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Abstract \
Spinocerebellar ataxia (SCA) is a group of hereditary neurodegenerative disorders characterized by the progressive incoordi-
nation of gait, impaired motor control, and various neurological deficits. Therapeutic options for SCA remain limited. However,
repetitive transcranial magnetic stimulation (rTMS) has gained attention as a potential intervention due to its noninvasive nature,
ease of application, and favorable safety profile. To evaluate the therapeutic efficacy of rTMS in SCA, we performed a systematic
review and meta-analysis of randomized controlled trials (RCTs). A comprehensive search of PubMed, Medline, and the Cochrane
Library databases was conducted to identify RCTs assessing rTMS for SCA management. The primary outcomes of interest
included changes in motor function as measured by the Scale for the Assessment and Rating of Ataxia (SARA) or the International
Cooperative Ataxia Rating Scale (ICARS). Our analysis included eight RCTs involving a total of 237 participants. Meta-analysis
results demonstrated statistically significant improvements in motor function. Specifically, SARA scores showed a mean difference
(MD) of —1.56 (95% Cl, —2.88 to —0.24; p = 0.02), and ICARS scores improved with an MD of —3.16 (95% ClI, -3.93 to —-2.39; p <
@ 0.001) compared with a sham group. To evaluate the effects of different rTMS protocols on SCA, we performed subgroup analyses @

of low-frequency (LF), high-frequency (HF), and intermittent theta burst stimulation (iTBS). We revealed that LF (MD, —1.60; 95%
Cl, —=8.06 to -0.13; p = 0.08) and iTBS (MD, —1.68; 95% ClI, —2.29 to —1.08; p < 0.001) were effective in significantly improving
SARA. The HF group showed a reduction in SARA scores (MD, —1.52; 95% Cl, —6.34 to 3.30; p = 0.54) but without significance
because of the small sample size. These findings indicate that overall rTMS is a promising therapeutic approach for alleviating
motor symptoms in hereditary SCA patients.
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Lay Summary: Spinocerebellar ataxia (SCA) is a hereditary disorder
that leads to problems with movement and coordination. Treatment
options are limited, but repetitive transcranial magnetic stimulation
(rTMS) is a promising non-invasive therapy. Researchers reviewed
eight studies involving 237 participants to evaluate the effectiveness
of rTMS for SCA. The results showed significant improvements in
motor function compared to a placebo. Specifically, two rTMS
methods—low-frequency and intermittent theta burst stimulation—
were particularly effective. Overall, rTMS appears to be a hopeful
treatment for enhancing movement in people with SCA.

1. INTRODUCTION

Hereditary spinocerebellar ataxias (SCAs) represent a group of rare,
inherited neurodegenerative disorders characterized by significant
clinical and genetic diversity.'* These conditions, which fall under
the broader category of hereditary ataxias, manifest with a range of
neurological symptoms, mainly including motor dysfunctions such as
gait instability, dysarthria, uncoordinated eye movements, and other
involvement with peripheral neuropathy, pyramidal signs, and cogni-
tive deficits.>* The distribution of SCA subtypes varies geographically
across different populations.”” Among Caucasian populations, SCA1,
SCA2, and SCA3 are the most prevalent subtypes. In contrast, SCA2,
SCA3, SCA6, and dentatorubral-pallidoluysian atrophy (DRPLA)
are more commonly observed in East Asian populations, including
Japanese and Chinese individuals.*° This regional variation under-
scores the importance of considering genetic and demographic factors
when diagnosing and managing SCAs. However, effective therapeutic
strategies for SCA remain limited in clinical practice.

