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Abstract

Background Many neuroscience and neurology studies have forced a reconsideration of the traditional motor-related scope
of cerebellar function, which has now expanded to include various cognitive functions. Spinocerebellar ataxia type 3 (SCA3;
the most common hereditary ataxia) is neuropathologically characterized by cerebellar atrophy and frequently presents with
cognitive impairment.

Objective To characterize cognitive impairment in SCA3 and investigate the cerebellum—cognition associations.

Methods This prospective, cross-sectional cohort study recruited 126 SCA3 patients and 41 healthy control individuals
(HCs). Participants underwent a brain 3D T1-weighted images as well as neuropsychological tests. Voxel-based morphom-
etry (VBM) and region of interest (ROI) approaches were performed on the 3D T1-weighted images. CERES was used to
automatically segment cerebellums. Patients were grouped into cognitively impaired (CI) and cognitively preserved (CP), and
clinical and MRI parameters were compared. Multivariable regression models were fitted to examine associations between
cerebellar microstructural alterations and cognitive domain impairments.

Results Compared to HCs, SCA3 patients showed cognitive domain impairments in information processing speed, verbal
memory, executive function, and visuospatial perception. Between CI and CP subgroups, the CI subgroup was older and
had lower education, as well as higher severity scores. VBM and ROI analyses revealed volume loss in cerebellar bilateral
lobule VI, right lobule Crus I, and right lobule IV of the CI subgroup, and all these cerebellar lobules were associated with
the above cognitive domain impairments.

Conclusions Our findings demonstrate the multiple cognitive domain impairments in SCA3 patients and indicate the respon-
sible cerebellar lobules for the impaired cognitive domain(s).
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Introduction

The cerebellum has traditionally been conceptualized in
terms of motor function; however, over the past 35 years,
a shift has taken place in the understanding of the potential
function(s) of the cerebellum, expanding to roles in human
cognition and emotion [1-3]. The cerebellum is connected
to multiple brain regions, and these connections contribute
to it participate in cognitive functions [2, 3]. The cerebel-
lum’s roles in cognition could include cognitive control
and executive functions, attention and working memory,
language and speech, motor learning and skill acquisi-
tion, and emotional regulation [2—4]. The reconsideration
of cerebellum—cognition interrelationships has increased
interest in discovering the mechanisms through which the
cerebellum exerts its influence on cerebral higher-order
functions in many non-hereditary neurodegenerative dis-
orders, including Alzheimer’s disease, Parkinson’s disease,
and multiple sclerosis [5-9].

As a noninvasive neuroimaging technique, volumetric
MRI allows researchers and clinicians to delineate the neu-
rodegeneration alterations of the brain in vivo, and such
data have been used to identify cerebellum—cognition
associations. Studies in common non-hereditary neurode-
generative disorders have investigated the role(s) of the
cerebellum in cognitive decline, and their findings have
to some extent supported the view that cerebellar volume
loss involving the posterior lobe can lead to cerebellar
cognitive impairment [10-12].

Spinocerebellar ataxia type 3 (SCA3) is a common hered-
itary neurodegenerative disease that is caused by mutation of
the ATXN3 gene [13]. SCA3 is neuropathologically defined
by the presence of poly(Q)-expanded ataxin-3 aggregates,
which lead to neurotoxic degeneration of neurons and neural
networks in the cerebellum and brainstem, in basal ganglia,
and in cerebral cortex [14-16]. Cerebellar atrophy is under-
stood as a “core deficit” in SCA3; and this atrophy is thought
to occur during the pre-symptomatic stage of the disease,
when the cerebrum volume is relatively preserved [17]. Cog-
nitive impairment is the main non-motor symptom in SCA3
[18]; and impairments in executive functions, verbal fluency,
visuospatial abilities, and verbal memory have been reported
by studies of SCA3 patients [19]. In addition, expressive
and receptive language challenges may arise in some SCA3
patients [20]. Mood alterations, such as depression and anxi-
ety, have been observed in SCA3 patients [21, 22]. SCA3’s
monogenic genetic background and well-defined pathogenic
mechanism, which predominantly involves cerebellar atro-
phy, make it a valuable context for cerebellum—cognition
investigations.

