-Whitney test comparing the mean period, carry-over,  
   and treatment effects of SARA and ICARS between patients  
   exposed to sham and active d-rTMS treatments 
 

Outcome Sham d-rTMS Active d-rTMS p 

SARA period effect 2.0 (0.2, 3.8) 2.0 (-0.5, 3.5) 0.560 

SARA carry-over 
effect 

22.0 (18.0, 29.0) 24.5 (16.0, 
32.0) 

0.908 

ICARS period effect 3.0 (2.0, 5.0) 2.0 (0.0, 4.0) 0.274 

ICARS carry-over 
effect 

60.0 (42.0, 79.0) 60.0 (48.0 – 
82.0) 

0.974 

Values are median (interquartile range). Abbreviations: d-rTMS: deep repetitive 
transcranial magnetic stimulation, SARA: scale for the assessment and rating of 
ataxia, ICARS: international cooperative ataxia rating scale. 
 

        The other secondary outcomes did not change when comparing active to 

sham stimulation (Table 3). Timed up and Go Test was only evaluated in 12 out 

of 24 patients since some patients could not perform the task, and although the 

difference between active and sham groups was 7.2 sec, it was not statistically 

significant (p = 0.1). 

 

 

5.4.2 Cortical excitability 

 

        At the baseline evaluation, only three patients (patients 5, 11, and 21) had 

bilaterally normal rest motor threshold (Table 12). All others had highly altered 

rest motor threshold measurements. Moreover, all patients presented high 

values of paired pulse responses, such as short interval intracortical inhibition 

and intracortical facilitation. Active d-rTMS produced no significant changes in 

cortical excitability measurements, and no group differences were detected.  
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Table 12 – Individual values of cortical excitability 
 

Patient 
No. 

Right RMT Left RMT Right 
MEP_120 

Left 
MEP_120 

Right 
MEP_140 

Left 
MEP_140 

Right 
SICI 

Left 
SICI 

Right 
ICF 

Left 
ICF 

1 H H L N L L H H H H 
2 L L H L H H H H H H 
3 N H L H L N H H H H 
4 H H H H H H H H H H 
5 N N H H H H H H H H 
6 N H N H H N H H H H 
7 L L L N L N H H H H 
8 N L L L L L H H H H 
9 H H N H H H H H H H 
10 N L H N H H H H H H 
11 N N H H N L H H H H 
12 H H H N H N H H H H 
13 H H N H L N H H H H 
14 L L N N N H H H H H 
15 L L H N H H H H H H 
16 L L H H H H H H H H 
17 L L N N H N H H H H 
18 L L N L N L H H H H 
19 H N N H L L H H H H 
20 L N N L L L H H H H 
21 N N L L L H H H H H 
22 H H H H H H H H H H 
23 H H L H L H H H H H 
24 N L L L H L H H H H 

Abbreviations: H: high, ICF: intracortical facilitation, L: low, MEP: motor evoked potential, MSA-c: Multiple Systems Atrophy 
cerebellar type, N: normal, RMT: rest motor threshold, SCA 3: spinocerebellar ataxia type 3, SICI: short-interval intracortical 
inhibition. 
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5.4.3 Imaging analysis 

 

        MRI description of lesions in the seven patients with post-lesion ataxia can 

be found in Table 13.  

 

Table 13 – MRI description of lesions in patients with post-lesion ataxia 
 

Patient 
No 

Lesion description 

18 
 

Median suboccipital craniotomy, gliosis / encephalomalacia in vermis 
and medial aspect of cerebellar hemispheres, affecting both dentate 
nuclei, and bilateral hypertrophic olivary degeneration. Cerebellar 
transverse diameter: 10.4 cm. Longitudinal diameter of the cerebellar 
vermis: 4.9 cm 

19 Surgical manipulation in the posterior fossa, with loss of cerebral 
tissue and gliosis in the vermis, medial part of cerebellar 
hemispheres, and both dentate nuclei. Additionally, there is bilateral 
hypertrophic olivary degeneration. Cerebellar transverse diameter: 10 
cm. Longitudinal diameter of the cerebellar vermis: 4.7 cm. 

20 
 

Gliosis / encephalomalacia of superior and anterior parts of left 
cerebellar hemisphere affecting the dentate nucleus, possibly 
secondary to ischemic insult of the superior cerebellar artery and the 
anterior inferior cerebellar artery. Additionally, there is contralateral 
hypertrophic olivary degeneration and minor supratentorial 
microangiopathy. Cerebellar transverse diameter: 10.5 cm. 
Longitudinal diameter of the cerebellar vermis: 4.8 cm. 

21 Gliosis / encephalomalacia of posteroinferior part of the right 
cerebellar hemisphere, possibly secondary to ischemic insult in part 
of the posterior inferior cerebellar artery territory. Cerebellar 
transverse diameter: 9.7 cm. Longitudinal diameter of the cerebellar 
vermis: 4.6 cm 

22 Signs of right retromastoid occipital craniotomy, with loss of cerebral 
tissue and encephalomalacia / gliosis in right cerebellar hemisphere 
and encephalomalacia/gliosis in the right arm of pons and in adjacent 
medium cerebellar peduncle (surgery to remove vestibular 
schwannoma). Cerebellar transverse diameter: 9.4 cm. Longitudinal 
diameter of the cerebellar vermis: 4.4 cm 

23 Hemorrhagic sequelae in superior part of cerebellum, bilaterally, 
extending inferiorly to the dentate nucleus, mainly on right cerebellar 
hemisphere. Cerebellar transverse diameter: 8.5 cm. Longitudinal 
diameter of the cerebellar vermis: 4.5 cm 

24 Signs of chronic hemorrhagic lesion on the left paramedian region of 
the pons tegmentum, bilateral asymmetric hypertrophic olivary 
degeneration (left > right), minor supratentorial microangiopathy. 
Cerebellar transverse diameter: 10 cm. Longitudinal diameter of the 
cerebellar vermis: 4.5 cm 
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        Calculated cerebellar volume (median and interquartile range) was 

89.3cm3 (72.6, 113.4) for the MSA-c group, 94.8cm3 (89.1, 105.7) for the SCA 3 

group, and 96.4cm3 (74.4, 113.0) for the post-lesion group. We found no 

significant correlation between the cerebellar volume and the difference in 

ataxia scores (SARA and ICARS) between sham and active phases (p > 0.05, 

Table 14).  

 

Table 14 – Cerebellar volume in cubic centimeters and its correlation with  
ICARS and SARA scores when comparing sham and active phases 

 

 Cerebellar 
volume 
(cm3) 

Correlation between 
SARA change (sham 

– active phases) 

Correlation between 
ICARS change (sham 

– active phases) 

  r p r p 

All patients 94.7 (83.5, 
105.1) 

0.114 0.615 0.118 0.610 

MSA-c 89.3 (72.6, 
113.4) 

0.707 0.051 (0.230) 0.583 

SCA 3 94.8 (89.1, 
105.7) 

0.160 0.682 0.286 0.456 

Post-lesion ataxia 96.4 (74.4, 
113.0) 

(0.700) 0.188 0.600 0.400 

Values for cerebellar volume are median (interquartile range). Of note, the 
normal value for the cerebellar volume in adults is 128.35 cm3.120 
 

 

5.5 Safety 

 

        No patient suffered severe side effects. Out of 24 patients, nine presented 

mild side effects (five after active d-rTMS and four after sham). Two felt 

discomfort during sessions (patient 9 during sham and patient 22 during active 

d-rTMS); three suffered from mild headaches during or after sessions (patients 

6, 10, and 16, all during active stimulation), and four patients presented other 

side effects, but only one did so during active stimulation (patient 20 presented 

short-lasting worsening of his chronic left leg pain). 
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5.6 Blinding assessment 

 

        At the end of the study, 66.7% of patients reported no differences between 

active and sham stimulations. Among the 33.3% of patients that perceived 

difference between sessions, when asked to guess the treatment, 75% guessed 

correctly. When all patients were asked to guess which sessions were active or 

sham, 50% did so correctly, and 83.4% based their response on stimulation 

effects rather than on different sensory perceptions during sessions.  
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6 DISCUSSION 

 

        In this double-blind, crossover trial, cerebellar d-rTMS caused a reduction in 

ataxic symptoms with no serious associated side effects in patients with different 

types of cerebellar ataxia. The improvement was self-limited, and reversible. 