Several studies have found that neuromodulation is effec-
tive.!""!3 Noninvasive neuromodulation, such as repetitive
transcranial magnetic stimulation (rTMS), represents a prom-
ising alternative for managing motor symptoms in SCA and
warrants further investigation. The rTMS is a safe, noninva-
sive technique for brain stimulation that has attracted grow-
ing interest as a treatment for ataxia due to its capacity to
promote neural plasticity'* and wide use in neurorehabili-
tation for various neurological and psychiatric conditions,
including depression,’ anxiety disorders,'® Parkinson’s dis-
ease,'”” Alzheimer’s disease,'”® and even SCA patients.'"!?
Different rTMS protocols exhibit distinct neurophysiologi-
cal mechanisms and therapeutic effects. Low-frequency (LF)
rTMS, typically delivered at 1 Hz, induces long-term depres-
sion (LTD)-like effects, leading to consistent cortical inhibi-
tion and the modulation of y-aminobutyric acid (GABA)ergic
neurotransmission, whereas high-frequency (HF) rTMS (>5
Hz) increases cortical excitability through long-term potentia-
tion (LTP)-like effects, enhancing neurogenesis and activating
the brain-derived neurotrophic factor/tropomyosin receptor
kinase B (BDNF/TrkB) signaling pathway.'”! In theta burst
protocols, ¢cTBS delivers continuous stimulation bursts that
produce LTD-like effects and cortical inhibition, modulating
GABA levels, whereas iTBS delivers rapid bursts (50 Hz) in a
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theta rhythm (5 Hz), inducing more robust and LTP plastic-
ity.292223 Despite its potential, the literature on rTMS treat-
ment protocols for SCA remains heterogeneous, with varying
approaches and outcomes reported.

Although systematic reviews have evaluated the effects of rTMS on
SCA patients,'"'? a critical gap remains in comparative analyses of dif-
ferent rTMS protocols, including LE, HE, and theta burst stimulation
(TBS).!+26 This gap highlights the need for further studies to identify
and standardize the most effective rTMS protocols for alleviating the
clinical symptoms of SCA. Current literature exhibits several meth-
odological limitations; notably, existing reviews have excluded TBS
protocols despite their promising therapeutic and cost-saving effects,”
while review analyses of LF and HF protocols frequently contain sig-
nificant risks of bias. For instance, one HF subgroup analysis combined
data from both multiple system atrophy-cerebellar type (MSA-c) and
SCA3 patients, diluting the specificity for SCA populations.® Another
review incorporated non-English publications without adequate qual-
ity assessment, potentially introducing methodological heterogeneity.2®
These inconsistencies underscore the need for rigorous, protocol-
specific comparative studies to establish optimal neuromodulation
parameters specifically tailored to SCA subtypes. This article aims to
systematically review all available and qualified randomized controlled
trials (RCT) investigating the use of rTMS for treating SCA. By synthe-
sizing the efficacy of various rTMS protocols, we evaluate their impact
on improving clinical symptoms in SCA patients. The findings of this
meta-analysis study provide valuable insights that can inform and
refine experimental designs for future clinical trials involving rTMS.

2. RESEARCH STRATEGY

A search was conducted in the PubMed, Medline, and Cochrane
databases for RCTs and review articles focusing on the thera-
peutic applications of transcranial magnetic stimulation (TMS
or rTMS) involving human adults published in English. The
search included terms such as “spinocerebellar ataxia,” “ataxia,”
“transcranial magnetic stimulation,” “rTMS,” “TMS,” “theta
burst stimulation,” “TBS,” and “neuromodulation.” In addition,
abstracts were systematically screened to identify articles eligible
for a full-text assessment.