While several small-sample case—control studies of
SCA3 have reported associations between cognitive

impairments and neuronal damage in cerebral and cerebel-
lar regions [21, 23], it remains unclear which particular
cerebellar lobules may contribute to cognitive impair-
ments, owing largely to the lack of data based on cerebel-
lar segmentation techniques.

In the present cross-sectional study, we evaluated neu-
ropsychological performance in the SCA3 patients, and
applied a patch-based multi-atlas segmentation tool called
CERES (CEREbellum Segmentation) to automatically seg-
ment the cerebellum on T1-weighted MRIs into 26 cerebel-
lar lobules (left and right hemispheres) [24]. The aims of this
study were to assess neuropsychological performance in our
large SCA3 cohort, to investigate differences in clinical and
MRI parameters between the cognitively impaired (CI) and
cognitively preserved (CP) subgroups we defined based on
performance, and to identify associations between volume
loss in specific cerebellar lobules and cognitive impairments
in particular cognitive domains in SCA3.

Materials and methods

Standard protocol approvals, registrations
and patient consent

The study was approved by the Ethics Committee for Medi-
cal Research of the First Affiliated Hospital of Fujian Medi-
cal University ([2019]195). The ClinicalTrials.gov identifier
is NCT04010214 for this study. All participants gave written
informed consent.

Study design and participants

This was a prospective, cross-sectional cohort study to inves-
tigate potential associations between cognitive impairment
and cerebellar volume loss in genetically confirmed SCA3
patients. All participants were recruited consecutively from
the Organization in South-East China for Cerebellar Ataxia
Research (OSCCAR) in the department of neurology of the
First Affiliated Hospital of Fujian Medical University in
China between 1 March 2021 and 31 August 2022. Eligible
126 patients had genetically confirmed SCA3 with cyto-
sine—adenine—guanine (CAG) repeat expansion in alleles of
ATXN3 with numbers ranging from 56 to 87 [14]. Forty-
one sex-, age-, and education level-matched healthy control
individuals (HCs) with normal CAG repeat numbers rang-
ing from 12 to 44 [14] were recruited at the same hospital.
Within our cohort study, each participant was required to
complete a comprehensive case report form concurrent with
their neuropsychological assessment. To ensure the accu-
racy and reliability of the findings, we excluded individuals
with (1) taking drugs that might have effects on cognitive
performance, such as antidepressants and antipsychotics, (2)
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previous or current addiction to substances, including alco-
hol, (3) a history of other neurologic or systemic diseases,
and (4) other causes of structural lesions on MRIs.

Neuropsychological tests

The Chinese versions of the Mini-Mental State Examina-
tion (MMSE) [25] and the Montreal Cognitive Assessment
(MoCA) [26] were used to screen for cognitive impairment,
and total scores were calculated. We used the modified Mini-
mal Assessment of Cognitive Function in Multiple Sclerosis
(MACFIMS) [27, 28] to evaluate five cognitive domains,
comprising tests of verbal memory (with tests of the Cali-
fornia Verbal Learning Test-Second Edition [CVLT-II]),
including short-term storage, consistent long-term retrieval,
and delayed recall (DR); visual memory (the Brief Visuos-
patial Memory Test-Revised [BVMT-R]), including short-
term storage and DR; visuospatial perception (the Judge-
ment of Line Orientation Test [JLO]); executive function
(the Controlled Oral Word Association Test [COWAT]); and
information processing speed (the Symbol Digit Modalities
Test [SDMT] and the Paced Auditory Serial Addition Task
[PASAT], including PASAT-3 seconds and PASAT-2 sec-
onds). The MACFIMS tests cover various cognitive domains
and have been widely applicable, not only for multiple scle-
rosis but also for other neurological diseases [27], and they
acknowledge the potential cognitive function caused by
damage to extracerebellar brain regions. Additionally, the
MACFIMS has been demonstrated to have good reliability
and validity in numerous studies [29]. We also validated
the reliability and the validity of the MACFIMS tests in
our SCA3 population. In recent years, a valuable cognitive
diagnostic tool—cerebellar cognitive affective syndrome
(CCAS) scale—is used to perform neuropsychological
assessment in SCA3 patients [30]. However, some studies
have raised concerns about a high number of false-positive
test results of the CCAS scale [31]. The reliability and the
validity of the CCAS scale remain to be validated in future
studies. The Hamilton Depression Rating Scale (HDRS) [32]
and the Hamilton Anxiety Rating Scale (HARS) [33] were
used to evaluate emotional performance of depression and
anxiety, respectively. To ensure standardization and reliabil-
ity of data, all neuropsychological tests were performed by
one trained team (LLQ, XYC, and CYH); and all partici-
pants were tested in a same manner, during daytime, in a
quiet room, and in a fixed order. A detailed description of the
neuropsychological tests is provided in the supplementary
material.