Moreover, the clinical effects were consistent and specific, showing significant 

decreases on both the SARA and ICARS scales, but no significant effects on 

tremor, dystonia, gait, quality of like, anxiety, depression, cognition, or on cortical 

excitability measures. Individual outcomes varied greatly among patients, and no 

significant correlation was found between cerebellar volume and clinical 

improvement.  

        Previous studies have demonstrated that cerebellar modulation could 

improve ataxic symptoms. However, these studies had methodological limitations 

that compromised the external validity of their results. With the present study, we 

were able to confirm this benefit in a crossover and blinded manner. Although the 

effect size is small, and sometimes smaller than previous studies, our study 

design allowed us to minimize the placebo effect, since we compared post-active 

with post-sham ataxia scores, and not with baseline. Also, while the 

heterogeneity of our population can be seen as a limitation, it also reveals that 

cerebellar d-rTMS can benefit ataxia patients with different diagnosis and 

underlying mechanisms.  

 

6.1 The choice of stimulation site 
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        The rationale of stimulating the cerebellum is based on its widespread 

connections to several neurological sites, such as basal ganglia, prefrontal and 

cingulate cortices, supplementary area, and motor cortex (Figure 1).121–123 Its 

modulation could reset pathological neuronal oscillations observed in different 

etiologies of ataxia and lead to subsequent symptomatic control. In recent years, 

the idea of network involvement in neurological symptoms, rather than a single 

neural structure, has arisen in the neuromodulation field.124 This concept has 

already been proven in well-based neuromodulation therapies, such as deep 

brain stimulation (DBS) of subthalamic nucleus for patients with Parkinson’s 

disease, in which several symptoms can improve by targeting a strategic network 

hub. Along this line, changes in brain metabolism and blood flow were reported 

after cerebellar transcranial magnetic stimulation.75,76 Another study described a 

decrease in oxidative stress, which has been implicated in the pathophysiology 

of SCA and correlates with clinical severity,86 after low-frequency cerebellar 

repetitive transcranial magnetic stimulation in ataxic patients. In MSA-c patients, 

cerebellar repetitive transcranial magnetic stimulation caused an improvement in 

motor scores and an increase in motor network resting-state complexity, an 

imaging finding that may correlate to functional decline.125  

 

6.2 Cortical excitability 

 

        In this study, measurements of motor cortex excitability were employed to 

analyze the distant effects of cerebellar stimulation.126 Patterns of abnormal 

cortical excitability in SCA, MSA-c, and cerebellar stroke have been previously 

described.127–129 Also, previous studies have demonstrated changes in cortical 



 

 

 

                                                                                                            DISCUSSION – 70 

excitability parameters after cerebellar repetitive transcranial magnetic 

stimulation in normal humans.8,9 Another group, when testing cortical excitability 

in patients with SCA type 6 and type 31 after cerebellar repetitive transcranial 

magnetic stimulation using a figure-of-eight coil (considered a superficial coil), 

found no change in cerebellar-brain inhibition.130 Regarding MSA-c, one study 

found improvements in pathological disinhibition after cerebellar 1 Hz repetitive 

transcranial magnetic stimulation as demonstrated by a change in short-latency 

afferent inhibition.10 All patients included in the present study had abnormal 

baseline cortical excitability parameters, but no significant changes in cortical 

excitability after d-rTMS were found despite clinical improvement. This finding 

could be due to the limited number of d-rTMS sessions to which patients were 

exposed in addition to stimulation parameters and/or the time between the end 

of the session and the cortical excitability assessment.131 However, following 

previous single-patient d-rTMS study,5 a DBS device was implanted in the 

dentate nucleus.74,132 In this scenario, there was a change in cortical excitability 

when the DBS was switched on.  

 

6.3 Purkinje cells or dentate nucleus: what is the real stimulation target 

 

        Distinguishing modulation of Purkinje cells and dentate nucleus is 

paramount, considering 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.133 Most likely, more than one structure is 

being stimulated simultaneously, and that makes even more difficult to determine 
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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.134,135  The double-cone 

transcranial magnetic stimulation coil used in the present study is considered a 

deep coil and is known to reach structures as deep as the foot motor cortex.4 

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.5,6 However, between 

the dentate nucleus and the skull surface lie Purkinje cells on the cerebellar 

cortex that could be also modulated by the magnetic field. For the double-cone 

coil, 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 

intensities.136 However, since in SCA3 and MSA-c patients there is a severe loss 

of Purkinje cells, it is possible that the dentate nucleus would receive more 

electric current.10 The insula lies at a similar depth from the scalp as the dentate 

nucleus (4.5–5.0 cm). Interestingly, a study using the same neuromodulation 

method as we did to target the human insula found antinociceptive effects only 

when using double-cone coils.137,138 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.137 These data point to a relatively good specificity and target accuracy 

when performing d-rTMS with a double-cone coil.26 Another study comparing 

transcranial magnetic stimulation 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 ones, such as the one 
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used here.6 Cury et al. previously reported improvement in the SARA score after 

cerebellar d-rTMS in one ataxic patient, and after this same patient received a 

dentate nucleus DBS implant, the improvement in SARA was identical.5,74 

Following this evidence, it is possible that the results in this current study were 

mainly due to the dentate nucleus modulation, although Purkinje cell involvement 

could also be contributing to the outcome.  

 

6.4 The matter of frequency 

 

        In the present trial, 1 Hz d-rTMS was the chosen frequency, which is 

considered an inhibitory modulation. Overall, it is understood that baseline 

cerebellar disorders present with hyperactivity of the cerebellar output due to 

Purkinje loss, and previous experience revealed that this pattern of modulation is 

safe and potentially effective.5 However, it is important to emphasize that the 

“inhibitory” and “excitatory” transcranial magnetic stimulation frequencies are not 

straightforward and that different frequencies can change abnormal oscillations 

in a diseased brain network. A more comprehensive understanding of this matter 

beyond excitation or inhibition is mandatory since in patients with cerebellar 

ataxia of the same etiology, cortical excitability is highly variable (Table 12). Also, 

despite the choice of unilateral modulation, patient presented bilateral 

improvement (Table 8). This is not a unique outcome in the field of 

neuromodulation. For instance, dystonic patients with unilateral DBS of GPI can 

improve symptoms bilaterally.139 Most likely the effects of cerebellar d-rTMS are 

not constrained to a single cerebellar efferent pathway, but modulate the whole 

brain network that is influenced by the cerebellum (Figure 1), perhaps by 
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disrupting abnormal oscillations even in the ipsilateral cortex, possibly due to 

changes in transcallosal pathways mediated by GABA and responsible for 

interhemispheric inhibition.127 Our choice for the unilateral modulation was mainly 

due to safety concerns, since we would use a deep coil in a structure in close 

proximity to the brainstem. However, since there were no severe side effects in 

the present trial, it is natural to wonder if a bilateral approach could lead to a 

superior clinical improvement.  