We selected relevant articles for this review based on predefined
eligibility criteria encompassing the intervention, comparison, out-
come, and study framework. For inclusion in the meta-analysis,
studies were required to meet the following criteria: (1) The study
must be original research utilizing rTMS as a therapeutic interven-
tion for individuals with SCA. (2) All SCA patients included must
have a genetically confirmed diagnosis. (3) The effectiveness of SCA
treatment was required to be evaluated using at least one motor
function outcome measure, accompanied by adequate statistical
data to compute an independent effect size. (4) Participants must
be 18 years old or older. (5) The study must be an RCT and pub-
lished in a peer-reviewed journal (Fig. 1). The primary evaluation
focused on assessing motor function outcome, particularly follow-
ing rTMS treatment. The outcomes of interest were the differences
between pre- and post-intervention in (1) Scale for the Assessment
and Rating of Ataxia (SARA)* and (2) International Cooperative
Ataxia Rating Scale (ICARS),” the two most common rating scales
to measure cerebellar ataxia.?*3!

Meta-analyses were conducted using Review Manager V.5.4.
Study heterogeneity was evaluated through the 12 statistic. A
significance threshold of p < 0.05 was applied. A fixed-effects
model was utilized when heterogeneity was low (12 < 50% or p >
0.1), whereas a random-effects model was applied when hetero-
geneity was high (12> 50% or p < 0.1). For continuous variables,
the mean difference (MD) with 95% CIs was calculated. When
a quantitative synthesis was not feasible, results from individual
studies were qualitatively summarized.
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References identified from database search, N = 419
(Cochrane = 18, PubMed= 223, Medline = 178)

— | Removed duplicated studies, N= 194 |

References after duplication removed, N = 225 ‘

Abstract screening , N= 169
— | (only human study, English publication,
full-text article)

References assessed for eligibility, N = 56
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» | 1. TMS intervention

Motor outcome

Genetically confirmed diagnosis
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Not randomized controlled trial
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| References included in our analysis, N = 8

Fig. 1 Flowchart of study selection. TMS = transcranial magnetic stimulation.
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3. RESULTS

3.1. Characteristics of included studies

An initial screening of 419 studies was conducted through
the predefined keywords search, and we removed 194 dupli-
cate studies. After screening the title and abstract, 169 stud-
ies were excluded due to not meeting the criteria of being a
human study resulting in a publication in English with a full
text. Ultimately, based on the inclusion criteria, eight studies
were ultimately selected for review (Table 1).3273? This review
total involved 237 SCA patients with a genetically confirmed
diagnosis; the majority of included patients were diagnosed
with SCA3, while others had less frequent subtypes, such as
SCA1, SCA2, and SCAG6. These studies, published between
2000 and 2024, primarily employed double-controlled, par-
allel-group designs, with one study using a single-controlled
design.’® In total, 237 participants were included, with a
higher proportion of men (68.35%) compared with women
(31.65%). Sample sizes ranged from 5 to 37 participants,
and the duration of rTMS treatment spanned from 5 to 28
days. The stimulation locations focus primarily on the bilat-
eral cerebellum, with two studies targeting midline vermis
and the bilateral cerebellum.3?** The outcome assessments
using SARA and ICARS, and the change in these scores after
rTMS, were compared with the sham group. The risk of bias
graph and summary are presented in Fig. 2.