The above neuropsychological test results were reported
as mean (+ standard deviation, SD). For the modified
MACFIMS, the variables that assessed cognitive impair-
ment included test score of CVLT-II total learning (TL; total
of five learning trials for short-term storage) and/or CVLT-1I
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DR; test score of BVMT-R total learning (TL; total of three
learning trials for short-term storage) and/or BVMT-R DR;
test score of JLO; test score of COWAT; and test score of
SDMT and/or PASAT-3 seconds and/or PASAT-2 seconds.
Impaired function on a single test was defined as -2 SD
below the mean of the respective HCs group [34]. SCA3
patients were defined as CI when scoring was outside the
normal range in two or more of the evaluated five cogni-
tive domains of the modified MACFIMS; otherwise, SCA3
patients were defined as CP [27].

Due to the extensive time required and intricacy of
the process for evaluating all subscales of the modified
MACFIMS tests, 6 SCA3 patients were unable to complete
one or two subscales. The number of SCA3 patients who
successfully completed each subscale of the MACFIMS tests
is outlined in Table S1. The missing data were excluded in
our further analyses.

Clinical assessment

Clinical profiles of all participants were recorded. “Age”
refers to the age at examination for neuropsychological tests
and MRI. “Disease duration” denotes the interval from the
date of the first symptom onset to the date of the exami-
nation for neuropsychological tests and MRI. All partici-
pants’ motor functions were assessed using the Scale for the
Assessment and Rating of Ataxia (SARA) and the Interna-
tional Cooperative Ataxia Rating Scale (ICARS), which are
composite cerebellar ataxia scales [35, 36]. Patients with a
SARA score <3 were defined as pre-symptomatic SCA3;
those with SARA score >3 were defined as symptomatic
SCA3 [37]. In the ICARS scale, four subscales of main
symptomatology were separately described [36, 38]: (1)
postural and gait disturbances; (2) limb ataxia; (3) speech
disorders; and (4) oculomotor disorders, which would be
used to assess the associations between motor function with
the volume of cerebellum.

MRI data acquisition and analysis

Participants underwent 3.0-Tesla brain MRI examinations
(Siemens Skyra scanner) at the time of neuropsychologi-
cal tests. Sagittal anatomical images were acquired using
a 3-dimensional T1-weighted magnetization-prepared
rapid gradient-echo (MP-RAGE) sequence with the fol-
lowing scan parameters: repetition time =2300 ms, echo
time =2.3 ms, inversion time =900 ms, flip angle =8°, field
of view =240 mm X 256 mm, number of slices =192, voxel
size=1x1x1 mm?, total acquisition time=5.2 min. After
completing the MRI scan, all data sets were checked by one
experienced radiologist for quality control, including motion
correction and cutoffs for head movement.
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Structural MRI data analysis was undertaken using Statis-
tical Parametric Mapping software (SPM12, http://www.fl.
ion.ucl.ac.uk/spm) running on MATLAB. The T1-weighted
images were segmented into gray matter (GM), white matter,
and cerebrospinal fluid, and were normalized to standard
space with Diffeomorphic Anatomical Registration using
the Exponentiated Lie algebra. Modulated GM images
were smoothed using an 8§-mm full-width at half-maximum
Gaussian filter for further voxel-wise statistical analyses [39,
40].