 

6.5 Clinical improvement 

 

        Regardless of the structures being modulated or changes in cortical 

excitability, the improvement in ataxia measured not only by SARA, but also by 

ICARS, was significant (Table 7). There was great individual variability in those 

results, possibly due to different patterns of cerebellar connectivity impairment. 

Other variables, however, did not demonstrate significant improvement, such as 

quality of life, anxiety, and depression. Perhaps the short treatment regimen, 

adequate for a primary exploratory trial without maintenance sessions, as well as 

the lack of structured rehabilitation during the study protocol is in part responsible 

for these results. Studies with longer stimulation periods should provide definitive 

information on the effects of ataxia improvement in quality of life, anxiety, and 

depression. Importantly, cognition was not negatively affected according to the 

Frontal Assessment Battery, verbal fluency, and digit spam tests, which attests 

further to the safety of this approach, nor did the patients showed a learning curve, 

since both baseline measures (evaluations one and three) were not statistically 

different.140 Yildiz et al. showed that cerebellar 1 Hz repetitive transcranial 

magnetic stimulation with a figure-of-eight coil improved short-latency afferent 
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inhibition, a variable that represents cholinergic cortical inhibition and is altered 

in patients with Alzheimer’s disease, mild cognitive impairment, and MSA-c.10 

Also, despite ataxia improvement, there was no significant improvement in the 

Timed up and Go Test (p = 0.1). Since the mean difference between sham and 

active group was large (7 sec), it is possible that this result was due to the limited 

number of patients tested since the Timed up and Go Test could only be 

performed in 50% of our sample. The blinding assessment revealed that patients 

were effectively blinded, and allocation concealment was well performed since 

only 25% of the patients correctly reported detecting differences between active 

and sham stimulations. 

        It is vital to acknowledge that the treatment effect in the present study (2.6-

point change in the primary outcome) was relatively low despite its statistical 

significance. Even so, the most encouraging results in other randomized trials 

with riluzole and valproic acid for ataxia were also modest. Romano et al. tested 

the efficacy of riluzole versus placebo in 55 patients in a highly variable population 

(different types of SCAs and Friedreich ataxia) and found a decrease in SARA 

scores by 1.02 points in patients.141 Another group studied valproic acid in a 

smaller sample of 12 SCA3 patients and reported a 2.05-point decrease in SARA 

scores.142 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.143,144  

 

6.6 Limitations 
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        This study has some limitations. While the patients had well-defined ataxia 

diagnoses, and this was an effectiveness trial, the study population was rather 

heterogeneous. However, since all patients had cerebellar ataxia as the main 

core symptom, they possibly shared similar network, or connectome, 

involvement.145,146 Moreover, only 24 patients were included, and some tests 

could not be performed in all patients. Another important limitation was the short 

follow up after sessions, which could have impaired accuracy of quality of life 

evaluations and do not reveal the real duration of the beneficial effect. The lack 

of maintenance d-rTMS also prevents the analysis of long-term efficacy. The 

stimulation parameters were chosen based on a pathophysiological rationale, as 

well as on a previous study5 and safety concerns, but the present data do not 

allow the conclusion of which parameters would produce better results. 

Additionally, the differences in SARA points between groups was small although 

it was larger than those reported in previous trials, and the mean difference 

between active and sham stimulations was significant. Larger and longer trials 

with different frequencies are necessary to confirm whether cerebellar d-rTMS is 

in fact a therapeutic alternative for ataxic patients and more importantly, which 

patients should benefit the most in addition to the optimal stimulation parameters.  

 

6.7 Future perspectives 

 
        Although the present study was able show improvement in ataxic symptoms 

after cerebellar modulation, since scientific knowledge requires constant 

advancement, better and larger studies should tag along and explore different 

facets regarding this matter.  
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        The heterogeneity of population is an issue that should be addressed. 

Studies with homogeneous populations are usually preferred. However, most of 

the diseases causing cerebellar ataxia are rare, and therefore gathering a 

significant number of patients with the exact same diagnosis is challenging. A 

possible way around this problem would be to perform a multicenter study, in 

which many centers around the globe could contribute with cases. In this situation, 

the challenges lie in standardize recruitment, modulation protocol, and 

assessment protocol. Well defined inclusion criteria, TMS training, and video 

assessment rated by a single trained neurologist should help in solving this issue. 

        The lack of maintenance sessions did not allow us to draw any conclusions 

about long term effects of this technique. Performing TMS in the long term can 

be very challenging in terms of costs and logistics, especially considering a large 

number of patients have mobility issues. A possible way of studying cerebellar 

modulation in the long term could be the use of invasive stimulation with a DBS 

electrode. However, since this invasive procedure carries more possible side 

effects compared to TMS, a screening tool should be used. Perhaps, good 

responders could be tracked down using TMS, and then evaluated regarding the 

possibility of DBS. In this line, the response to TMS and DBS should be compared 

to see if the former could predict de latter. 

        In order to move towards invasive modulation, a profile of good and bad 

responders should be drawn. In this study, we failed to find correlation between 

cerebellar volume and clinical response, but other variables should be tested. Is 

it a matter of cerebellar anatomy, or functional networks? Ideally, good and bad 

responders should be evaluated with functional MRI, and several areas of interest 

should be studied.  
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        There are many unsolved questions about the modulation paradigms – what 

frequency is the best, what coil, and what location. In this study, for practical 

reasons, we could not solve these problems. Studies with noninvasive 

modulation techniques would take a very long time to assess what paradigms 

work best, not to mention the intrinsic limitation of these technics regarding the 

exact structure being modulated. While using DBS, one could more easily access 

patients’ tendencies regarding parameters such as frequency, current, pulse 

width, and precise modulation spot – or hot spot. Using reconstruction software 

such as Lead DBS,147 it is possible to estimate with a certain precision the volume 

of tissue activated, or the range of the electric modulation, and the structures 

being affected by it.148 Going further, it would be even possible to use directional 

electrodes that allow current steering once a structure – or tract - is identified as 

being the most important for clinical benefit.149,150  

        Perhaps it is not just a question about a modulation hot spot. In Parkinson’s 

disease, it is now known that the excess of beta oscillation is correlated with 

rigidity and bradykinesia.151 Therefore, it is considered an oscillopathy. Both 

dopaminergic medications and DBS therapy can overwrite this pathological 

activity and improve symptoms. In ataxia there could be a similar diseased 

dominant frequency correlated with the symptoms, and this could potentially be 

overwritten by neuromodulation. Neurophysiological studies, and, in the future, 

studies using closed-loop DBS could aid in this matter.152   
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7 CONCLUSIONS 

 

a)  Low frequency cerebellar stimulation using d-rTMS aimed unilaterally at the 

dentate nucleus improves ataxic symptoms in ataxic patients. 

b)  Cerebellar d-rTMS, in the settings used in the present trial, is not able to 

improve tremor, dystonia, gait, quality of life, anxiety, depression, and 

cognition in ataxic patients.  

c)  There is no correlation between ataxia improvement and baseline cerebellar 

volume. 

d)     There is no change in cortical excitability categorical parameters after active 

d-rTMS. 

e)  Cerebellar d-rTMS is safe, with no severe side effects or cognition 

deterioration observed in the present study. 
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8 SUPPLEMENTARY MATERIALS 

 

 

8.1 Supplementary material A – Demography 

I.DADOS SÓCIODEMOGRAFICOS 
SEXO IDADE DATA DE NASCIMENTO 
1.masculino ( ) 2.feminino 
( ) ____________ anos              /          / 
Etnia: 
1. branco (  ) 2. Negro (  ) 3. Pardo (  ) 4. Amarelo (  ) 
NÍVEL EDUCACIONAL: 