Basic characteristics of randomized controlled trials

Sex Stimulation  Outcome
Study N (F)  Design SCA Duration Sham Protocols locations measurement  Main results
Zhou 16 7 Randomly, double ~ SCA3 14d + HF 10 Hz, 100%  Vermis, bil ICARS, SARA SARA and ICARS scores
et al® blind MT, 800 cerebellum decreased in SCA3
pulses, 20 min
Chen 18 10  Randomly, double SCA3 15d + LF, 1Hz, 100%  Bil cerebellum  ICARS, SARA The ICARS scores in both groups
etal® blind MT, 900 decreased
pulses, 30 min
Sikandar 44 20  Randomly, double SCA3 15d + LF, 1 Hz, 900 Bil cerebellum  ICARS, SARA,  SARA and ICARS scores
etal* blind pulses, 30 min BBS decreased in SCA3
Manor 20 14 Randomly, double 1 SCAT, 28d + LF, 0.2 Hz, 100% Vermis, bil SARA, 9-hole rTMS improved the total scores
etal® blind 1 SCA2, RMT, 600 cerebellum  peg test, of SARA but did not influence
13 SCA3, pulses, 36 min TUG the 9-hole peg test, TUG, or
3 SCAG, gait kinematics
1 SCA8,
1SCA14
Shietal®® 109 63  Randomly, single  SCA3 14d + LF, 1Hz, 100%  Bil cerebellum  ICARS, SARA Both 1 Hz rTMS and iTBS were
blind RMT, 600 effective in improving the
pulses, 20 min; SARA and ICARS scores in
iTBS, 1200 SCA3
pulses, 20 min
Franca 9 7 Randomly, double 9 SCA3 5d + LF 1Hz,100%  Bil cerebellum ICARS, SARA LF-rTMS improved the SARA
etal*” blind RMT, 600 and ICARS scores
pulses, 20 min
Grobe- 33 25  Randomly, double 14 SCA1,6 SCA2,5 5d + iTBS, 15 sessions  Bil cerebellum  SARA, Walk-Test, SARA scores decreased by 1.6
Einsler blind SCA3, 1 SCA5, 5 (3 sessions per PRT, CCAS points in the rTMS group
et al® SCAB, 1 SCA7, 1 day, applied
SCA28 hourly)
Liueta® 22 16  Randomly, double SCA3 15d + LF, 1 Hz, 1800 Bil cerebellum  ICARS, regional  ICARS scores decreased in the
blind pulses per day, brain activity rTMS group with increased
30 min (MRI) ALFF in the posterior cerebel-

lar lobe and cerebellar tonsil

The target location of bilateral cerebellum: 4-cm right cerebellum from the inion and the left cerebellum from the inion.
ALFF = amplitude of low-frequency fluctuation; BBS = Berg Balance score; bil = bilateral; CCAS = the Cerebellar Cognitive Affective syndrome; iBTS = intermittent theta burst stimulation; ICARS = International
Cooperative Ataxia Rating Scale; LF = low-frequency; MRI = magnetic resonance imaging; PRT = PATA Rate Test; RMT = resting motor threshold; rTMS = repetitive transcranial magnetic stimulation; SARA =

Scale for Assessment and Rating of Ataxia; SCA = spinocerebellar ataxia; TUG = Timed Up-and-Go test.
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Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

Fig. 2 Risk of bias graph and summary. The bias assessment for each study is presented, with green, yellow, and red indicating low, unclear, and high risk of
bias, respectively. One study employed a single-blind design, and some studies raised some concerns due to the lack of clarity regarding allocation concealment.
In addition, some studies noted incomplete outcome assessments. Finally, one study had a significant difference between the control and rTMS groups. rTMS

= repetitive transcranial magnetic stimulation.

3.2. Meta-analysis

We studied SARA and ICARS as the primary motor function
outcome after rTMS treatment. For the SARA scores, six stud-
ies including 190 patients were considered to report changes in
total SARA scores. The results indicated a significant reduction,
with an MD of =1.56 (95% CI, ~2.88 to —0.24; p = 0.02) in the
rTMS stimulation condition compared to sham condition. The I2
statistic showed uniformity across the studies, with no evidence
of heterogeneity (I = 0%; Fig. 3A). Outcomes assessed using the
ICARS were reported in five studies involving 201 participants.
The meta-analysis demonstrated a significant therapeutic benefit
of rTMS in SCA patients, with an MD of -3.16 (95% CI, -3.93
to =2.39; p < 0.001) over sham stimulation and low heterogene-
ity (I = 28%; Fig. 3B). In conclusion, our meta-analysis results
showed that both SARA and ICARS scores improved after the
rTMS stimulation compared to the sham group. No obvious
adverse events were noted in these RCTs.

3.3.Subgroup analysis: Different rTMS protocol comparison

In the SARA subgroup analysis, we evaluated the effects of dif-
ferent rTMS protocol parameters, including LF, HF, and TBS.

