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Introduction: Spinocerebellar ataxia type 3 (SCA3) poses challenges for 
patients due to motor dysfunctions and non-motor symptoms (NMS), 
such as sleep disorders, cognitive deficits, and mood disturbances. These 
issues significantly impact the quality of life, with limited benefits from 
conventional pharmacotherapies. This study explores the potential of 
repetitive transcranial magnetic stimulation (rTMS) as a treatment for SCA3-
related NMS.

Methods: This is a secondary analysis of a randomized, double-blind, sham-
controlled trial (The Chinese Clinical Trial Registry identifier is ChiCTR1800020133). 
Thirty-seven SCA3 patients included underwent either real (n = 21) or sham 
(n = 16) rTMS over 15 days, targeting the cerebellum. Study outcomes included 
the Pittsburgh Sleep Quality Index (PSQI), Athens Insomnia Scale (AIS), Mini-
Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), 
Hamilton Anxiety Rating Scale (HARS), and Hamilton Depression Rating Scale 
(HDRS), assessed baseline and post-intervention.

Results: The results disclosed significant time effects for all the outcomes with 
post hoc comparisons showing differences of baseline and post-treatment 
evaluation, with decreases for PSQI, AIS, HARS, and HDRS as well as increase 
for MMSE and MoCA. Correlation analyses revealed no significant predictors of 
rTMS response based on age at onset, disease duration, number of expanded 
CAG repeat lengths, or baseline motor symptom severity scores.

Conclusion: Repetitive transcranial magnetic stimulation is a feasible 
treatment of non-motor related symptoms in patients with SCA3, including 
sleep, cognition, and mood disorders. The treatment is well-tolerated, 
and its feasibility appears independent of demographic or disease severity 
indicators. These findings encourage further exploration of rTMS as a safe 
alternative for managing SCA3 NMS.
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Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-
Joseph disease, manifests as a progressive neurodegenerative disorder 
characterized by motor dysfunctions, including ataxia, dysarthria, and 
oculomotor abnormalities. As the most prevalent subtype of 
autosomal dominant ataxias, SCA3 stems from the expansion of 
cytosine-adenine-guanine (CAG) repeats in the ATXN3 gene, 
resulting in a toxic gain of function primarily affecting the cerebellum 
and its associated pathways (1). While motor symptoms are well-
recognized, non-motor symptoms (NMS) such as sleep disorders, 
cognitive deficits, and mood disturbances are also prevalent in SCA3. 
The frequency and severity of these NMS increase with the progressive 
worsening of ataxic severity, which is likely mediated by the 
cerebellum’s extensive connectivity with supratentorial networks. As 
cerebellar degeneration advances (evident in motor dysfunction), 
disruptions in cerebello-thalamo-cortical and cerebello-limbic 
pathways exacerbate NMS (2, 3). These symptoms significantly 
deteriorate the quality of life for patients, imposing a substantial 
economic and social burden on families (4). Despite the prevalence of 
NMS in these patients, few clinical trials specifically target these issues 
in SCA3.

Conventional pharmacotherapy provides some relief for NMS 
such as insomnia and mood disorders, utilizing agents like 
mirtazapine, melatonin, or anxiolytics and antidepressants. However, 
their use is limited by a high risk of adverse effects (e.g., sedation, 
dependency) and minimal efficacy for cognitive impairments (5). 
While non-pharmacological approaches like physiotherapy and 
transcranial direct current stimulation (6) have been explored for 
motor symptoms in SCA3 (6, 7), evidence for NMS remains scarce. In 
particular, no validated interventions exist for SCA3-related cognitive 
deficits, which are associated with cerebellar volume loss (7, 8). Hence, 
there is a pressing need to explore alternative therapies that address 
the multi-domain NMS spectrum—sleep, cognition, and mood—
while minimizing side effects.

