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Abstract
Objective
To investigate whether a 2-week treatment with cerebellar anodal and spinal cathodal trans-
cranial direct current stimulation (tDCS) could reduce symptoms in patients with neurode-
generative ataxia and could modulate cerebello-motor connectivity at the short and long terms.

Methods
We performed a double-blind, randomized, sham-controlled, crossover trial with cerebello-
spinal tDCS (5 d/wk for 2 weeks) in 20 patients with neurodegenerative ataxia. Each patient
underwent a clinical evaluation before and after real tDCS or sham stimulation. A follow-up
evaluation was performed at 1 and 3 months with a crossover washout period of 3 months.
Cerebello-motor connectivity was evaluated with transcranial magnetic stimulation at baseline
and at each follow-up.

Results
Cerebello-spinal tDCS showed a significant improvement in all performance scores (Scale for
the Assessment and Rating of Ataxia, International Cooperative Ataxia Rating Scale, 9-Hole Peg
Test, 8-m walking time), in motor cortex excitability, and in cerebellar brain inhibition com-
pared to sham stimulation.

Conclusions
A 2-week treatment with cerebello-spinal tDCS reduces symptoms in patients with ataxia and
restores motor cortex inhibition exerted by cerebellar structures. Cerebello-spinal tDCS might
represent a promising future therapeutic and rehabilitative approach in patients with neuro-
degenerative ataxia, still an orphan disorder of any pharmacologic intervention.

Clinical trial registration
NCT03120013.

Classification of evidence
This study provides Class II evidence that cerebello-spinal stimulation is effective and safe in
cerebellar ataxia.
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Neurodegenerative ataxias represent a heterogeneous group
of disabling diseases characterized by limb and gait ataxia,
oculomotor deficits, dysarthria, and kinetic tremor, and
patients are occasionally affected by cognitive decline.1,2

No effective treatment is currently available for most heredi-
tary and sporadic ataxias, and there is growing interest in
finding innovative therapeutic approaches to reduce clinical
symptoms.3

Recent studies using noninvasive cerebellar stimulation with
anodal transcranial direct current stimulation (tDCS) have
shown promising results in the treatment of posture, gait, and
kinetic functions in patients with ataxia.4–8 However, stimu-
lation has been limited to cerebellar structures, somehow
neglecting the involvement of the spinal cord, which is fre-
quently compromised in most neurodegenerative ataxias.9

Recent studies have shown that cathodal spinal tDCS may
increase corticospinal excitability in healthy controls and in
patients with spinal cord injury,10–12 with modeling studies
confirming that the electric field generated by tDCS can reach
the spinal cord.13

Thus, considering the frequent involvement of both cerebellar
and spinal cord structures in neurodegenerative ataxias, it has
become clear that the concurrent stimulation of both struc-
tures might be synergic in reducing symptoms in this group of
patients.

These observations defined the objective of this work, which
was aimed at assessing the long-term effects ofmultiple sessions
of concurrent anodal cerebellar tDCS and cathodal spinal
tDCS in patients with neurodegenerative ataxia. To this end,
we assessed clinical outcomes and cerebello-cerebral connec-
tivity (cerebellar brain inhibition [CBI]) in a randomized,
double-blind, sham-controlled, crossover study.

Methods
Standard protocol approvals, registrations,
and patient consents
Full written informed consent was obtained from all partic-
ipants according to the Declaration of Helsinki. The study
protocol was approved by the local ethics committee (Brescia
Hospital), No. NP1576 approved January 21, 2016. This trial
has been registered at ClinicalTrials.gov (NCT03120013).

Primary research questions/classification
of evidence
Our primary research question was to determine whether
cerebellar anodal tDCS and spinal cathodal tDCS could re-
duce symptoms and modulate cerebello-cerebral connectivity
in patients with ataxia at the short and long terms.

Participants
Twenty-one patients with neurodegenerative ataxia, 7
patients with spinocerebellar ataxia (SCA) type 2,14 6 with the
cerebellar variant of multiple system atrophy (MSA-C),15 1
with SCA38,16 1 with SCA14,17 1 with Friedreich ataxia,18 1
with ataxia with oculomotor apraxia type 2,19 and 4 with
sporadic adult-onset ataxia,20 were recruited from the Centre
for Ageing Brain and Neurodegenerative Disorders, Neurol-
ogy Unit, University of Brescia, Italy, and entered the study.