420
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The overall pooled analysis revealed a statistically significant
improvement of SARA scores (MD, -1.67; 95% CI, -2.22 to
-1.11; p < 0.001) with low heterogeneity (x> = 0.31, df = 6, p
=1.00, I = 0.00%) between the overall rTMS stimulation group
and the sham group. Regarding the subgroup analysis, the LF
protocol showed a significant change compared with the sham
group, with an MD of -1.60 (95% CI, -3.06 to -0.13; p = 0.03)
and no heterogeneity (x2 = 0.26,df = 3,p = 0.97, 2 = 0%). The
HF protocol, assessed in a single study, yielded a reduced but
nonsignificant change (MD, -1.52; 95% CI, -6.34 to 3.30; p =
0.54) when compared with the sham group. For iTBS, although
only two studies were included after inclusion criteria, a sig-
nificant change was observed, with an MD of -1.68 (95% CI,
-2.29 to -1.08; p < 0.001) and no heterogeneity (y2 = 0.04, df
=1,p = 0.85, I> = 0%) when compared with the sham group
(Fig. 4). Notably, as no studies utilized continuous theta burst
stimulation (¢TBS) for SCA patients, we only enrolled iTBS in
our meta-analysis.

In the ICARS subgroup analysis, we evaluated the effects
of different rTMS protocol parameters, including LF and HE.
Notably, no studies utilizing TBS were identified, and only
one study was identified in the HF subgroup. The total pooled

Www.ejcma.org

03-Jun-25 20:42:42 ‘ ‘



Review Article. (2025) 88:6 J Chin Med Assoc
T™S Sham Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Franca C. et al. 2020 -4.5 4.44 3 -2 4.63 6 4.5% -2.50[-8.74, 3.74]
Grobe-Einsler M. et al. 2024 -1.6 5.87 15 -0.3 5.52 18 11.4% -1.30[-5.21, 2.61] o
Manor B. et al. 2019 -2.86 3.83 8 -0.56 3.96 5 9.1% -2.30[-6.67, 2.07] —
Shi Y. et al. 2023 -1.47 3.36 38 0.05 4.46 37 54.4% -1.52[-3.31,0.27] —T
Sikandar A. et al.2023 -1.82 5.89 22 -0.71 6.42 22 13.2% -1.11[-4.75, 2.53] — pr—
Zhou M. et al. 2024 -2.67 3.67 9 -1.15 5.64 7 7.5% -1.52[-6.34, 3.30] _—
Total (95% CI) 95 95 100.0% -1.56 [-2.88, -0.24] <>
Heterogeneity: Chi? = 0.28, df = 5 (P = 1.00); I* = 0% -iO _55 t 150
Test for overall effect: Z = 2.31 (P = 0.02) Favours [TMS] Favours [Sham]

B T™S Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Chen XY. et al. 2022 -7.7 3.08 9 -1.77 248 9 8.8% -5.93[-8.51, -3.35] —
Franca C. et al. 2020 -3.55 1.44 24 -0.53 1.96 24 62.2% -3.02[-3.99, -2.05] =
Shi Y. etal. 2023 -3.79 9.49 38 -0.19 11.23 37 2.7% -3.60[-8.31, 1.11]
Sikandar A. et al.2023  -5.14 3.06 22 -2.68 1.92 22 25.8% -2.46[-3.97, -0.95] -
Zhou M. et al. 2024 -8.33 8.97 9 -2.43 12.71 7 0.5% -5.90[-16.99, 5.19]
Total (95% CI) 102 99 100.0% -3.16 [-3.93, -2.39] &
Heterogeneity: Chi? = 5.59, df = 4 (P = 0.23); I> = 28% —50 —iO ) 130 230

Test for overall effect: Z = 8.07 (P < 0.00001)

Favours [TMS] Favours [Sham]

Fig. 3 Forest plot for meta-analytic estimates of post-rTMS changes in scale for the SARA and ICARS. A, The results of post-rTMS changes in scale for the
SARA, (B) the results of post-rTMS changes in scale for the ICARS. ICARS = International Cooperative Ataxia Rating Scale; rTMS = repetitive transcranial

magnetic stimulation; SARA = Scale for Assessment and Rating of Ataxia.