1.Analfabeto(  )                2. Ensino médio (  )                 3. Ensino fundamental (  )      
4.Superior (  )                  5.pós-graduação (  ) 
ESTADO CIVIL: 
1.solteiro(  )  2.casado(  )  3.união consensual(  )  4.separado(  )   5.divorciado(  ) 6.viúvo(  ) 
SITUAÇÃO CONJUGAL: 1.Com companheiro(  )  2.sem companheiro(  ) 
RELIGIÃO: 
1.ateu(  )  2.evangélico(  )  3.católico(  )   4.espírito(  )   5.Outro_________________________ 
PRATICANTE: SITUAÇÃO DE TRABALHO: 

0. não(  ) 
1. sim (  )                 

1.empregado(  )   2.desempregado(  )    3.aposentado(  )   4.dona de casa(  ) 
5.autônomo(  )   6.estudante(  )        7.Licença saúde(  )   8.informal(  ) 

Você está trabalhando atualmente? 0.não (  )  1.sim (  ) 
RENDA: 
I.individual(mensal):R$  
II.Suficiente para suprir necessidades? 0.não (  )  1.sim (  ) 
III.familiar (mensal): R$ IV.Nº de pessoas que vivem com esta renda: 
VI.Você é o principal responsável pelo sustento de sua família?  0.não (  )  1.sim (  ) 
CASO VOCÊ NÃO TENHA RENDA PRÓPRIA 

I. Como você se mantém? 
1. ajuda da família  (   )            2. ajuda de instituição  (   ) qual?______________________  
3. ajuda de vizinhos ou amigos (   )            4. ajuda de pessoas estranhas (   ) 
2.Você tem alguma das seguintes doenças:  
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 Não 0 Sim1 

1. Diabetes Mellitus    
2. Cerebrovascular     

3. Hipertensão arterial    

4. Doenças vascular periférica    

5. Doença renal crônica      

6. Neoplasia maligna    

7. Doença cardiocirculatória    

8. Doença hepática    

9.Depressão    

10. Doença do trato gastrointestinal    

11. Doença autoimune    

12.Outras:____________________________   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fumante: (sim) 
(Não) 
 
Bebe? (sim) (Não) 
Qto?_______________ 
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8.2  Supplementary material B – Cortical excitability and neuronavigation 

 

CORTICAL EXCITABILITY 
 
RESTING MOTOR TRESHOLD: RIGHT_________ LEFT_________ 
 

80% RMT RIGHT_________LEFT_________ 
120% RMT RIGHT _________LEFT_________ 
140% RMT RIGHT_________LEFT_________ 
 

SINGLE PULSE 
RMT_120% 1st 2nd 3rd 4th Mean 

Right Left Right Left Right Left Right Left Right Left 

          

RMT_140% 1st 2nd 3rd 4th Mean 

Right Left Right Left Right Left Right Left Right Left 

          

 
PAIRED PULSES: CONDITIONING RMT80% / TEST RMT 120% 

02mseg 1st 2nd 3rd 4th Mean 

Right Left Right Left Right Left Right Left Right Left 

          

15mseg 1st 2nd 3rd 4th Mean 

Right Left Right Left Right Left Right Left Right Left 

          

10mseg 1st 2nd 3rd 4th Mean 

Right Left Right Left Right Left Right Left Right Left 

          

04mseg 1st 2nd 3rd 4th Mean 

Right Left Right Left Right Left Right Left Right Left 
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8.3 Supplementary material C – Scale for the assessment and rating of 

ataxia (SARA) 

 
1) Gait  
Proband is asked (1) to walk at a safe distance parallel to a wall including a half-
turn (turn around to face the opposite direction of gait) and (2) to walk in tandem 
(heels to toes) without support.  
0  Normal, no difficulties in walking, turning and walking tandem (up to one 
misstep allowed)  
1  Slight difficulties, only visible when walking 10 consecutive steps in tandem  
2  Clearly abnormal, tandem walking >10 steps not possible  
3  Considerable staggering, difficulties in half-turn, but without support  
4  Marked staggering, intermittent support of the wall required  
5  Severe staggering, permanent support of one stick or light support by one arm 
required  
6  Walking > 10 m only with strong support (two special sticks or stroller or 
accompanying person)  
7  Walking < 10 m only with strong support (two special sticks or stroller or 
accompanying person)  
8  Unable to walk, even supported  
 
2) Stance  
Proband is asked to stand (1) in natural position, (2) with feet together in parallel 
(big toes touching each other) and (3) in tandem (both feet on one line, no space 
between heel and toe). Proband does not wear shoes, eyes are open. For each 
condition, three trials are allowed. Best trial is rated.  
0  Normal, able to stand in tandem for > 10 s  
1  Able to stand with feet together without sway, but not in tandem for > 10s  
2  Able to stand with feet together for > 10 s, but only with sway  
3  Able to stand for > 10 s without support in natural position, but not with feet 
together  
4  Able to stand for >10 s in natural position only with intermittent support  
5  Able to stand >10 s in natural position only with constant support of one arm  
6  Unable to stand for >10 s even with constant support of one arm  
 
3) Sitting  
Proband is asked to sit on an examination bed without support of feet, eyes open 
and arms outstretched to the front.  
0  Normal, no difficulties sitting >10 sec  
1  Slight difficulties, intermittent sway  
2  Constant sway, but able to sit > 10 s without support  
3  Able to sit for > 10 s only with intermittent support  
4  Unable to sit for >10 s without continuous support  
 
4) Speech disturbance  
Speech is assessed during normal conversation.  
0  Normal  
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1  Suggestion of speech disturbance  
2  Impaired speech, but easy to understand  
3  Occasional words difficult to understand  
4  Many words difficult to understand  
5  Only single words understandable  
6  Speech unintelligible / anarthria  
 
5) Finger chase  
Rated separately for each side (total result = mean). 
Proband sits comfortably. If necessary, support of feet and trunk is allowed. 
Examiner sits in front of proband and performs 5 consecutive sudden and fast 
pointing movements in unpredictable directions in a frontal plane, at about 50 % 
of proband ́s reach. Movements have an amplitude of 30 cm and a frequency of 1 
movement every 2 s. Proband is asked to follow the movements with his index 
finger, as fast and precisely as possible. Average performance of last 3 movements 
is rated.  
0  No dysmetria  
1  Dysmetria, under/ overshooting target <5 cm
2  Dysmetria, under/ overshooting target < 15 cm  
3  Dysmetria, under/ overshooting target > 15 cm  
4  Unable to perform 5 pointing movements  
 
 
6) Nose-finger test  
Rated separately for each side (total result = mean). 
Proband sits comfortably. If necessary, support of feet and trunk is allowed. 
Proband is asked to point repeatedly with his index finger from his nose to 
examiner’s finger which is in front of the proband at about 90 % of proband’s 
reach. Movements are performed at moderate speed. Average performance of 
movements is rated according to the amplitude of the kinetic tremor.  
0  No tremor  
1  Tremor with an amplitude < 2 cm  
2  Tremor with an amplitude < 5 cm  
3  Tremor with an amplitude > 5 cm  
4  Unable to perform 5 pointing movements  
 
7) Fast alternating hand movements  
Rated separately for each side (total result = mean). 
Proband sits comfortably. If necessary, support of feet and trunk is allowed. 
Proband is asked to perform 10 cycles of repetitive alternation of pro- and 
supinations of the hand on his/her thigh as fast and as precise as possible. 
Movement is demonstrated by examiner at a speed of approx. 10 cycles within 7 s. 
Exact times for movement execution have to be taken.  
0  Normal, no irregularities (performs <10s)  
1  Slightly irregular (performs <10s)  
2  Clearly irregular, single movements difficult to distinguish or relevant 
interruptions, but performs <10s  
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3  Very irregular, single movements difficult to distinguish or relevant 
interruptions, performs >10s  
4  Unable to complete 10 cycles  
 