The number of included patients, corrected for possible
dropouts and patients in whom a reliable motor cortex could
not be elicited, was assessed with a power analysis from results
obtained from previous studies.4

Each patient fulfilled current clinical criteria and genetic traits
for the specific diagnosis. All enrolled patients shared a cere-
bellar syndrome and, as assessed by MRI, had quantifiable
cerebellar atrophy.

For each patient, a review of medical history, a semistructured
neurologic examination, and a standardized assessment of
cerebellar functions were carried out.

Patients were evaluated free of sedative drugs or sodium or
calcium channel blockers to avoid any interaction with the
presumed neuromodulatory effects of tDCS.

In addition, 10 age-matched healthy controls were recruited
as a reference group for transcranial magnetic stimulation
(TMS) parameters.

Study design
Patients were randomized into 2 groups; each group received
anodal cerebellar tDCS and cathodal spinal tDCS (real tDCS)
or sham stimulation for 5 d/wk for 2 weeks in a 1:1 ratio.

At baseline, each patient underwent a clinical evaluation,
according to a standardized assessment (see Clinical Assess-
ment below), and CBI evaluation with TMS (see CBI

Glossary
ANCOVA = analysis of covariance; BADL = basic activities of daily living;CBI = cerebellar brain inhibition; CS = conditioning
stimuli; 8 MW = 8-m walking time; IADL = instrumental activities of daily living; ICARS = International Cooperative Ataxia
Rating Scale; ISI = interstimulus interval; MSA-C = cerebellar variant of multiple system atrophy; MEP = motor evoked
potential; 9HPT = 9-Hole Peg Test; rMT = resting motor threshold; SARA = Scale for the Assessment and Rating of Ataxia;
SCA = spinocerebellar ataxia; SF-36 = Short-Form Health Survey 36; tDCS = transcranial direct current stimulation; TMS =
transcranial magnetic stimulation; TS = target stimuli.
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Assessment) (prestimulation, T0). The same assessments
were carried out after 2 weeks of either real or sham tDCS
(poststimulation, T1) and at 1-month (T2) and 3-month
(T3) follow-up.

After a washout period of 3 months after the last visit (i.e., T3),
each patient received the opposite treatment (crossover phase)
and underwent the same standardized assessment as in the first
phase, at baseline, at 2 weeks after stimulation, at 1 month, and
at 3 months (figure 1).

Seven principal investigators were involved: 1 (A.B.) per-
forming the clinical evaluation, 1 (V.C.) performing CBI at
baseline and at follow-up, and 4 (V.D., E.B., R.G., R.M.)
performing tDCS. The patient and the examiners performing
clinical ratings and TMS protocols were blinded to the type of
stimulation; 1 investigator (B.B.) was responsible for random

allocation sequences, enrollment of participants, and assign-
ment of participants to specific interventions.

Clinical assessment
At each time point, the Scale for the Assessment and Rating of
Ataxia (SARA)21 and the International Cooperative Ataxia
Rating Scale (ICARS)22 were used to evaluate cerebellar
deficits.

SARA consists of 8 items, including gait, stance, sitting, speech
disturbance, finger chase, nose-finger test, fast alternating
hand movements, and heel-shin slide. The higher the score is,
the worse the patient’s performance is. ICARS is a semi-
quantitative 100-point scale consisting of 19 items divided
into 4 weighted subscores, namely posture and gait dis-
turbances, limb kinetic function, speech disorder, and oculo-
motor deficits.

Figure 1 Study design

CBI = cerebellar brain inhibition; CS =
conditioning stimulus; ISI = in-
terstimulus interval; MEP = motor
evoked potential; tDCS = transcranial
direct current stimulation; TMS =
transcranial magnetic stimulation; TS
= test stimulus.
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To evaluate finger dexterity and upper limb coordination, 4
timed trials of the 9-Hole Peg Test (9HPT)23 were performed
separately for each hand. The 9HPT is a commonly used test
to assess finger dexterity: the patient picks the pegs 1 at time
and puts them in 9 holes on a peg board until all holes are
filled and then removes them 1 at a time as quickly as possible.
The total time to complete the task is recorded for each trial
and for each separate hand (dominant and nondominant).

To assess gait speed, we performed, 4 times for each session,
the 8-m walking time (8 MW),24 defined as the time needed
to walk 8 m as quickly as possible but safely with any device
but without the help of another person or wall.