Repetitive transcranial magnetic stimulation (rTMS), a 
non-invasive procedure employing magnetic fields to stimulate nerve 
cells in the brain, has shown promise in various neurological and 
psychiatric disorders, including depression, anxiety disorders, 
Parkinson’s disease, and stroke (9). In the context of SCA3, prior 
randomized controlled trials (RCTs) including our team’s study 
(registered under ChiCTR1800020133) have demonstrated that 
cerebellar rTMS alleviates motor symptoms, particularly ataxia (10, 
11). Mechanistically, low-frequency rTMS (1 Hz) may restore 
inhibitory control over hyperexcitable cerebellar circuits in SCA3 while 
enhancing dopaminergic and serotonergic transmission in limbic 
regions (12, 13). These findings position rTMS as both a safe motor 
intervention and a promising modality for addressing NMS through 
its dual action on cerebellar excitability and cortico-limbic connectivity.

In response to the increasing recognition of NMS in SCA3 and the 
demand for effective treatments, we conducted this secondary analysis 
based on our previous RCT study. This analysis clarifies that cerebellar 

rTMS is feasible for treating non-motor symptoms of SCA3, 
accompanied by non-significant side effects.

Methods

Study design and settings

The current study was a prespecified secondary analysis of our 
prior RCT (ChiCTR1800020133), a prospective, randomized, double-
blind, sham-controlled study conducted between December 2018 and 
May 2019 at The First Affiliated Hospital of Fujian Medical University 
in Fuzhou, China. This trial’s design and primary results have been 
previously reported (10). We aimed to further investigate whether 
cerebellar rTMS would be feasible for treating NMS in SCA3 patients. 
This study received approval from the ethics committee of the First 
Affiliated Hospital of Fujian Medical University (ethics approval 
number: MRCTA, ECFAH of FMU [2018] 201). Patients in the 
current study were requested to provide separate informed consent for 
participation in a subgroup study focusing on non-motor symptoms.

Participants

This secondary analysis utilized the parent study’s enrollment criteria 
without NMS-specific screening (10). However, as shown in Table 1, all 
participants demonstrated measurable NMS at baseline. The number of 
CAG repeats in the normal and mutant alleles of the ATXN3 gene was 
determined using the polymerase chain reaction (PCR) technique, with 
subsequent validation of results through Sanger sequencing, in 
accordance with methodologies established in prior research (14).

Intervention

Participants received 15 daily sessions of cerebellar rTMS (1 Hz, 
100% RMT, 900 pulses/hemisphere) using a CCY-I stimulator 
(Yiruide, China). Real stimulation was delivered tangentially with a 
14 cm circular coil positioned 4 cm lateral to the inion bilaterally, 
while sham used vertical coil placement. Patients were instructed to 
discontinue sleep medication 3 days before the start of stimulation and 
to remain without medication during rTMS therapy. Documented 
side effects from rTMS treatment include nausea, localized pain at the 
stimulation site, discomfort in the neck, muscular rigidity in the 
cervical region, headaches, manifestations of psychosis, seizures, and 
temporary alterations in auditory perception (15, 16).

Measurement

Baseline characteristics, including demographics, age at onset, 
disease duration, motor function, and genetic information, were 
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obtained. Motor function evaluations included scores of the Scale for 
the Assessment and Rating of Ataxia (SARA) (17) and the International 
Cooperative Ataxia Rating Scale (ICARS) (18).

Integrated evaluations of NMS were performed at baseline (day 1) 
and post-treatment (day 15), including sleep quality, cognitive 
function, and emotional well-being. Trained personnel of Dr. Hua 
Wu, who were blinded to both intervention arms, conducted 
evaluations to ensure standardization and reliability.