The anatomical automatic labeling brain atlas template
was used to quantificationally extract cerebral region vol-
ume of the regions of interest (ROIs) based on automated
MRI brain volumetry system (www. volbrain.upv.es). The
ROIs for cerebral region volume quantization were as fol-
lows: (1) bilateral frontal lobes; (2) bilateral parietal lobes;
(3) bilateral occipital lobes; (4) bilateral temporal lobes; (5)
right middle frontal gyrus; and (6) left caudate. The deci-
sion to analyze the left caudate and right middle frontal
gyrus as ROIs was guided by the results from voxel-wise
statistical analyses. Additionally, cerebellar segmentation
was performed to quantify cerebellar lobule volumes based
on CERES software. A total of 26 cerebellar lobules were
obtained considering left and right hemispheres: white mat-
ter and lobules I-1I, III, IV, V, VI, Crus I, Crus II, VIIb,
Vllla, VIIIb, IX, and X. The pipeline for cerebellum seg-
mentation and normalization was previously described [24].

Statistics

Continuous variables were presented as mean (SDs) or
median (range); categorical data were presented as percent-
age (%). Shapiro-Wilk’s test was used to assess normal-
ity of the variables. Then, nonparametric continuous vari-
ables were compared with the Mann—Whitney U test (for 2
groups); an independent ¢ test was used for continuous vari-
ables with a normal distribution. A X2 test (Fisher’s exact
test when the expected value was <5) was used to compare
categorical variables. The strength of correlations between
variables was assessed with Pearson’s correlation coefficient.
Bonferroni correction was applied to adjust for multiple
comparisons of clinical data.

Voxel-based morphometry (VBM) was first performed
for comparing GM volume between the two subgroups of CI
and CP based on an independent ¢ test, with sex [categori-
cal data], age [continuous variable], and total intracranial
volume (TIV) [continuous variable] as covariates. Results
were considered significant at P < 0.05 after false discovery
rate (FDR) correction at cluster level and cluster size, which
must be greater than 100 voxels. Further, multiple regression
analysis was performed to compare volume of ROIs between

the two subgroups, with sex [categorical data], age [continu-
ous variable], and TIV [continuous variable] as covariates.
Lastly, multivariable-adjusted models (adjusted for age [con-
tinuous variable], sex [categorical data], years of education
[continuous variable], and TIV [continuous variable]) were
performed to assess the associations between brain region
volume and cognitive function/emotional performance/
motor function.

All the statistical analyses were performed using SPSS
(version 25; IBM, USA). The P <0.05 were considered sta-
tistically significant.

Results
Participants

A total of 126 SCA3 patients (with CAG repeats ranging in
number from 58 to 85) and 41 HCs (CAG repeats from 13
to 43) were included in this study. SCA3 patients and HCs
were matched for age, sex, and years of education. Among
the SCA3 patients, 76.2% were symptomatic and 23.8%
were pre-symptomatic. Demographic, clinical, and genetic
characteristics are presented in Table 1.

Cognitive functions

A total of 120 SCA3 patients completed all subscales of
the modified MACFIMS tests, and the modified MACFIMS
tests showed good reliability (Cronbach’s a>0.8; Table S2)
and good validity (Kaiser—Meyer—Olkin Measure of Sam-
pling Adequacy =0.8, Bartlett’s Test of Sphericity P <0.05;
Table S3).

Compared to the HCs, the SCA3 patients had lower
MMSE and MoCA scores and had higher HARS scores;
there were no differences for HDRS values between SCA3
patients and HCs. SCA3 patients showed lower scores in
the respective tests of the modified MACFIMS of JLO
(P<0.05), COWAT (P <0.0001), SDMT (P <0.0001) and/
or PASAT (both P <0.0001), and CVLT-II (note that except-
ing the item score for free recall insert, the P values for item
scores were all <0.05) (Fig. 1A). There was no difference
in BVMT-R scores between SCA3 patients and HCs. Raw
neuropsychological tests scores for single items are shown
in Table S4.