Finally, the Italian version of the Short-Form Health Survey
36 (SF-36), an interview-administered self-reported scale
consisting of 36 scaled scores assessing 8 subdomains (vitality,
physical functioning, bodily pain, general health perceptions,
physical role functioning, emotional role functioning, social
role functioning, mental health, communication, psychosocial
and energy), was used to assess changes in the patient’s quality
of life.25

Cerebellar brain inhibition
Two Magstim TMS stimulators connected with two 70-mm
figure-of-8 coils (Magstim Company, Oxford, UK) were used
to evaluate CBI. The current waveform for themagnetic stimuli
had a monophasic configuration, with a rise time of 100
microseconds and decaying back to zero in 800 microseconds.

Surface Ag/AgCl electrodes positioned in a belly-tendon
montage on the right first interosseous muscles were used to
record motor evoked potentials (MEPs) with a Biopac MP-
150 EMG (BIOPAC Systems Inc, Santa Barbara, CA), as
previously reported.26

The stimulation coil was positioned with the handle directed
45° laterally and posteriorly to the sagittal plane, over the
region corresponding to the primary motor cortex (hand
area), contralateral to the target first dorsal interosseous FDI.
The area where TMS consistently yielded the largest MEP at
120% of the resting motor threshold (rMT) was defined as
the motor hotspot and was labeled on the scalp with a mark-
ing pen to guarantee a steady placement of the coil
throughout the session.27

rMT was obtained with the minimum stimulus intensity re-
quired to evoke MEPs with an amplitude of at least 50 μV in
50% of 10 continuous trails. Visually checking the absence of
EMG activity at high-gain amplification ensured complete
muscle relaxation throughout trials.28

CBI was assessed with previously described techniques.29–31

Briefly, the second coil was used to deliver the conditioning
stimuli (CS), which was placed over the contralateral cere-
bellar hemisphere32 (1 cm inferior and 3 cm right to the
inion), a site corresponding to the posterior and superior

lobules of the lateral cerebellum.33 For cerebellar stimulation,
the handle was positioned upward with the coil placed tan-
gentially to the skull (figure 1). The cerebellar CS intensities
were set at 90% rMT obtained in the ipsilateral motor cor-
tex.31 CS preceded the target stimuli (TS) by different in-
terstimulus intervals (ISIs) ranging from 3 to 10 milliseconds
(3, 5, 10 milliseconds). There were 4 conditions corre-
sponding to the 3 different ISIs and the TS alone. Ten
responses were collected for each different ISI and 15 for the
TS alone in a pseudorandomized sequence. The amplitude of
the conditioning MEPs was expressed as a ratio of the mean
unconditioned response. The intertrial interval was set at 5
seconds (±10%).

Transcranial direct current stimulation
tDCS was delivered by a battery-driven constant current
stimulator through a pair of saline-soaked (0.9% NaCl) sur-
face sponge electrodes (7 × 5 cm2, current density 0.057 mA/
cm2 for the anodal cerebellar electrode; 8 × 6 cm2, current
density 0.042 mA/cm2 for the cathodal spinal electrode). The
anode was placed on the scalp over the cerebellum area (2 cm
under the inion), and the cathode was placed over the spinal
lumbar enlargement (2 cm under T11) (figure 1). The elec-
trodes were secured with elastic gauzes, and an electro-
conductive gel was applied to electrodes to reduce contact
impedance (<5 kΩ for all sessions).

During anodal stimulation, a constant current of 2 mA was
applied for 20 minutes, as suggested by recently published
consensus recommendations34,35 and on the basis of com-
putation modeling studies.36–38

For the sham condition, the electrode placement was the
same, but the electric current was ramped down 5 seconds
after the beginning of the stimulation to make this condition
indistinguishable from the experimental stimulation. To de-
tect differences in the perception of the stimulation, we asked
the patients whether they thought they were receiving real or
sham stimulation at the end of the 2-week treatment.

Statistical analyses
To assess the effect of tDCS treatment on clinical scores over
time, we used a 2-way repeated-measure analysis of covariance
(ANCOVA) with time (T0, T1, T2, and T3) and treatment
(sham vs real stimulation) as within-participant factors and
the sequence in which stimulation was performed (real-sham
vs sham-real) as covariates.

To assess the effect of tDCS treatment on CBI, we used
a 3-way repeated-measures ANCOVA with time (T0, T1, T2,
and T3), ISI (3, 5, 10 milliseconds) and treatment (sham vs
real stimulation) as within-participant factors and the se-
quence in which stimulation was performed (real-sham vs
sham-real) as the covariate.