7) Heel-shin slide 
Rated separately for each side (total result = mean). 
Proband lies on examination bed, without sight of his legs. Proband is asked to lift 
one leg, point with the heel to the opposite knee, slide down along the shin to the 
ankle, and lay the leg back on the examination bed. The task is performed 3 times. 
Slide-down movements should be performed within 1 s. If proband slides down 
without contact to shin in all three trials, rate 4. 
0  Normal 
1  Slightly abnormal, contact to shin maintained  
2  Clearly abnormal, goes off shin up to 3 times during 3 cycles  
3  Severely abnormal, goes off shin 4 or more times during 3 cycles  
4  Unable to perform the task
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8.4 Supplementary material D – International cooperative ataxia rating 

scale (ICARS) 

 
I: POSTURE AND GAIT DISTURBANCE  
 
1. WALKING CAPACITIES (observed during a 10 meter test including a half-
turn, near a wall, at about 1,5meter. ) 
0: normal 
1: almost normal naturally, but unable to walk with feet in tandem position  
2: Walking without support, but clearly abnormal and irregular  
3: Walking without support but with considerable staggering, difficulties in half 
turn  
4: Walking with autonomous support no longer possible, the patient uses 
episodic support of the wall for a 10 meter test  
5: Walking only possible with one stick 
6: Walking only possible with two special sticks or with a stroller 
7: Walking only with accompanying person  
8: walking impossible even with accompanying person (wheelchair)  

Score:________        

 
2: GAIT SPEED (observed in patients with preceeding scores 1-3, preceeding 
score 4 and up gives automatically score 4 in this test) 
0: normal 
1: slightly reduced  
2: markedly reduced  
3: extremely slow  
4: walking with autonomous support no longer possible  

Score:________        

 
3: STANDING CAPACITIES, EYES OPEN (the patient is asked first to stand on 
one foot 
if impossible , to stand with feet in tandem position  
if impossible to stand with feet together 
for the natural position the patient is asked to find a comfortable standing 
position) 
0: normal, able to stand on one foot more than 10 sec  
1: able to stand with feet together, but no longer able to stand on one foot more 
than 10 sec.  
2: able to stand with feet together, but no longer able to stand in tandem 
position  
3: no longer able to stand with feet together, but able to stand in natural position 
without support, with no or moderate sway  
4: standing in natural position without support, with considerable sway and 
considerable corrections  
5: unable to stand in natural position without strong support of the arms  
6: unable to stand at all, even with string support of the arms  

Score:________        
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4: SPREAD OF FEET IN NATURAL POSITION WITHOUT SUPPORT EYES 
OPEN (the patient is asked to find a comfortable position, then the distance 
between medial malleoli is measured)  
0: normal <10cm 
1: slightly enlarged >10cm 
2: clearly enlarged 25cm < spread <35cm  
3: severely enlarged >35cm 
4: standing in natural position impossible  

Score:________        

 
5: BODY SWAY WITH FEET TOGETHER EYES OPEN  
0: normal  
1: slightly oscillations  
2: moderate oscillations (<10cm at the level of head)  
3: severe oscillations (>10cm at the level of head), threatening the upright 
position  
4: immediate falling  

Score:________        

 
6: BODY SWAY WITH FEET TOGETHER EYES CLOSED  
0: normal  
1: slight oscillations  
2: moderate oscillations (<10cm at the level of head)  
3: severe oscillations (>10cm at the level of head), threatening the upright 
position  
4: immediate falling  

Score:________        

 
7: QUALITY OF SITTING POSITION (thighs together, on a hard surface, arms 
folded) 
0: normal 
1: with slight oscillations of the trunk 
2: with moderate oscillations of the trunk and legs  
3: with severe dysequilibrium 
4: impossible  

Score:________        

 

POSTURE AND GAIT SCORE (STATIC SCORE):            /34 

 
II: KINETIC FUNCTIONS  
 
8: KNEE-TIBIA TEST decomposition of movement and intention tremor. 
(The test is performed in the supine position, but the head is tilted, so that visual 
control is possible. The patient is requested to raise one leg and place the heel 
on the knee, and then slide the heel down the anterior tibial surface of the 
resting leg towards the ankle. On reaching the ankle joint, the leg is again 
raised in the air to a height of approximately 40 cms and the action is repeated. 
At least 3 movements of each limb must be performed for proper assessment.) 
0: normal  
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1: lowering of heel in continuous axis, but the movement is decomposed in 
several phases, without real jerks, or abnormally slow  
2: lowering jerkily in the axis 
3: lowering jerkily with lateral movements  
4: lowering jerkily with extremely strong lateral movements or test impossible  

Score:R_______L_______        

 
 
9: ACTION TREMOR in the HEEL-TO-KNEE Test (Same test as preceeding 
one: the action tremor of the heel on the knee is specifically observed when the 
patient holds the heel on the knee for a few seconds before sliding down the 
anterior tibial surface; visual control is required) 
0: No trouble 
1: Tremor stopping immediately when the heel reaches the knee  
2: Tremor stopping in less than 10 seconds after reaching the knee  
3: Tremor continuing for more than 10 seconds after reaching the knee  
4: uninterrupted tremor or test impossible  

Score:R_______L_______        

 
10: FINGER-TO-NOSE TEST - decomposition and dysmetria (the subject 
sits on a chair, the hand is resting on the knee before the beginning of the 
movement, visual control is required. Three movements of each limb must be 
performed for proper assessment.) 
0: no trouble 
1: Oscillating movement without decomposition of  
the movement  
2:Segmented movement in more than 2 phases and/or moderate dysmetria in 
reaching nose  
3: segmented movement in more than 2 phases and /or considerable dysmetria 
in reaching nose  
4: Dysmetria preventing the patient from reaching the nose  

Score:R_______L_______        

 
11: FINGER-TO-NOSE TEST - intention tremor of the finger (the studied 
tremor is that appeared during the ballistic phase of the movement; the patient 
is sitting comfortably, with his hands resting on his/her thigh; visual control is 
requires; three movements of each limb must be performed as proper 
assessment) 
0: No trouble  
1: simple swerve of the movement  
2: moderate tremor with estimated amplitude <10cm  
3: Tremor with estimated amplitude between 10cm und 40cm  
4: severe tremor with estimated amplitude >40cm  

Score:R_______L_______        

 
12: FINGER-FINGER- TEST - action tremor and/or instability (the sitting 
patient is asked to maintain medially his/her index fingers pointing at each other 
for about 10 sec, at a distance of about 1cm, at the level of the thorax, under 
visual control.) 
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0: normal 
1: mild instability  
2: moderate oscillations of finger with estimated amplitude <10cm  
3: considerable oscillations of finger with estimated amplitude between 10 and 
40cm  
4: Jerky movement >40cm of amplitude  

Score:R_______L_______        

 
13: PRONATION- SUPINATION altering movements (the subject, comfortably 
sitting on a chair, is asked to raise his/her forearm vertically and to make 
alternative movements of the hand. Each hand is moved and assessed 
separately.) 
0: normal 
1: slightly irregular and slowed  
2: clearly irregular and slowed, but without sway of the elbow  
3: extremely irregular and slowed movement, with sway of the elbow  
4: movement completely disorganized or impossible  

Score:R_______L_______        

 
 
14: DRAWING the Archimedes spiral on a predrawn pattern (the subject is 
comfortly setttled in front of the table, the sheet of paper is being fixed to avoid 
artefacts. The subject is asked to perform the task without timing requirements. 
The same condition of examination must be used at each examination.) 
0: normal 
1: impairment and decomposition, the line quitting the pattern slightly, but 
without hypermetric swerve  
2: line completely out of the pattern without recrossing and/or hypermetric 
swerves  
3: major disturbance due to hypermetria and decomposition  
4: drawing completely disorganised or impossible  