In terms of the five cognitive domains, information pro-
cessing speed was the most common impaired domain,
with 45.9% of SCA3 patients showing decreased PASAT
and/or SDMT scores. The ranked order for impairment in
the other cognitive domains is as follows: 27.8% of patients
had verbal memory impairment showing decreased
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Table 1 Demographic, clinical, and genetic characteristics of partici-
pants in the study

Characteristics Median (range) or n (%) P-value
Healthy Patients with SCA3
control indi-
viduals

Total 41 126

Female sex 17 (41.5) 45 (35.7) 0.508

Age,y 38 (24, 74) 40.5 (15, 65) 0.307

Education, y 12 (9, 16)* 12 (6, 16)° 0.114

0<~<6y 4 (10.0) 20 (16.3)
6<~<9y 11 (27.5) 34 (27.6)
9<~<12y 7(17.5) 35 (28.5)
>12y 18 (45.0) 34 (27.6)
CAG repeat numbers 19 (13, 43) 75 (58, 85)
Phenotype (n of NA 96/30 NA
symptomatic/n of
pre-symptomatic)

Disease duration, y NA 6 (0, 40)° NA

Age at onset, y NA 36 (13, 60)° NA

SARA scores, points NA 8 (0, 27) NA

ICARS scores, points  NA 20.5 (0, 68) NA

Mann-Whitney U test and Pearson x? (or Fisher’s exact test) were
used to compare variables

ICARS =International cooperative ataxia rating scale, NA=not
applicable, SARA =scale for the assessment and rating of ataxia,
SCA3 =spinocerebellar ataxias type 3

=40
bn=123

“The two variables were described among the symptomatic SCA3
patients; n=91

CVLT-II TL and/or CVLT-II DR scores, 13.2% had vis-
ual memory impairment showing decreased BVMT-R TL
and/or BVMT-R DR scores, 11.2% had executive function
impairment showing decreased COWAT scores, and 6.4%
of patients had visuospatial perception impairment show-
ing decreased JLO scores (Fig. 1B).

In general, 30.8% (37 patients) of the 120 fully evalu-
ated SCA3 patients were defined as CI; the other 69.2%
SCA3 patients were defined as CP. Compared to the CP
subgroup, the CI subgroup was older and had later onset,
lower education level, and longer disease duration; the
CI subgroup also had higher SARA and ICARS scores
and had a higher proportion of motor symptom involve-
ment (all P <0.05). Notably, only one of the CI subgroup
patients was defined as pre-symptomatic; the other 36
patients were defined as symptomatic. No differences were
found in sex or the number of CAG repeats between the CI
and CP subgroups (Table 2).

@ Springer

VBM-and ROI-based brain MRI comparisons
between the Cl and CP subgroups

The VBM analysis indicated that the CI subgroup had
lower GM volume in brain regions including the cerebel-
lum, left caudate nucleus, and right middle frontal gyrus
(peak ¢ value =4.39, P <0.05, FDR-corrected at cluster
level). The cerebellar lobules with decreased volume in
the CI subgroup included bilateral lobule VI, right lobule
Crus I, right lobule IV_V, and right lobule III (Fig. 2A
and Fig. S1).

Volume quantification bases on ROI measurement
indicated that the CI subgroup had lower volumes in the
left caudate nucleus (P=0.010), in the whole cerebel-
lum (P =0.004), and in several segmented cerebellar lob-
ules, including bilateral lobule VI (P =0.004 for left and
P =0.005 for right), right lobule crus I (P =0.040), right
lobule IIT (P =0.009), and right lobule IV (P=0.007). No
other differences were detected in the ROI-based analysis
(Table S5 and Table S6).

Associations between cerebellar volume(s)
and cognitive function, emotional performance
and motor function

We further examined potential associations between cerebellar
volume(s) loss of CI subgroup and cognitive function, emo-
tional performance, and motor function using multivariable-
adjusted models with age, sex, years of education, and TIV
as covariates. For SCA3 patients, a lower left lobule VI vol-
ume was associated with lower test scores including CVLT-
II' TL (r=0.52, P<0.01), JLO (r=0.44, P<0.05), COWAT
(r=0.44, P<0.05), and PASAT-2 s (r=0.38, P<0.05). A
lower right lobule VI volume was associated with lower test
scores including CVLT-II TL (r=0.44, P <0.05) and COWAT
(r=0.39, P<0.05). A lower right lobule Crus I volume was
associated with lower test scores including COWAT (r=0.44,
P <0.05) and PASAT-2 seconds (r=0.45, P<0.05). A lower
right lobule IV volume was associated with a lower JLO score
(r=0.42, P<0.05). No associations were detected between
cerebellar volumes and emotional performance. Regarding
motor function, the SCA3 patient right lobule IV volume was
negatively correlated with two subscales of the ICARS test:
postural and gait disturbances (r=— 0.21, P <0.05) and limb
ataxia (r=-0.21, P<0.05) (Fig. 2B).