When a significant main effect was reached, post hoc tests with
Bonferroni correction for multiple comparisons were conducted
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to analyze group differences at respective ISIs or time points.
The Mauchly test was used to test for assumption of sphericity,
while Greenhouse-Geisser epsilon determination was used to
correct in case of sphericity violation.

Spearman rank-order correlations were used to assess
associations between the improvement in functional scores,
neurophysiologic parameters, and demographic or clinical
characteristics.

Statistical analyses were performed with SPSS version 21
(SPSS, Inc, Chicago, IL).

Data availability
All data, including outcome measure results, study pro-
tocol, and statistical analysis plan, will be shared through

ClinicalTrials.gov via public access (clinicaltrials.gov/ct2/
show/NCT03120013).

Results
Participants
Twenty-one patients were enrolled and randomized to receive
sham or real stimulation first in a 1:1 ratio, with crossover
treatment after a 3-month washout period after the last
evaluation (T3) 6 months after baseline (T0). One patient
with MSA-C dropped out from the study for personal reasons
during the first round (sham stimulation) and was not con-
sidered in the present analysis (figure 2; for individual disease
group randomizations, table e-1, links.lww.com/WNL/
A675). Demographic characteristics of included patients are
reported in table 1.

Figure 2 Flowchart of study patients

tDCS = transcranial direct current stimulation.
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Patients were recruited from December 2016 to April 2017,
with the follow-up ending in December 2017.

Regarding the differences in the patients’ perception of the
stimulation, there was no statistically significant association
between type of stimulation and perception, as assessed by the
Fisher exact test (p = 0.205), suggesting that real tDCS could
not be distinguished from sham stimulation.

Clinical assessment
Baseline SARA scores, ICARS scores, 8 MW, and 9HPT are
reported in table 2 (for detailed precrossover and postcrossover
measures for each group, table e-2, links.lww.com/WNL/A675).

Repeated-measures ANCOVA performed on SARA scores
revealed a significant time × treatment interaction (F3,54 = 38.54,
p< 0.001, partial η2 = 0.68). Themain effect of treatment showed
a significant difference between real and sham stimulation at T1,
T2, and T3 (all p < 0.001) but not at baseline (T0) (p = 0.422),
while themain effect of time showed a significant difference in the
real tDCS group at T1, T2, and T3 compared to baseline (T0)
(all p < 0.001) but not in the sham tDCS group (all p > 0.05).

For ICARS scores, there was a statistically significant time ×
treatment interaction (F3,54 = 32.11, p < 0.001, partial η

2 = 0.64).
The main effect of treatment showed a significant difference
between real and sham tDCS at T1, T2, and T3 (all p < 0.001)
but not at baseline (T0) (p = 0.613), while the main effect of
time showed a significant difference in the real tDCS group at
T1, T2, and T3 compared to baseline (T0) (all p < 0.001) but
not in the sham tDCS group (all p > 0.050) (figure 2B).

The individual assessment of the 4 weighted subscores of the
ICARS scale showed that there was a statistically significant
time × treatment interaction in the posture and gait (F3,54 =
4.08, p = 0.011, partial η2 = 0.19) and in the kinetic limb

coordination (F3,54 = 70.16, p < 0.001, partial η2 = 0.70)
subscores, while there was not a statistically significant time ×
treatment interaction in the dysarthria (F3,54 = 1.46, p = 0.235,
partial η2 = 0.08) and in the oculomotor movement (F3,54 =
1.00, p = 1.00, partial η2 = 0.00) subscores.

For the posture and gait subscores, the main effect of treat-
ment showed a significant difference between real and sham
tDCS at T1, T2, and T3 (all p < 0.001) but not at baseline
(T0) (p = 0.705), while the main effect of time showed
a significant difference in the real tDCS group at T1, T2, and
T3 compared to baseline (T0) (all p < 0.001) but not in the
sham tDCS group (all p > 0.050). For the limb coordination
subscores, the main effect of treatment showed a significant
difference between real and sham tDCS at T1, T2, and T3 (all
p < 0.001) but not at baseline (T0) (p = 0.567), while the
main effect of time showed a significant difference in the real
tDCS group at T1, T2, and T3 compared to baseline (T0) (all
p < 0.001) but not in the sham tDCS group (all p > 0.050).