Sleep-related indices were measured by the Pittsburgh Sleep 
Quality Index (PSQI) (19) and the Athens Insomnia Scale (AIS) (20). 
The PSQI, a tool for evaluating sleep quality and disturbances, 
comprises 19 items forming seven component scores reflecting various 
aspects of sleep over the past month. Each component is equally 
weighted on a 0–3 scale, with the sum producing a global score ranging 
from 0 to 21, where lower scores indicate better sleep quality. 
Conversely, the AIS focuses on the severity of insomnia symptoms, 
with eight items covering sleep induction, nocturnal awakenings, and 
daytime functioning related to sleep quality. Each item is scored from 
0 (no problem) to 3 (very serious problem), and the total score ranges 
from 0 to 24, with higher scores indicating more severe insomnia. 
Cognitive indices were measured by the Mini-Mental State 
Examination (MMSE) (21) and the Montreal Cognitive Assessment 
(MoCA) (22). The MMSE, a widely used and validated tool for 
screening cognitive impairment, consists of simple questions and 
problems in areas such as arithmetic, memory, and orientation, with a 
total possible score of 30 points. Lower MMSE scores indicate more 
severe cognitive impairment. The MoCA, a more recent cognitive 
screening tool, assesses a broader spectrum of cognitive functions, 
including executive functions, attention, concentration, working 
memory, language, visuo-constructional skills, conceptual thinking, 
calculations, and orientation. It has a maximum score of 30 points, with 
higher scores indicating better cognitive function. Psychometric 
assessments were measured by the Hamilton Anxiety Rating Scale 
(HARS) (23) and the Hamilton Depression Rating Scale (HDRS) (24). 
The HARS and HDRS are established rating scales designed to measure 
the severity of anxiety and depression symptoms, respectively, and are 
crucial for evaluating the psychological dimensions associated with 

sleep disorders. Higher scores on HARS and HDRS indicate greater 
severity of anxiety and depression symptoms.

Study outcomes

The primary outcomes of this analysis were sleep-related indices 
including scores of PSQI and AIS at post-treatment (day 15). The 
secondary outcomes of this analysis encompassed cognitive indices, 
including scores of MMSE and MoCA, and psychometric assessments, 
including scores of HARS and HDRS, at post-treatment (day 15).

Statistical analysis

This secondary analysis was exploratory. Sample size was 
determined by the parent RCT (10), which was calculated using an 
effect size of 0.92 (partial η2 = 0.46 from prior data), with α = 0.05 and 
80% power for ICARS as the primary outcome.

For the primary analysis, generalized estimating equation (GEE) 
models were used to compare outcomes between the real rTMS and 
sham rTMS groups (between-subjects) and between baseline and day 
15 assessments (within-subjects). Each study outcome served as the 
dependent variable, with the experimental group as the categorical 
predictor. Mean differences (MDs) with 95% confidence intervals (CI) 
were calculated.

Continuous parametric data are reported as the mean ± standard 
deviations (SDs), while non-parametric data are presented as the 
median (range). Categorical variables are denoted as frequencies (%). 
The Shapiro–Wilk test assessed normality for all variables. The Mann–
Whitney U test was used to analyze non-parametric continuous 
variables across two groups, while independent samples t-test was 
used to analyzed normally distributed variables. Categorical variables 
were analyzed using the χ2 test or Fisher’s exact test in cases where 
expected frequencies were less than 5. The Spearman rank correlation 
coefficient (for non-normal data) or Pearson’s correlation analysis (for 
normal data) explored the relationships between variables.

TABLE 1 Sample characteristics at baseline.

Variables Real rTMS group Sham rTMS group p-value

Total n 21 16 NA

Female sex, n (%) 11 (52.4%) 9 (56.3%) 0.82b

Education, median (range), y -9 (0, 16) 9 (4, 16) 0.37c

Age at enrolment, mean (SD), y 43.8 (11.4) 43.8 (11.8) 0.99d

Age at onset, mean (SD), y 35.3 (11.5) 34.0 (10.1)a 0.72d

Disease duration, mean (SD), y 10.1 (3.9) 9.3 (5.5)a 0.62d

Number of normal CAG repeats, median (range) 14 (14, 30) 14 (14, 44) 0.99c

Number of expanded CAG repeats, mean (SD) 75.1 (3.6) 75.7 (3.4) 0.59d

SARA scores, mean (SD), points 15.6 (6.7) 12.8 (5.05) 0.18d

ICARS scores, mean (SD), points 40.6 (16.2) 33.6 (14.4) 0.18d

SARA, Scale for the Assessment and Rating of Ataxia; ICARS, International Cooperative Ataxia Rating Scale; rTMS, repetitive transcranial magnetic stimulation; NA, not applicable.
aOne patient did not report her age at onset.
bχ2 test.
cMann–Whitney U test.
dIndependent samples t-test.  
The bold values meaning p-value < 0.05.
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All analyses were performed in SPSS (v20.0; IBM Corp., Armonk, 
NY, United States). The level of statistical significance was set at p less 
than 0.05.