T™S Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
1L11LF
Franca C. et al. 2020 -4.5 4.44 3 -2 4.63 6 0.8% -2.50[-8.74, 3.74)
Manor B. et al. 2019 -2.86 3.83 8 -0.56 3.96 5 1.6% -2.30[-6.67, 2.07] —
Shi Y. et al. 2023 -1.47 3.36 38 0.05 4.46 37 9.6% -1.52[-3.31, 0.27] A i
Sikandar A. et al.2023 -1.82 5.89 22 -0.71 6.42 22 2.3% -1.11[-4.75, 2.53] [
Subtotal (95% ClI) 71 70 14.4% -1.60 [-3.06, -0.13] <>
Heterogeneity: Chi? = 0.26, df = 3 (P = 0.97); I* = 0%
Test for overall effect: Z = 2.13 (P = 0.03)
1.1.2 HF
Zhou M. et al. 2024 -2.67 3.67 9 -1.15 5.64 7 1.3% -1.52 [-6.34, 3.30] _—
Subtotal (95% CI) 9 7 1.3% -1.52[-6.34, 3.30] el
Heterogeneity: Not applicable
Test for overall effect: Z = 0.62 (P = 0.54)
1.1.3iTBS
Grobe-Einsler M. et al. 2024 -1.6 5.87 15 -0.3 5.52 18 2.0% -1.30[-5.21, 2.61] —e—
Shi Y. et al. 2023 -1.64 1.52 34 0.05 1.05 37 82.3% -1.69[-2.30,-1.08] ,
Subtotal (95% CI) 49 55 84.3% -1.68 [-2.29, -1.08]
Heterogeneity: Chi? = 0.04, df = 1 (P = 0.85); I = 0%
Test for overall effect: Z = 5.44 (P < 0.00001)
Total (95% CI) 129 132 100.0% -1.67 [-2.22, -1.11] <&

ity Chi2 = — — 02— 4 + + +

Heterogeneity: Chi* = 0.31, df = 6 (P = 1.00); I = 0% 1o 75 0 4 10

Test for overall effect: Z = 5.88 (P < 0.00001)
Test for subgroup differences: Chi’ = 0.01, df = 2 (P = 0.99), I> = 0%

Favours [Stimulation] Favours [Sham]

Fig. 4 Forest plot for meta-analytic estimates of post-rTMS changes in SARA subgroup: LF, HF, and iTBS. The results of post-rTMS changes in scale for the
SARA subgroup according to LF (1.1.1), HF (1.1.2), and iTBS (1.1.3) as well as the overall effect of rTMS. HF = high-frequency; iTBS = intermittent theta burst
stimulation; LF = low-frequency; rTMS = repetitive transcranial magnetic stimulation; SARA = Scale for Assessment and Rating of Ataxia.

analysis revealed a statistically significant improvement of
ICARS scores (MD, -3.34; 95% CI, -4.47 to -2.22; p = 0.007)
with low heterogeneity (12 = 0.45, 2 = 5.59, df = 4, p = 0.23,
I2 = 28%) between the overall rTMS stimulation group and the
sham group. Regarding the subgroup analysis, the LF protocol
showed a significant change with an MD of -3.37 (95% CI,
-4.63 to -2.11; p = 0.01) and low heterogeneity (t2 = 0.68, y2 =
5.35,df = 3,p = 0.15, I? = 44%). The HF protocol, assessed in a
single study, yielded a reduced but nonsignificant change (MD =
-5.90,95% CI, -16.99 to 5.19, p = 0.30; Fig. 5).
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In conclusion, the LF inhibitory stimulation showed a sig-