Score: _______        

 
KINETIC SCORE (limb coordination):            /52 
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III: SPEECH DISORDERS  
 
15: DYSARTHRIA: fluency of speech (The patient is asked to repeat several 
times a standard sentence, always the same.) 
0: normal 
1: mild modification of fluency 
2: moderate modification of fluency 
3: considerably slow and dysarthric speech  
4: no speech  

Score: _______        

 
16: DYSARTHRIA: clarity of speech  
0: normal 
1: suggestion of slurring 
2: definite slurring, most words understandable  
3: severe slurring, speech not understandable  
4: no speech  

Score: _______        

DYSARTHRIA SCORE:               /8 

 
IV: OCULOMOTOR DISORDERS  
 
17: GAZE EVOKED NYSTAGMUS (the subject is asked to look laterally at the 
finger of the examiner: the movement assessed are mainly horizontal, but they 
may be oblique, rotatory, or vertical.) 
0: normal 
1: transient 
2: persistent but moderate  
3: persistent as severe  

Score: _______        

 
18: ABNORMALITIES OF THE OCULAR PURSUIT (the subject is asked to 
follow the slow lateral movement, performed by the finger of the examiner) 
0: normal 
1: slightly saccadic  
2: clearly saccadic  

Score: _______        

 
19: DYSMETRIA OF THE SACCADE 
the two index fingers of the examiner in each visual field, average 
overshoot/undershoot is estimated  
0: absent  
1: bilateral clear overshoot or undershoot of the saccade  
 

Score: _______        

OCULOMOTOR MOVEMENT SCORE:               /6 

 
TOTAL ICARS SCORE 

             
/100 
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8.5 Supplementary material E – Fahn Tolosa Marin tremor rating scale 
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8.6 Supplementary material F – Unified dystonia rating scale 

 
1. Duration Factor 
0 none 
0.5 occasional (< 25% of the time); predominantly submaximal 1.0 occasional 
(< 25% of the time); predominantly maximal 
1.5 Intermittent (25-50% of the time); predominantly submaximal 2.0 Intermittent 
(25-50% of the time); predominantly maximal 2.5 Frequent (50-75% of the 
time); predominantly submaximal 3.0 Frequent (50-75% of the time); 
predominantly maximal 
3.5 Constant (> 75% of the time); predominantly submaximal 
4.0 Constant (> 75% of the time); predominantly maximal  
 
2. Motor Severity Factor  

EYES AND UPPER FACE  
0. none  
1. mild: increased blinking and/or slight forehead wrinkling (< 25% maximal 
intensity) 
2. moderate: eye closure without squeezing and/or pronounced forehead 
wrinkling (> 25% but < 50% maximal intensity)  
3. severe: eye closure with squeezing, able to open eyes within 10 seconds 
and/or marked forehead wrinkling (>50% but < 75% maximal intensity) 
4. eye closure with squeezing, unable to open eyes within 10 seconds and/or 
intense forehead wrinkling (> 75% maximal intensity)  
 

LOWER FACE 
0 none 
1 mild: grimacing of lower face with minimal distortion of mouth (< 25% 
maximal) 
2 moderate: grimacing of lower face with moderate distortion of mouth (> 25% 
but < 50% maximal) 
3 severe: marked grimacing with severe distortion of mouth (> 50% but < 75% 
maximal) 
4 extreme: intense grimacing with extreme distortion of mouth (> 75% maximal) 
 

JAW AND TONGUE 
0 none 
1 mild: jaw opening and/or tongue protrusion < 25% of possible range or forced 
jaw clenching without bruxism 
2 moderate: jaw opening and/or tongue protrusion > 25% but < 50%of possible 
range 
or forced jaw clenching with mild bruxism secondary to dystonia 
3 severe: jaw opening and /or tongue protrusion > 50%  but < 75%of possible 
range or forced jaw clenching with pronounced bruxism secondary to dystonia 
4 extreme: jaw opening and/or tongue protrusion > 75% of possible range or 
forced jaw clenching with inability to open mouth 
 

LARYNX 
0 none 
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1 mild: barely detectable hoarseness and/or choked voice and/or occasional 
voice breaks 
2 moderate: obvious hoarseness and/or choked voice and/ or frequent voice 
breaks 
3 severe: marked hoarseness and/or choked voice and/or continuous voice 
breaks 
4 extreme: unable to vocalize 
 

NECK 
0 none 
1 mild: movement of head from neutral position < 25% of possible 
normal range 
2 moderate: movement of head from neutral position > 25% but < 50% of 
possible normal range 
3 severe: movement of head from neutral position > 50% but < 75% of possible 
normal range 
4 extreme: movement of head from neutral position > 75% of possible normal 
range 
 

SHOULDER AND PROXIMAL ARM (Right and Left) 
0 none 
1 mild: movement of shoulder or upper arm < 25% of possible normal range 
2 moderate: movement of shoulder or upper arm 25% but < 50% of possible 
normal range 
3 severe: movement of shoulder or upper arm 50% but < 75% of possible 
normal range 
4 extreme: movement of shoulder or upper arm 75% of possible normal range 
 

DISTAL ARM AND HAND INCLUDING ELBOW (Right and Left) 
0 none 
1 mild: movement of distal arm or hand < 25% of possible normal range 2 
moderate: movement of distal arm or hand 25% but < 50% of possible normal 
range 
3 severe: movement of distal arm or hand 50% but < 75% of possible normal 
range 
4 extreme: movement of distal arm or hand 75% of possible 
normal range 
 

PELVIS AND PROXIMAL LEG (Right and Left) 
0 none 
1 mild: tilting of pelvis or movement of proximal leg or hip < 25% of possible 
normal range 
2 moderate: tilting of pelvis or movement of proximal leg or hip 25% but < 50% 
of possible normal range 
3 severe: tilting of pelvis or movement of proximal leg or hip 50% but < 75% of 
possible normal range 
4. extreme: tilting of pelvis or movement of proximal leg or hip 75% of possible 
normal range 
 



 

 

                                                                           SUPPLEMENTARY MATERIALS – 99 

DISTAL LEG AND FOOT INCLUDING KNEE (Right and Left) 
0 none 
1 mild: movements of distal leg or foot < 25% of possible normal range 2 
moderate: movements of distal leg or foot 25% but < 50% of possible normal 
range 
3 severe: movements of distal leg or foot 50% but < 75% of possible normal 
range 
4 extreme: movements of distal leg or foot 75% of possible 
normal range 

 
TRUNK 

0 none 
1 mild: bending of trunk < 25% of possible normal range 
2 moderate: bending of trunk 25% but < 50% of possible normal range  
3 severe: bending of trunk > 50% but < 75% of possible normal range  
4 extreme: bending of trunk > 75% of possible normal range  
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8.7 Supplementary material G – The short version of the World Health 

Organization quality of life scale  

 

Por favor, leia cada questão, veja o que você acha e circule o número que lhe 
parece a melhor resposta. 

 

 Muito 
ruim 

Ruim Nem ruim 
nem boa 

Boa Muito boa 

1. Como você avaliaria sua qualidade de 
vida? 1 2 3 4 5 

 

 Muito 
insatisfeito 

Insatisfeito Nem 
satisfeito 
nem 
insatisfeito 

Satisfeito Muito 
Satisfeito 

2. Quão satisfeito(a) você 
está com a sua saúde? 1 2 3 4 5 

 
As questões seguintes são sobre o quanto você tem sentido algumas coisas 
nas últimas duas semanas. 