Associations between cerebral volume(s)
and cognitive function

Multivariable-adjusted models were then performed to
examine the associations between cerebral volume(s) and
cognitive functions. For SCA3 patients, lower cerebral left
caudate nuclear volumes were associated with lower scores
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Fig. 1 Modified Minimal Assessment of Cognitive Function in Mul-
tiple Sclerosis (MACFIMS) tests in SCA3 patients. A Test scores
of CVLT-II TL (total of five learning trials for short-term storage),
CVLT-II DR, BVMT-R TL (total of three learning trials for short-
term storage), BVMT-R DR, JLO, COWAT, SDMT, PASAT-3 sec-
onds, and PASAT-2 seconds in SCA3 patients (n=126, red bar) and
healthy control individuals (n=41, green bar). Bars present the mean
value+SD. The modified MACFIMS test scores were compared
by independent sample ¢ test. ¥P <0.05; ** P<0.01; ***P<0.001;
###%P <0.0001. B Frequency of impairments (red histogram) in the
five cognitive domains of information processing speed, verbal mem-

including COWAT (r=0.22, P <0.05) and SDMT (r=10.30,
P <0.01), while lower cerebral left parietal and right fron-
tal lobe volumes were associated with lower SDMT scores
(r=0.24, P<0.05; and r=0.20, P <0.05) (Fig. S2).

Discussion

The most frequently impaired cognitive domain detected for
the SCA3 patients of our cohort was information process-
ing speed, followed by verbal memory, executive function,
and visuospatial perception. SCA3 patients defined as cog-
nitively impaired (CI) had longer disease duration, a lower
level of education, and more severe motor function impair-
ment compared to those defined as cognitively preserved

mm Cognitively preserved
Bl Cognitively impaired

Executive Visuospatial
funtion

perception

ory, visual memory, executive function, and visuospatial perception
in SCA3 patients. Green histogram represents preservation in these
five cognitive domains. BVMT-R DR=Brief visuospatial memory
test-revised, delay recall; BVMT-R TL=brief visuospatial memory
test-revised, total learning; COWAT=controlled oral word associa-
tion test; CVLT-II DR=California verbal learning test-second edi-
tion, delay recall; CVLT-II TL=California verbal learning test-sec-
ond edition, total learning; JLO=judgment line orientation; PASAT
2 s=paced auditory serial addition task-2 s; PASAT 3 s=paced audi-
tory serial addition task-3 seconds; SCA3=spinocerebellar ataxia
type 3; SDMT=symbol digit modalities test

(CP). Our MRI data enabled VBM and ROI analyses, which
revealed that volume loss in segmented cerebellar lobules
(bilateral lobule VI, right lobule Crus I, and right lobule
IV, and especially left lobule VI) contributed to cognitive
impairments in SCA3.

Previous studies have examined executive functions,
verbal fluency, visuospatial abilities, and verbal memory
impairments in the SCA3 patients. One study of 38 SCA3
patients reported impairments in visuospatial abilities, atten-
tion, and processing speed, as well as executive dysfunction
[41]; a study examining 32 SCA3 patients reported impair-
ments in working memory, language, and executive func-
tion [21]; and a study examining 8 SCA3 patients reported
executive function and verbal memory impairments [42].
Additionally, one study (rn=22) reported that the SCA3
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Table 2 Demographic and clinical characteristics between cogni-
tively impaired and cognitively preserved subgroups