Results

As shown Figure  1 in the 46 patients in our prior RCT 
(ChiCTR1800020133), who completed NMS and motor 
measurements, were allocated 1:1 into the real or sham rTMS group. 
Nine patients were excluded in this secondary analysis: two patients 
due to experiencing slight side effect of nausea and seven patients due 
to non-compliance with post-NMS measurement. Ultimately, 37 
patients were included in this analysis (median age, 45 years [IQR, 
35-52 years]; 20 [54.1%] female), 21 patients in the real rTMS group 
and 16 patients in the sham group (Figure 1).

Baseline characteristics

Comparisons of baseline characteristics between the two groups 
of real and sham group revealed no significant disparities in sex 
distribution (p = 0.82), year of education (p = 0.37), age at enrollment 
(p = 0.99), age at onset (p = 0.72), disease duration (p = 0.62), or the 
number of expanded CAG repeats (p = 0.59). The SARA (p = 0.18) 
and ICARS (p = 0.18) scores were also comparable (Table  1). 
Individual details can be  found in the Supplementary Table  1. 
Therefore, baseline disease-related variables between the two groups 
were expected to be equal at the beginning of the analysis.

Study outcomes

The GEE disclosed significant time effects for all the outcomes 
of PSQI (MD, −3.73, [95%CI, –4.92 –2.54];, p < 0.001), AIS (MD, 
−3.41, [95%CI, –4.97 –1.84];, p < 0.001), MMSE (MD, 0.73, 
[95%CI, 0.26–1.2];, p = 0.002), MoCA (MD, 2.41, [95%CI, 1.63–
3.18];, p < 0.001), HARS (MD, −7.49, [95%CI, –10.02 –4.95];, 
p = 0.01), and HDRS (MD, −5.35, [95%CI, –7.21–3.49];, p < 0.001), 
with post hoc comparisons showing differences of baseline and post-
treatment evaluation. In addition, no significant group effects or 
interaction effects (stimulation [baseline-post] ╳ group [real-
sham]) was found either at the baseline or 15-day assessments. The 
results of outcomes were summarized in Table 2. Moreover, mean 
comparisons between baseline and 15-day measures within the real 
group disclosed significant decreases for PSQI, AIS, HARS, and 
HDRS as well as disclosed significant increases for MMSE and 
MoCA. Results within the sham group also found decreases for 
PSQI, AIS, HARS, and HDRS as well as found increases for MoCA 
(Supplementary Table 2).

No significant correlations were observed between treatment 
response (ΔPSQI, ΔAIS, ΔMMSE, ΔMoCA, ΔHARS, and ΔHDRS) 
and any of the investigated predictors (age at onset, disease duration, 
the number of expanded CAG repeats, or baseline motor symptom 
severity scores [SARA/ICARS]) in the real stimulation group (all 
p > 0.05; Table 3).

Apart from two patients who experienced slight nausea, no other 
significant adverse reactions were observed in the other patients, 
indicating good tolerance for both the real and sham 
rTMS interventions.

FIGURE 1

The flow chart.
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Discussion

This present secondary analysis reported a feasible treatment for 
NMS in SCA3, an area historically underrepresented in clinical 
research. Our findings suggested that cerebellar rTMS was a feasible 
and non-invasive therapeutic option for SCA3 patients experiencing 
sleep disorders, cognitive deficits, and mood disturbances.

This study underscored the cerebellum’s expanded role beyond 
motor function, highlighting its crucial involvement in broader 
neurological processes, including NMS (2, 3). The cerebellum’s 
extensive connections with the cerebral cortex and limbic system 
position it as a pivotal node within networks regulating affective and 
cognitive functions. Disruptions in cerebellar output can dysregulate 
these networks, contributing to the observed NMS in SCA3 (25). 
While the precise mechanisms linking cerebellar dysfunction to NMS 
remain unclear, they may encompass altered neurotransmission, 
synaptic plasticity, and connectivity with other brain regions (26). 
Targeting the cerebellum, rTMS holds promise in restoring the 
balance of excitatory and inhibitory inputs, normalizing disrupted 
circuits, and promoting neuroplastic changes.