Regarding 9HPT, we observed a significant time × treatment
interaction in both the dominant (F3,48 = 7.36, p < 0.001,
partial η2 = 0.32) and nondominant (F3,45 = 3.94, p = 0.014,
partial η2 = 0.208) hand. The main effect of treatment showed
a significant difference between real and sham tDCS at T1,
T2, and T3 (all p < 0.010) in both the dominant and non-
dominant hand but not at baseline (T0) (dominant p = 0.670,
nondominant p = 0.926), while the main effect of time
showed a significant difference in the real tDCS group at T1,
T2, and T3 compared to baseline (T0) (all p < 0.050) but not
in the sham tDCS group (all p > 0.050) (figure 3, C and D).

Furthermore, a significant time × treatment interactionwas also
found in the 8 MW (F3,27 = 5.12, p = 0.006, partial η2 = 0.34).
The main effect of treatment showed a significant difference
between real and sham tDCS at T1, T2, and T3 (all p < 0.050)

Table 1 Demographic and clinical characteristics of included patients

All patients SCA MSA-C Other ataxias

Patients, n 20 9 5 6

Age, y 54.6 ± 14.5 47.8 ± 12.6 68.0 ± 8.2 53.5 ± 15.1

Age at onset, y 41.7 ± 19.5 29.7 ± 9.4 63.8 ± 10.0 41.2 ± 21.9

Disease duration, y 12.9 ± 12.6 18.1 ± 11.6 4.2 ± 3.1 12.3 ± 16.0

Female, % 50.0 30.0 75.0 66.7

BADL lost 1.7 ± 2.3 1.4 ± 2.2 2.2 ± 2.4 1.7 ± 2.7

IADL lost 3.2 ± 2.6 2.0 ± 2.3 4.6 ± 2.5 3.7 ± 2.7

MMSE score 27.2 ± 3.1 28.4 ± 2.2 26.5 ± 1.6 25.8 ± 4.6

rMT, % 41.6 ± 6.2 45.6 ± 5.1 39.2 ± 6.6 37.6 ± 3.8

Abbreviations: BADL = basic activities of daily living; IADL = instrumental activities of daily living; MMSE = Mini-Mental State Examination; MSA-C = cerebellar
variant of multiple system atrophy; rMT = resting motor threshold; SCA = spinocerebellar ataxia.
Results are expressed as mean ± SD.
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but not at baseline (T0) (p = 0.414), while the main effect of
time showed a significant difference in the real tDCS group at
T1, T2, and T3 compared to baseline (T0) (all p < 0.050) but
not in the sham tDCS group (all p > 0.050) (figure 3E).

A Spearman rank-order correlation was run to assess the re-
lationship between percentage of average change in functional
scores (ICARS and SARA) after the real tDCS trial (T1, T2,
and T3) and demographic or clinical characteristics. There
was a negative correlation between SARA score at baseline
and average change in SARA (rs = −0.67, p = 0.001) and
ICARS score at baseline and average change in ICARS (rs =
−0.77, p < 0.001), underlying how patients who showed
a greater improvement were less affected clinically. Further-
more, there was a negative association with the number of
basic activities of daily living (BADL) and instrumental ac-
tivities of daily living (IADL) lost and the percentage of im-
provement in SARA and ICARS scores (BADL and SARA: rs
= −0.50, p = 0.026; BADL and ICARS: rs = −0.61, p = 0.004;
IADL and SARA: rs = −0.70, p = 0.001; IADL and ICARS: rs =
−0.70, p = 0.001), further confirming the above statement.

There was no significant association between the percentage
of improvement in SARA or ICARS and sex, age at evalua-
tion, age at disease onset, duration of disease, and disease
subtype.

When patients with SCA (n = 9) and MSA-C (n = 5) were
considered separately, comparable results were found on clinical
scores (SCA: SARA F3,21 = 17.36, p < 0.001, partial η2 = 0.71;
and ICARS F3,21 = 26.23, p < 0.001, partial η2 = 0.79; MSA-C:
SARA F3,9 = 8.38, p = 0.006, partial η2 = 0.74 and ICARS F3,9 =
5.46, p = 0.001, partial η2 = 0.65) (for individual precrossover
and postcrossover measures for both patients with SCA and
those with MSA-C, table e-2, links.lww.com/WNL/A675).