Characteristics Median (range) P-value
Patients with Patients with
cognitively cognitively
impaired preserved
Total n 37 83 NA
Female sex, n (%) 13 (35.1) 31(37.3) 0.816
Age,y 49 (31, 65) 35 (15, 59) <0.0001
Education, y 9 (6, 16)* 12 (6, 16)° 0.0003
CAG repeat num- 74 (58, 84) 75 (60, 85) 0.088
bers
Phenotype (n of 36/1 54/29 <0.0001
symptomatic/n of
pre-symptomatic)
Disease duration,y 9 (1, 40)° 5 (0, 22)¢ 0.002
Age at onset, y 40 (18, 60)° 33 (13, 56)¢ 0.007
SARA scores, 11 (0, 24.5) 5.5(0,27) <0.0001
points
ICARS scores, 30 (0, 65) 17 (0, 68) <0.0001
points

Mann—Whitney U test and Pearson X2 were used to compare vari-
ables

ICARS =International cooperative ataxia rating scale, NA=not
applicable, SARA=scale for the assessment and rating of ataxia,
SCA3 =spinocerebellar ataxias type 3

n=36
bn=81
‘n=35
dn=54

patients had impairments in executive function, visuospa-
tial perception, immediate/delayed recall verbal memory and
attention [38]. We here evaluated five cognitive domains
(including verbal memory, visual memory, visuospatial
perception, executive function, and information processing
speed) in our SCA3 patients by the modified MACFIMS,
detecting impairments in information processing speed, ver-
bal memory, executive function, and visuospatial perception.
While differences exist in the neuropsychological assess-
ment methodologies employed in previous and this stud-
ies, all of them indicate that SCA3 patients generally have
impaired information processing speed, executive function,
verbal memory, and visuospatial perception. Recently, the
use of the CCAS scale has been a growing emphasis in cer-
ebellar patients, which potentially provides a more refined
and targeted assessment [30, 43]. While the effectiveness
of the CCAS scale in its present form remains to be inves-
tigated in cerebro-cerebellar diseases, as well as a broader
set of neurology and psychiatry disorders, the emergence of
CCAS scale poses valuable avenues for future researches.
Previous meta-analysis of neuroimaging studies
reported that lesions to different cerebellar structures/
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regions affect distinct neurological functions: the anterior
lobe (lobules I-IV) and the lobule VIII are engaged during
overt movements, whereas posterior and lateral cerebellar
regions (lobules VI, VII, Crus I, and Crus II) are active
during cognitive tasks [44, 45]. Few studies have employed
volumetric neuroimaging to assess cerebellum—motor
function associations or cerebellum—cognition associations
in SCA3 patients [21, 46]. One study (n=32) reported that
the right cerebellar tonsil was associated with abstract rea-
soning ability (with decreased scores in Raven’s progres-
sive matrices) [21]; and a study including 5 SCA3 patients
reported impaired adaptive motor learning was associated
with lower volumes in the right cerebellar lobule VI and
left cerebellar Crus I [46]. We used VBM- and ROI-based
approaches to evaluate cerebellar lobule volume loss in the
CI subgroup, and found that lower volumes in the bilateral
lobules VI, right lobule Crus I, and right lobule IV were
associated with cognitive impairments.