 Nada Muito 
pouco 

Mais 
ou 
menos 

Bastant
e 

Extremame
nte 

3. Em que medida você acha que sua 
dor (física) impede você de fazer o que 
você precisa? 

1 2 3 4 5 

4. O quanto você precisa de algum 
tratamento médico para levar sua vida 
diária? 

1 2 3 4 5 

5. O quanto você aproveita a vida? 1 2 3 4 5 
6. Em que medida você acha que a sua 
vida tem sentido? 1 2 3 4 5 

7. O quanto você consegue se 
concentrar? 1 2 3 4 5 

8. Quão seguro(a) você se sente em 
sua vida diária? 1 2 3 4 5 

9. Quão saudável é o seu ambiente 
físico (clima, barulho, poluição, 
atrativos)? 

1 2 3 4 5 

 
As questões seguintes perguntam sobre quão completamente você tem 
sentido ou é capaz de fazer certas coisas nestas últimas duas semanas. 

 Nada Muito 
pouco 

Medi
o 

Muito Completamente 

10. Você tem energia suficiente para 
seu dia-a- dia? 1 2 3 4 5 

11. Você é capaz de aceitar sua 
aparência física? 1 2 3 4 5 

12. Você tem dinheiro suficiente para 
satisfazer suas necessidades? 1 2 3 4 5 
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13. Quão disponíveis para você estão 
as informações que precisa no seu dia-
a-dia? 

1 2 3 4 5 

14. Em que medida você tem 
oportunidades de atividade de lazer? 1 2 3 4 5 

 
 

As questões seguintes perguntam sobre quão bem ou satisfeito você se 
sentiu a respeito de vários aspectos de sua vida nas últimas duas semanas. 

 Muito 
ruim 

Ruim Nem ruim 
nem bom 

Bom Muito 
Bom 

15. Quão bem você é capaz de se 
locomover? 1 2 3 4 5 

 
 

 Muito 
insatisfeito 

Insatifeito Nem 
satisfeito 
nem 
insatisfeito 

Satisfeito Muito 
Satisfeito 

16. Quão satisfeito(a) você 
está com o seu sono? 1 2 3 4 5 

17. Quão satisfeito(a) você 
está com sua capacidade 
de desempenhar as 
atividades do seu dia-a-
dia? 

1 2 3 4 5 

18. Quão satisfeito(a) você 
está com sua capacidade 
para o trabalho? 

1 2 3 4 5 

19. Quão satisfeito(a) você 
está consigo mesmo? 1 2 3 4 5 

20. Quão satisfeito(a) você 
está com suas relações 
pessoais (amigos, 
parentes, conhecidos, 
colegas)? 

1 2 3 4 5 

21. Quão satisfeito(a) você 
está com sua vida sexual? 1 2 3 4 5 

22. Quão satisfeito(a) você 
está com  
o apoio que você recebe de 
seus amigos? 

1 2 3 4 5 

23. Quão satisfeito(a) você 
está com  
as condições do local onde 
mora? 

1 2 3 4 5 

24. Quão satisfeito(a) você 
está com o  
seu acesso aos serviços de 
saúde? 

1 2 3 4 5 

25. Quão satisfeito(a) você 
está com 
o seu meio de transporte? 

1 2 3 4 5 
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As questões seguintes referem-se a com que freqüência você sentiu ou 
experimentou certas coisas nas últimas duas semanas. 

 Nunca Algumas 
vezes 

Frequentemente Muito 
frequentemente 

Sempre 

26. Com que 
freqüência você 
tem sentimentos 
negativos tais como 
mau humor, 
desespero, 
ansiedade, 
depressão? 

1 2 3 4 5 
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8.8. Supplementary material H – Escala Hospitalar de Ansiedade e 

Depressão  

 

Este questionário ajudará o seu médico a saber como você está se sentindo. 

Leia todas as frases. Marque com um “X” a resposta que melhor corresponder a 

como você tem se sentido na ÚLTIMA SEMANA. Não é preciso ficar pensando 

muito em cada questão. Neste questionário, as respostas espontâneas têm mais 

valor do que aquelas em que se pensa muito. Marque apenas uma resposta para 

cada pergunta.  
 
A 1) Eu me sinto tenso ou contraído:  
3 ( ) A maior parte do tempo  
2 ( ) Boa parte do tempo  
1 ( ) De vez em quando  
0 ( ) Nunca  
 
D 2) Eu ainda sinto gosto pelas mesmas coisas de antes:  
3 ( ) Já não sinto mais prazer em nada 
2 ( ) Só um pouco 
1 ( ) Não tanto quanto antes   
0 ( ) Sim, do mesmo jeito que antes  
 
A 3) Eu sinto uma espécie de medo, como se alguma coisa ruim fosse 
acontecer:  
3 ( ) Sim, e de um jeito muito forte  
2 ( ) Sim, mas não tão forte  
1 ( ) Um pouco, mas isso não me preocupa  
0 ( ) Não sinto nada disso  
 
D 4) Dou risada e me divirto quando vejo coisas engraçadas:  
3 ( ) Não consigo mais  
2 ( ) Atualmente bem menos  
1 ( ) Atualmente um pouco menos 
0 ( ) Do mesmo jeito que antes  
 
A 5) Estou com a cabeça cheia de preocupações:  
3 ( ) A maior parte do tempo  
2 ( ) Boa parte do tempo  
1 ( ) De vez em quando  
0 ( ) Raramente  
 
D 6) Eu me sinto alegre:  
3 ( ) Nunca  
2 ( ) Poucas vezes  
1 ( ) Muitas vezes  
0 ( ) A maior parte do tempo  
 



 

 

                                                                           SUPPLEMENTARY MATERIALS – 104 

A 7) Consigo ficar sentado à vontade e me sentir relaxado:  
3 ( ) Nunca  
2 ( ) Poucas vezes  
1 ( ) Muitas vezes  
0 ( ) Sim, quase sempre 
 

D 8) Eu estou lento para pensar e fazer as coisas:  
3 ( ) Quase sempre  
2 ( ) Muitas vezes 
1 ( ) De vez em quando  
0 ( ) Nunca  
 

A 9) Eu tenho uma sensação ruim de medo, como um frio na barriga ou um 
aperto no estômago:  
3 ( ) Quase sempre  
2 ( ) Muitas vezes 
1 ( ) De vez em quando 
0 ( ) Nunca 
 

D 10) Eu perdi o interesse em cuidar da minha aparência:  
3 ( ) Completamente  
2 ( ) Não estou mais me cuidando como deveria  
1 ( ) Talvez não tanto quanto antes 
0 ( ) Me cuido do mesmo jeito que antes  
 

A 11) Eu me sinto inquieto, como se eu não pudesse ficar parado em lugar 
nenhum:  
3 ( ) Sim, demais  
2 ( ) Bastante 
1 ( ) Um pouco 
0 ( ) Não me sinto assim  
 

D 12) Fico esperando animado as coisas boas que estão por vir:  
3 ( ) Quase nunca  
2 ( ) Bem menos do que antes 
1 ( ) Um pouco menos do que antes 
0 ( ) Do mesmo jeito que antes 
 

A 13) De repente, tenho a sensação de entrar em pânico:  
3 ( ) A quase todo momento 
2 ( ) Várias vezes 
1 ( ) De vez em quando  
0 ( ) Não sinto isso  
 

D 14) Consigo sentir prazer quando assisto a um bom programa de 
televisão, de rádio ou quando leio alguma coisa:  
3 ( ) Quase nunca  
2 ( ) Poucas vezes 
1 ( ) Várias vezes  
0 ( ) Quase sempre  
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8.9 Supplementary material I – Frontal Assessment Battery 

 
1. Similaridades (conceituação)  

“De que maneira eles são parecidos?” “Uma banana e uma laranja”.  
(Caso ocorra falha total: “eles não são parecidos” ou falha parcial: “ambas têm 
casca”, ajude o paciente dizendo: “tanto a banana quanto a laranja são...”; mas 

credite 0 para o item; não ajude o paciente nos dois itens seguintes).  