We observed a significant time × treatment interaction in the
SF-36 total scores (F3,54 = 2.89, p = 0.043, partial η2 = 0.132).
The main effect of treatment showed a significant difference
between real and sham tDCS at T1, T2, and T3 (all p < 0.050)
but not at baseline (T0) (p = 0.775), while the main effect of
time showed a significant difference in the real tDCS group at
T1, T2, and T3 compared to baseline (T0) (all p < 0.050) but

Table 2 Clinical and neurophysiologic parameters of included patients

T0 T1 T2 T3

Real tDCS

SARA score 20.2 ± 7.3 15.8 ± 7.6a 15.1 ± 7.7a 16.1 ± 7.9a

ICARS score 53.0 ± 18.6 43.0 ± 19.6a 41.3 ± 19.6a 44.2 ± 19.6a

9HPT-D score, s 53.0 ± 24.3 46.2 ± 21.3a 47.1 ± 21.9a 49.5 ± 20.5a

9HPT-nD score, s 56.1 ± 21.5 50.2 ± 20.0a 50.8 ± 19.1a 52.9 ± 19.5a

8 MW score, s 9.4 ± 3.4 8.0 ± 2.7a 7.8 ± 2.7a 8.4 ± 2.8a

SF-36 score 54.7 ± 17.5 66.5 ± 17.5a 66.7 ± 16.8a 61.1 ± 18.8a

TMS-rMT, % 41.2 ± 7.2 44.0 ± 8.2a 44.3 ± 10.4 41.4 ± 7.9a

TMS-CBI, % 0.94 ± 0.12 0.54 ± 0.13a 0.65 ± 0.14a 0.74 ± 0.11a

Sham tDCS

SARA score 19.9 ± 7.3 19.7 ± 7.5 19.7 ± 7.3 19.9 ± 7.6

ICARS score 52.7 ± 19.4 52.1 ± 19.7 52.5 ± 19.2 52.4 ± 19.4

9HPT-D score, s 52.2 ± 25.9 53.4 ± 23.8 55.8 ± 28.1 54.2 ± 26.2

9HPT-nD score, s 56.2 ± 22.1 56.1 ± 20.7 58.8 ± 22.6 58.9 ± 25.3

8 MW score, s 9.3 ± 3.3 9.0 ± 3.9 9.9 ± 5.0 9.7 ± 4.1

SF-36 score 55.3 ± 19.5 57.9 ± 18.5 60.1 ± 17.8 56.3 ± 18.8

TMS-rMT, % 41.4 ± 7.5 41.5 ± 7.7 41.4 ± 7.9 41.3 ± 7.6

TMS-CBI, % 0.88 ± 0.12 0.91 ± 0.12 0.95 ± 0.13 0.90 ± 0.12

Abbreviations: 8 MW = 8-mwalking time; ICARS = International Cooperative Ataxia Rating Scale; 9HPT-D = 9-Hole Peg Test, dominant hand; 9HPT-nD = 9-Hole
Peg Test, nondominant hand; rMT = restingmotor threshold; SARA = Scale for the Assessment andRating of Ataxia; SF-36 = Short-FormHealth Survey 36; tDCS
= transcranial direct current stimulation; TMS-CBI =mean transcranialmagnetic stimulation–cerebellar brain inhibition (interstimulus interval 5milliseconds)
expressed as percent of mean motor evoked potential (MEP) amplitude related to the control MEP.
Clinical assessment and neurophysiologic parameters at baseline and after sham stimulation or real tDCS at baseline (T0), 2 weeks (T1), 1 month (T2), and 3
months (T3) after stimulation. Results are expressed as mean ± SD.
a Significant difference from baseline (T0) (Bonferroni correction for multiple comparisons).
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not in the sham tDCS group (all p > 0.050) (figure 3F). There
was also a significant interaction in the physical functioning
subscore (F3,54 = 13.40, p < 0.001, partial η2 = 0.414), in the
vitality and energy subscore (F3,54 = 6.37, p = 0.001, partial η

2

= 0.251), and in the general health perception subscore (F3,54
= 8.21, p < 0.001, partial η2 = 0.302) but not in the other
subscores.

No significant differences were observed between T0 baseline
scores in patients who were first allocated to real tDCS and
then to sham tDCS, possibly underlying that the effects were

completely abolished after a 3-month crossover phase (table
e-2, links.lww.com/WNL/A675).

Cerebellar brain inhibition
Eighteen patients and 10 age-matched healthy controls un-
derwent CBI assessment with a TMS paired-pulse protocol,
while 2 patients could not maintain a constant muscle re-
laxation and thus were excluded from TMS analysis.