Patients receiving cerebellar rTMS after 15 consecutive days 
showed improvements in their PSQI and AIS scores in our analysis. 
These outcomes can be attributed to the modulatory effects of rTMS 
on neural networks, neuroplasticity, and neurotransmitter release 

involved in sleep regulation (13, 27). On the other hand, previous 
studies have shown that cognitive impairment was one of the major 
NMS of SCA3 (2), and it was associated with cerebellar volume 
reduction (28). Our results suggested that cerebellar rTMS was 
beneficial for addressing cognitive impairment (increasing in MMSE 
and MoCA scores). Additionally, the rTMS intervention exhibited 
reductions in both HARS and HDRS scores. This aligned with prior 
research demonstrating the feasibility of rTMS in treating primary 
mood disorders, such as anxiety and depression (29, 30). In the 
context of SCA3, rTMS may exert antidepressant and anxiolytic effects 
by altering cerebellar connectivity with limbic structures, such as the 
hippocampus and amygdala, known to regulate mood and anxiety 
(31). The therapeutic benefits observed for sleep quality, cognition, 
and mood in our study were particularly compelling, given the 
relatively low risk of adverse effects associated with rTMS compared 
to pharmacological treatments.

While this secondary analysis revealed improvements in NMS 
following cerebellar rTMS, the lack of group or interaction effects 
suggests both groups improved, likely due to two possibilities: First, 
placebo effects and/or non-specific stimulation, this aligns with 
findings from our primary RCT, where sham groups also showed 
transient motor improvements (10). Second, MMSE and MoCA 
screeners lack sensitivity for cerebellar-mediated cognitive deficits 
(e.g., executive dysfunction, processing speed) as highlighted in 

TABLE 3 The investigation of the predictors in the effect of rTMS.

Variables ΔPSQI ΔAIS ΔMMSE ΔMoCA ΔHARS ΔHDRS

r/ρa p-
value

r/ρb p-
value

r/ρa p-
value

r/ρb p-
value

r/ρb p-
value

r/ρb p-
value

Age at onset, y −0.17 0.47 0.11 0.63 0.03 0.89 0.04 0.86 0.31 0.16 0.30 0.19

Disease duration, y 0.05 0.84 0.36 0.11 0.16 0.48 −0.003 0.99 0.32 0.16 0.36 0.11

Number of expanded CAG 

repeats
0.34 0.13 0.10 0.68 0.04 0.87 −0.03 0.91 −0.01 0.98 −0.06 0.79

Baseline SARA scores, points −0.11 0.63 0.09 0.70 −0.17 0.45 −0.29 0.91 0.22 0.34 0.15 0.51

Baseline ICARS scores, 

points
−0.06 0.80 0.08 0.74 −0.15 0.52 −0.28 0.22 0.22 0.35 0.13 0.59

SARA, Scale for the Assessment and Rating of Ataxia; ICARS, International Cooperative Ataxia Rating Scale; PSQI, the Pittsburgh Sleep Quality Index; AIS, Athens Insomnia Scale; HARS, 
Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale.
ΔPSQI was non-normal data, all the other variables were normal data.
aSpearman rank correlation coefficient (ρ).
bPearson’s correlation analysis (r).

TABLE 2 Study outcomes.

Variables Real rTMS group Sham rTMS group GEE findings

Baseline Day 15 Baseline Day 15 Mean Difference 
(95%CI)