nificant effect for both SARA and ICARS motor outcomes for
SCA patients whereas the HF excitatory stimulation showed an
improving trend without significance due to finding only one
RCT. Regarding the TBS, although only two qualified rand-
omized studies of iTBS excitatory stimulation were pooled into
our meta-analysis, the results showed the potential effects for
the motor functions mainly in SCA3 patients. In addition, no
adverse events were reported across these trials, consistent with
the well-established safety profile of rTMS when administered
according to standard protocols.
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T™MS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1LF
Chen XY. et al. 2022 -7.7 3.08 9 -1.77 2.48 9 15.1% -5.93[-8.51, -3.35] —_—
Franca C. et al. 2020 -3.55 1.44 24 -0.53 1.96 24  47.1% -3.02 [-3.99, -2.05] =
Shi Y. et al. 2023 -3.79 9.49 38 -0.19 11.23 37 5.3% -3.60([-8.31, 1.11] —
Sikandar A. et al.2023  -5.14 3.06 22 -2.68 1.92 22 31.5% -2.46[-3.97,-0.95] -
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Fig. 5 Forest plot for meta-analytic estimates of post-rTMS changes in ICARS subgroup: LF and HF. The results of post-rTMS changes in scale for the ICARS
subgroup according to LF (1.2.1), HF (1.2.2), and iTBS (1.2.3) as well as the overall effect of rTMS. HF = high-frequency; ICARS = International Cooperative Ataxia
Rating Scale; iTBS = intermittent theta burst stimulation; LF = low-frequency; rTMS = repetitive transcranial magnetic stimulation.

4. DISCUSSION

This study presents a systematic review and meta-analysis evalu-
ating the effects of rTMS as a treatment for SCA patients. Our
findings demonstrate that rTMS has a significant impact on
improving motor outcomes in SCA patients. The results high-
light rTMS as a promising therapeutic approach for mitigat-
ing motor symptoms in hereditary SCA. Our study is the first
systematic review of different TBS protocols in SCA patients
and included the latest studies within 1 year.3>3%3° However, the
annual progression rate of SARA scores varies across SCA sub-
types due to genetic heterogeneity,®!%*-#2 necessitating careful
consideration of subtype-specific responses to rTMS. Among
the studies included in our analysis, most patients were diag-
nosed with SCA3, which has an annual SARA progression rate
of 0.65 to 1.61.54%% Notably, our meta-analysis revealed a
mean reduction of 1.56 points in SARA scores following rTMS,
exceeding the natural progression rate. This suggests that rTMS
alleviates motor symptoms of disease progression.

The cerebellum, traditionally regarded as controlling the
motor coordination function, is now recognized as playing a
significant role in cognitive processes. Functional imaging stud-
ies**¢ and clinical observations*~*° have found that patients
with cerebellar damage experience impairments in executive
function, spatial awareness, emotions, and language, leading
to the definition of the cerebellar cognitive affective syndrome
(CCAS).#1 Despite this expanded understanding, most clinical
studies on SCA continue to rely on motor-centric outcome meas-
ures, such as the SARA and the ICARS scores. To fully capture
the spectrum of SCA symptoms, non-motor outcome assess-
ments like the CCAS scale*! or the Cerebellar Impulsivity—
Compulsivity Assessment scale (CIA)’? can be incorporated
into future clinical trials. Indeed, future clinical studies on SCA
should prioritize the development and integration of more sensi-
tive tools for assessing both motor and non-motor symptoms to
provide a comprehensive evaluation of therapeutic efficacy.