There was a significant increase in average rMT in the real
stimulation group with a significant time × treatment

Figure 3 Clinical measures of included patients at different time points

(A) Scale for the Assessment and Rating of Ataxia (SARA), (B) International Cooperative Ataxia Rating Scale (ICARS), 9-Hole Peg Test (9HPT) for the (C) dominant and (D)
nondominant hand, (E) 8-mwalking time (8MW), and (F) Short-Form36 (SF-36) scores, before shamand after sham, and real transcranial direct current stimulation at
different time points (T0 = baseline, T1 = after 2-week treatment, T2 = at 1-month follow-up, T3 = at 3-month follow-up). Error bars represent standard errors.
a Significant difference from baseline (T0). b Significant difference compared to sham stimulation (Bonferroni correction for multiple comparisons).
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interaction (F3,48 = 9.25, p < 0.001, partial η
2 = 0.37). Themain

effect of treatment showed a significant difference between real
and sham tDCS at T1 andT2 (all p < 0.001) but not at baseline
(T0) (p = 0.454) or T3 (p = 0.053), while the main effect of
time showed a significant difference in the real tDCS group at

T1, T2, and T3 compared to baseline (T0) (all p < 0.050) but
not in the sham tDCS group (all p > 0.050) (figure 4A).

Repeated-measures ANCOVA performed on CBI measures
revealed a statistically significant 3-way interaction between

Figure 4 Neurophysiological measures of included patients at different time points

(A) Restingmotor threshold (rMT) and (B) cerebellar brain
inhibition assessed by transcranial magnetic stimulation
(TMS) in the (B) real and (C) sham stimulation groups at
different interstimulus intervals (ISIs) and at different
time points (T0 = baseline, T1 = after 2-week treatment, T2
= at 1-month follow-up, T3 = at 3-month follow-up). Data
are plotted as a ratio to the unconditioned motor evoked
potential (MEP) amplitude. Error bars represent standard
errors. HC = healthy control; tDCS = transcranial direct
current stimulation; mSO = maximal Stimulator Output.
a Significant difference from baseline (T0); b Significant
difference compared to sham stimulation (Bonferroni
correction for multiple comparisons).
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time (T0, T1, T2, T3), ISI (3, 5, and 10 milliseconds), and
group (sham vs real) (F6,96 = 5.691, p < 0.001, partial η2 =
0.26). There was a statistically significant simple 2-way time ×
ISI interaction for the real tDCS group (F6,96 = 7.58, p < 0.001)
but not for sham stimulation (F6,96 = 1.27, p = 0.28, partial η

2 =
0.07). There was a statistically significant simple main effect of
time for the real tDCS group at ISI of 5 milliseconds (p <
0.001) but not for ISI of 3 or 10 milliseconds (p > 0.05) or for
sham stimulation at all ISIs (3, 5, and 10 milliseconds) (p >
0.05). There was a statistically significant simple main effect of
ISI for the real tDCS group at time T1, T2, and T3 (p < 0.001)
but not at T0 or for sham stimulation at all time points (T0, T1,
T2, T3) (p > 0.050) (figure 4, B and C).

A significant correlationwas observed between the percentage of
improvement in SARA and ICARS scores and the restoration of
CBI (SARA: rs = 0.595, p= 0.009; ICARS: rs = 0.496, p= 0.036).

Discussion
In the present work, we observed a significant improvement in
clinical scores and in neurophysiologic measure of motor
cortex excitability and cerebellar-cerebral connectivity after
a 2-week treatment with anodal cerebellar tDCS and cathodal
spinal tDCS in patients with neurodegenerative ataxia.
Patients who were less affected clinically and functionally
showed the greatest improvement in clinical scores, which
outlasted the stimulation interval for at least 3 months.

Previous studies have already identified temporary functional
improvement after a single session of cerebellar tDCS in patients
with ataxia,2,39–41 and 1 study reported long-lasting clinical
effects after repeated sessions of anodal cerebellar tDCS.4,5

In the present work, we corroborated and extended previous
preliminary data, and we carried out a randomized, double-
blind, sham-controlled, crossover, first-in-humans trial by using
combined anodal cerebellar and cathodal spinal tDCS. This
clinical trial sheds further light on the possibility of treating
patients with neurodegenerative ataxia, which mostly remains
an orphan of disease-modifying therapies. Compared to pre-
vious studies on the application of tDCS in cerebellar ataxias,
we have increased the strength of our observations by using
a crossover design and implementing the concurrent stimula-
tion of the spinal cord. An important aspect that should be
assessed in future studies is whether the concurrent stimulation
of the spinal cord is synergic in improving functional outcome
measure compared to cerebellar-only stimulation. A previous
study implementing a 2-week treatment with cerebellar-only
anodal tDCS has shown a significant long-term improvement
in SARA and ICARS scores but not in 9HPT, 8MW, or quality-
of-life scores.5 However, several differences distinguish these
studies; thus, comparisons should be interpreted with caution.