“Uma mesa e uma cadeira”. “Uma tulipa, uma rosa e uma margarida”. 

Escore (apenas respostas de categorias [frutas, móveis, flores] são 

consideradas corretas).  
 

Três corretas: 3 ☐ 

Duas corretas: 2 ☐ 

Uma correta: 1 ☐ 

Nenhuma correta: 0 ☐ 

 
2. Fluência lexical (flexibilidade mental)  
“Diga quantas palavras você puder começando com a letra ‘S’, qualquer 

palavra exceto sobrenomes ou nomes próprios”.  
Se o paciente não responder durante os primeiros 5 segundos, diga: “por 
exemplo, sapo”.  
Se o paciente fizer uma pausa de 10 segundos, estimule-o dizendo: ”qualquer 
palavra começando com a letra ‘S’”. O tempo permitido é de 60 segundos.  
Escore (repetições ou variações de palavras [sapato, sapateiro], sobrenomes 
ou nomes próprios não são contados como respostas corretas).  
 

Mais do que nove palavras: 3 ☐ 

Seis a nove palavras: 2 ☐ 

Três a cinco palavras: 1 ☐ 

Menos de três palavras: 0 ☐ 

 
3. Série motora (programação)  
“Olhe cuidadosamente para o que eu estou fazendo”.  
O examinador, sentado em frente ao paciente, realiza sozinho, três vezes, com 
sua mão esquerda a série de Luria “punho-borda- palma”. 

 “Agora, com sua mão direita faça a mesma série, primeiro comigo, 

depois sozinho”.  
O examinador realiza a série três vezes com o paciente, então diz a ele/ela: 

“Agora, faça sozinho”.  
 

Paciente realiza seis séries consecutivas corretas sozinho: 3  ☐ 

Paciente realiza pelo menos três séries consecutivas corretas sozinho: 2  ☐ 

Paciente fracassa sozinho, mas realiza três séries consecutivas corretas com o 

examinador: 1  ☐ 

Paciente não consegue realizar três séries consecutivas corre- tas mesmo com 

o examinador: 0  ☐ 



 

 

                                                                           SUPPLEMENTARY MATERIALS – 106 

 
4. Instruções conflitantes (sensibilidade a interferência)  
“Bata duas vezes quando eu bater uma vez”.  
Para ter certeza de que o paciente entendeu a instrução, uma série de três 

tentativas é executada: 1-1-1.  

“Bata uma vez quando eu bater duas vezes”.  
Para ter certeza de que o paciente entendeu a instrução, uma série de três 

tentativas é executada:  2-2-2.  
O examinador executa a seguinte série: 1-1-2-1-2-2-2-1-1-2.  
 

Nenhum erro: 3 ☐ 

Um ou dois erros: 2 ☐ 

Mais de dois erros: 1 ☐ 

Paciente bate como o examinador pelo menos quatro vezes consecutivas: 0  ☐ 

 
5. Vai-não vai (controle inibitório)  
“Bata uma vez quando eu bater uma vez”  
Para ter certeza de que o paciente entendeu a instrução, uma série de três 
tentativas é executada: 1-1-1. 

 “Não bata quando eu bater duas vezes”. Para ter certeza de que o 

paciente entendeu a instrução, uma série de três tentativas é executada: 2-2-2.  
O examinador executa a seguinte série: 1-1-2-1-2-2-2-1-1-2.  
 

Nenhum erro: 3 ☐ 

Um ou dois erros: 2 ☐  

Mais de dois erros: 1 ☐ 

Paciente bate como o examinador pelo menos quatro vezes consecutivas: 0 ☐ 

 
6. Comportamento de preensão (autonomia ambiental)  
“Não pegue minhas mãos”  
O examinador está sentado em frente ao paciente. Coloca as mãos do 
paciente, com as palmas para cima, sobre os joelhos dele/dela. Sem dizer 
nada ou olhar para o paciente, o examinador coloca suas mãos perto das mãos 
do paciente e toca as palmas de ambas as mãos do paciente, para ver se 
ele/ela pega-as espontaneamente. Se o paciente pegar as mãos, o examinador 
tentará novamente após pedir a ele/ela: “Agora, não pegue minhas mãos”.  
 

Paciente não pega as mãos do examinador: 3 ☐ 

Paciente hesita e pergunta o que ele/ela deve fazer: 2 ☐ 

Paciente pega as mãos sem hesitação: 1 ☐ 

Paciente pega as mãos do examinador mesmo depois de ter sido avisado para 

não fazer isso: 0 ☐ 
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Appendix 3 – Effects of cerebellar neuromodulation in movement disorders: A 

systematic review. Review article on cerebellar neuromodulation published in 

Brain Stimulation. 

 



 

 

 

 



 

 



 

 



 

 

 



 

 

 

 



 

 

 



 

 

 

 



 

 

 

 

 

 



 

 

 



 

 

 



 

 

 

 

 



 

 

 

Appendix 4 – Cerebellum as a possible target for neuromodulation after stroke. 

Letter on cerebellar modulation published in Brain Stimulation. 

 



 

 

 

 

 



 

 

Appendix 5 – Dentate nucleus stimulation in a patient with cerebellar ataxia 

and tremor after cerebellar stroke: A long-term follow-up. Original article on 

cerebellar modulation published in Parkinsonism and Related Disorders. 

 



 

 



 

 

 

 

 



 

 

Appendix 6 – Effects of dentate nucleus stimulation in spinocerebellar ataxia 

type 3. Original article on cerebellar modulation published in Parkinsonism and 

Related Disorders. 

 



 

 

 

 



 

 

 

 

 



 

 

Appendix 7 – Effects of cerebellar transcranial magnetic stimulation on ataxias: 

A randomized trial. Original article with results of the present study published in 

Parkinsonism and Related Disorders. 

 



 

 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 



 

 

  



 

 

Appendix 8 – Little Brain, Big Expectations. Opinion article on cerebellar 

neuromodulation published in Brain Sciences. 

 



 

 

 

 



 

 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

  



 

 

Appendix 9 – Dentate nucleus stimulation for essential tremor. Original article 

on cerebellar neuromodulation for essential tremor published in Parkinsonism 

and Related Disorders. 

 

 



 

 

 

 

  



 

 

Appendix 10 – Long-Term Outcome of Dentatotomy in a Dystonic Patient. 

Case report in Arquivos Brasileiros de Neurocirurgia. 

 



 

 

 

 



 

 

 

 

 

 

  



 

 

Appendix 11 – Interleaving Stimulation in Parkinson Disease: Interesting to 

Whom? Original article on neuromodulation published in World Neurosurgery. 

 

 



 

 

 

 



 

 



 

 

 



 

 

 



 

 

 



 

 

 

 



 

 

 

 

 



 

 

Appendix 12 – Exploring the clinical outcomes after deep brain stimulation in 

Tourette syndrome. Original article on neuromodulation published in Journal of 

the Neurological Sciences. 

 



 

 

 



 

 

 



 

 

 

 

 



 

 

Appendix 13 – Connectivity Patterns of Subthalamic Stimulation Influence Pain 

Outcomes in Parkinson’s Disease. Original article on neuromodulation 

published in Frontiers in Neurology. 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

  



 

 

Appendix 14 – Medical management after subthalamic stimulation in 

Parkinson’s disease: a phenotype perspective. Review article published in 

Arquivos de Neuropsiquiatria. 
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