Our findings demonstrated that both inhibitory LF stimula-
tion and excitatory iTBS may improve motor function in SCA
patients, particularly SCA3. LF stimulation is typically associ-
ated with LTD in the cerebellum,’® whereas HF stimulation and
iTBS promote LTP in presynaptic neurons.”** Interestingly,
motor-evoked potential (MEP) responses, modulated by the
dentato-thalamo-cortical (DTC) pathway, differ based on the
stimulation protocol: MEPs exhibit distinct responses to differ-
ent stimulation protocols, decreasing after continuous ¢TBS but
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increasing with LF or iTBS.**° These outcomes are closely tied
to the function of Purkinje cells, which govern the DTC path-
way. By coordinating the firing patterns of cerebellar nuclei cells,
Purkinje cells establish precise timing that is critical for effec-
tive motor control and modulation.®®¢! These results support the
concept of cerebellar plasticity,’? highlighting the cerebellum’s
capacity for adaptation and reorganization in response to exter-
nal stimulation. Despite these insights, the specific mechanisms
through which rTMS protocols modulate activity in the cere-
bellum and its connected networks remain unclear. To address
this gap, future research should combine rTMS with advanced
neuroimaging techniques, such as magnetic resonance spec-
troscopy (MRS), and electrophysiological tools to deepen our
understanding of cerebellar function in SCA and elucidate the
mechanisms underlying rTMS effects.®>¢*

Our studies have some limitations. The first limitation is the
small sample size of the enrolled randomized controlled stud-
ies: only one RCT for the HF group and two RCTs for the iTBS
group. However, the number of enrolled studies in previous meta-
analyses on the same topic is less than our study.!'2%¢¢ Second,
most of the patients are SCA3; we should cautiously apply this
result to all the SCA subtypes. Third, the treatment duration is
variable from 5 to 28 days, and most of the studies only meas-
ured the short-term effect. Long-term effects of rTMS should
be considered in future study designs. Fourth, this study did not
incorporate wearable sensors, which is a possible clinical assess-
ment for SCA patients.®” Finally, the lack of non-motor outcome
measures in the included studies limited our ability to capture the
full clinical spectrum of SCA symptoms. Future research should
incorporate assessments such as the CCAS,**! CIA scores,’? and
the PROM-ataxia® to better evaluate non-motor symptoms.

Despite these limitations, our study provides valuable insights
into the efficacy of rTMS protocols for treating SCA. These find-
ings contribute to the growing body of evidence supporting the
use of rTMS as a therapeutic option and underscore the need
for further studies to refine and expand its application in SCA
management.

Our study informs stratified treatment approaches based on
genetic subtypes, with SCA3 patients potentially prioritized for
rTMS interventions. Future clinical protocols should consider
personalized stimulation parameters, with the potential for opti-
mization based on individual cerebellar network connectivity
patterns assessed through functional neuroimaging. Critically,
magnetic resonance imaging (MRI)—guided neuronavigation
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should be incorporated into treatment protocols, as it has been
demonstrated to be the most precise method for localizing and
positioning rTMS coils to targets,”” with evidence suggesting it
contributes to improved clinical response rates.”’”> The imple-
mentation of rTMS in standard care pathways would require the
development of standardized protocols addressing stimulation
parameters (frequency, intensity, duration), treatment schedules
(daily vs intermittent), and maintenance regimens to sustain ther-
apeutic benefits. Furthermore, our findings highlight the need for
specialized neuromodulation facilities with expertise in cerebellar
stimulation techniques for SCA patients.

In conclusion, to assess the therapeutic potential of rTMS
in SCA patients, we conducted a systematic review and meta-
analysis. Our analysis revealed statistically significant improve-
ments in motor function following rTMS compared to sham
interventions. These results support the potential of rTMS as a
therapeutic strategy for mitigating motor symptoms in patients
with hereditary SCA. These findings align with the concept of cer-
ebellar plasticity,® supporting the idea that the cerebellum can
adapt and reorganize in response to external stimulation. Further
research is required to elucidate the underlying neural mecha-
nisms® and their relationship with cerebellar neuromodulation,
which may pave the way for novel therapeutic applications.
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