No significant placebo effect was observed in clinical outcome
measures, possibly resulting from a complex response

expectancy effect in which the conditional response was fre-
quently not consciously mediated, while for other scales such
as quality-of-life scores (SF-36) in which the conditional re-
sponse corresponded to the actual patients’ outcomes, the
improvement in outcome scores was substantially increased.
Moreover, response expectancy mechanisms tend to explain
placebo effect at the short term but not the long term.42

tDCS has proved to be effective, noninvasive, and easily ap-
plicable with long-lasting effects, with the possibility of
implementing repeated stimulations over time to extend the
duration of its effects.38

The physiopathologic mechanisms underlying the effects of
noninvasive stimulation of the cerebellar cortex and of the
spinal cord are still not completely understood. Cerebellar
tDCS seems to exert its effects by inducing an excitatory tone
on Purkinje cells and changing the pattern of activity in the
deep cerebellar output nuclei, with anodal tDCS increasing
the excitability of the cerebellar cortex,43,44 enhancing the
physiologic inhibitory tone over the primary motor cortex
through the inhibition of the dentate nucleus, which has an
excitatory effect on the ventrolateral motor thalamus and
eventually on the motor cortex.32,45,46

On the other hand, transcutaneous spinal tDCS has been
shown to influence the ascending and descending spinal
pathways and spinal reflex excitability, with increasing evidence
that it can induce prolonged functional neuroplastic changes.47

Cathodal spinal tDCS has been shown to improve gait training
in chronic stroke patients48 and to improve functional out-
comes, decreasing spasticity in chronic spinal cord injury.11

At the molecular level, mechanisms of action of tDCS could
involve the modulation of ionic gradients in the extracellular
space; inactivation or activation of specific cellular processes,
including gene expression, protein synthesis, and channel or
pump regulation; and receptor or neurotransmitter modula-
tion.44 Furthermore, multiple sessions seem to have a cumu-
lative effect and are needed to induce reliable and long-lasting
aftereffects, possibly mediated by the modulation of neuronal
plasticity.49

The neurophysiologic evaluations performed with TMS in this
study showed a sustained restoration of CBI in patients treated
with tDCS compared to patients who underwent sham stim-
ulation. This was further corroborated by the significant de-
crease in the motor threshold only after real stimulation.

On the basis of these results, the observed clinical improvement
seems to effectively correlate with an increase excitability of the
cerebellar cortex and therefore of the cerebello-thalamo-
cortical connections, as demonstrated by an increase in CBI.

The milder the disease stage was, the greater the observed
clinical improvement was, suggesting that tDCS should
be delivered at an early stage of disease to be more effective.
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We acknowledge that the present study has some limitations.
Neurodegenerative cerebellar ataxias are considerably un-
common, and our group of patients was relatively small and
heterogeneous, so clear-cut associations need to be made with
caution. Studies on repetition rate, session duration, and
number of sessions have not been performed for cerebellar
tDCS,41 and the optimal repetition rate and ISI still have to be
determined. Finally, the effect of tDCS on cognitive functions
was not objectively assessed in this study.

Another important aspect that was not evaluated in this
study was the effect of tDCS on orthostatic hypotension,
particularly in patients with MSA-C, considering the
prominent involvement of autonomic pathways in this
disease,15 bearing in mind the possible effects of spinal
tDCS on the intermediolateral gray columns of the spinal
cord. Furthermore, Unified Parkinson’s Disease Rating
Scale scores should be assessed in future clinical trials in
patients with extrapyramidal syndromes treated with cere-
bellar tDCS.

In the light of limited pharmacologic and nonpharmacologic
treatment options for patients with neurodegenerative ataxia,
on the basis of the results of this study, a 2-week treatment
with cerebello-spinal tDCS could be considered a potentially
promising tool for future rehabilitative approaches.50
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