p-valuea

PSQI 11.6 (5.1) 7.4 (4.0) 9.6 (4.9) 6.5 (3.4) −3.73 (−4.92, −2.54) <0.001

AIS 9.5 (5.4) 5.7 (3.7) 8.9 (6.1) 6.1 (2.7) −3.41 (−4.97, −1.84) <0.001

MMSE 26.3 (3.0) 27.6 (2.2) 27.8 (2.4) 27.9 (1.4) 0.73 (0.26, 1.2) 0.002

MoCA 21.3 (5.9) 23.6 (5.8) 21.8 (4.0) 24.4 (4.6) 2.41 (1.63, 3.18) <0.001

HARS 21.9 (7.4) 13.8 (8.1) 21.3 (9.7) 14.5 (9.0) −7.49 (−10.02, −4.95) 0.01

HDRS 21.6 (6.0) 15.6 (6.0) 20.8 (10.6) 16.3 (8.2) −5.35 (−7.21, 3.49) <0.001

PSQI, the Pittsburgh Sleep Quality Index; AIS, Athens Insomnia Scale; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; HARS, Hamilton Anxiety Rating 
Scale; HDRS, Hamilton Depression Rating Scale; rTMS, repetitive transcranial magnetic stimulation; GEE, Generalized Estimating Equations.
Values are expressed as mean (standard deviation [SD]).
aTime effects. 
The bold values meaning p-value < 0.05.
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recent systematic reviews (32). Our choice was constrained by parent 
study design prioritizing motor outcome and limiting time for 
detailed neuropsychological testing. Future trials should incorporate 
domain-specific Cerebellar Cognitive Affective Syndrome (CCAS) 
scales (32, 33). The lack of correlation between treatment response 
and disease-related variables, such as age at onset, disease duration, 
baseline motor symptom severity, and the number of expanded CAG 
repeat length, implied that rTMS may have broad applicability across 
the SCA3 population. The absence of significant correlations between 
these variables and the therapeutic benefits of rTMS could 
be attributed to several factors. Firstly, the sample size of our study 
might not have been sufficient to detect subtle correlations. Future 
studies incorporating cerebellar-specific neuropsychological tests 
may offer a more comprehensive understanding of the relationships 
between these variables and the therapeutic response to 
rTMS. Secondly, while genetically homogeneous, our cohort 
exhibited marked clinical heterogeneity in motor and non-motor 
manifestations—a hallmark of polyglutamine disorders that must 
be accounted for in therapeutic trials (1, 34). It was worth noting that 
our study included a relatively homogenous population with similar 
baseline characteristics, which might limit the generalizability of our 
findings to more diverse patient populations.

The dropout rate for this study was relatively low. Two participants 
discontinued their participation due to experiencing slightly adverse 
reaction of nausea, with one from the real stimulation group and one 
from the sham stimulation group. An additional seven participants 
withdrew because they were unwilling to comply with the post-
intervention assessment scales. This suggested that the intervention 
was generally well-tolerated by the participants, with no significant 
side effects reported. These findings aligned with previous studies 
demonstrating the safety and tolerability of rTMS in various 
neurological disorders.

While this study provided valuable insights, it was important to 
note a few limitations. Firstly, being a secondary analysis, there was 
an elevated risk of Type I errors due to multiple testing. Therefore, 
the results should be  considered with caution. Secondly, our 
analysis focused on assessing the immediate effects of rTMS. A 
study with a larger sample size and a longer follow-up period could 
provide more insights into the enduring benefits of low-frequency 
rTMS for individuals with SCA3. Thirdly, the lack of formal NMS 
inclusion thresholds, while reflecting real-world clinical 
heterogeneity, may have introduced variability in treatment 
responses. Lastly, the 3-day medication washout, while balancing 
patient safety and scientific rigor, may not fully eliminate all 
pharmacological effects. Future primary studies should consider 
longer washouts where clinically feasible.

Conclusion

In summary, this study contributed to the growing body of 
evidence supporting the use of rTMS for non-motor symptoms 
in SCA3. The demonstrated improvements in sleep quality, 
cognitive function, and mood disorders without significant side 
effects suggested that rTMS could be  a feasible and valuable 
addition to the therapeutic options for SCA3. Future research 
should focus on optimizing stimulation parameters and cerebellar 
lobes, exploring potential combination therapies, and 

investigating the long-term outcomes of rTMS treatment. By 
enhancing our understanding of the non-motor symptoms of 
SCA3 and the therapeutic potential of neuromodulation, we can 
progress toward providing comprehensive care that addresses the 
entire spectrum of patient needs.
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