Beyond SCA3, the associations observed between cerebel-
lum and cognition are common in other cerebellar diseases.
Previous studies examining SCA?2 patients reported that cer-
ebellar volume loss in lobules VI and Crus I correlated with
visuospatial, verbal memory and executive function [47, 48].
In patients with Friedreich’s ataxia (n=22), structural and
functional MRI data showed that the cerebellum lobules VI
and Crus I were associated with verbal fluency (executive
functioning) [49]. Additionally, studies of other neurodegen-
erative diseases have demonstrated cerebellar atrophy as a
risk factor for disease progression and implicated cerebellar
atrophy in cognitive dysfunction [11, 12, 50]. A study examin-
ing 53 patients with Alzheimer’s disease reported that atrophy
degree in cerebellar lobules VI and Crus I was positively cor-
related with praxis ability (with decreased scores for copying
drawings) [51]. Similarly, studies of multiple sclerosis patients
reported that atrophy degree in cerebellar lobules VI, left Crus
I, and right VII was associated with information processing
speed impairment [52, 53]. In Parkinson’s disease, atrophy
degree in cerebellar lobules of bilateral lobules Crus I and
left VI was associated with executive function impairment
[54]. In familial frontotemporal dementia, cerebellar atrophy
was observed in lobules VI and Crus I bilaterally, which were
associated with impaired cognitive domains including atten-
tion, language, and executive function [55]. Notably, these
studies and ours all implicate cerebellar lobules VI and Crus
I in cognitive dysfunction in neurodegenerative diseases.
Recent intervention studies have utilized both repetitive tran-
scranial magnetic stimulation (fTMS) and transcranial direct
current stimulation (tDCS) to address neurodegenerative
diseases, reporting improvements in cognitive function [6,
56-58]. Of particular interest is the observation that mod-
eling studies investigating cerebellar tDCS indicate the high-
est electric field strengths are centered in Crus I/II, a region
associated with cognitive function [59, 60]. These intriguing
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Fig.2 Cerebellar volume(s) loss in SCA3 patients with cognitively
impaired (CI subgroup) and correlation with impairments of cogni-
tive function/emotional performance/motor function. A Voxel-based
morphometry analysis of gray matter volume among the segmented
cerebellar lobules of CI subgroup compared with CP subgroup.
Results were displayed on a standard cerebellar template; P <0.05,
the false discovery rate corrected at the cluster level. Color bar rep-
resents ¢ values. B Pearson’s correlation analysis between cerebellar
lobule volumes and test scores of cognitive functions (based on the
modified MACFIMS tests), emotional performance (based on the
HDRS and HARS), and motor function (based on ICARS), Results
were presented with the adjusted r value. Correlations with statis-
tical significance were emphasized with black frames (P<0.05)

findings suggest that using rTMS and tDCS to target cere-
bellar lobules VI and Crus I could confer benefit for SCA3
patients, and should potentially be explored in clinical trials.

and green frames (P<0.01). CERE=cerebellum; CI=cognitively
impaired; COWAT = controlled oral word association test; CP=cog-
nitively preserved; CVLT-II DR=California verbal learning test-
second edition, delay recall; CVLT-1I TL=California verbal learning
test-second edition, total learning; HARS=Hamilton anxiety rating
scale; HDRS=Hamilton depression rating scale; ICARS=interna-
tional cooperative ataxia rating scale; JLO=judgment line orienta-
tion; L=left; MACFIMS=minimal assessment of cognitive func-
tion in multiple sclerosis; PASAT 2 s=paced auditory serial addition
task-2 seconds; PASAT 3 s=paced auditory serial addition task-3 sec-
onds; R=right; SCA3=spinocerebellar ataxia type 3; SDMT=sym-
bol digit modalities test

Still, it is worth noting that cerebellar atrophy leading to
cognitive impairment is not applicable to all cerebellar dis-
orders. For instance, patients with SCA6, where volume loss
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in lobule VI was identified [61], are often absent of cognitive
decline in attention, and executive function [62]. A study
utilizing the CCAS scale to assess 30 SCA3 and 14 SCA6
patients reported significant abnormalities in SCA3 but not
in SCAG6 [31] given that the brain is highly interconnected
networks and remarkable capacity for neuroplasticity [63].
For SCA3 and other hereditary ataxias, factors such as the
specific genetic mutation, and interactions with brain regions
play a complex role in determining the cognitive function.

While cerebellar lobule IV’s primary connections were
with motor regions reported in previous studies [3], we
found the association between volume loss in lobule IV and
visuospatial perception. A recent study (n=15) reported
that lobule IV volume was associated with social cognitive
ability in children with autism spectrum disorder [64, 65].
Another study examining 80 probable multiple system atro-
phy patients reported that the amplitude of low-frequency
fluctuation in cerebellar lobule IV was associated with cog-
nitive impairment [66]. These findings indicated that even
though lobule IV is primarily connected to motor regions,
volume loss in this region could have effects on cognitive
functions.

SCA3 is considered as a complex cerebro-cerebellar
disease, and pathological ataxin-3 aggregates involved not
only the cerebellum but also extracerebellar brain regions,
such as the basal ganglia and cerebral cortex [14]. In our
study, we used VBM- and ROI-based approaches to assess
volume loss in extracerebellar brain regions, and found that
lower volumes in left caudate nuclear, left parietal, and right
frontal lobe were associated with cognitive impairments
among SCA3 patients. Previous studies indicate that execu-
tive dysfunction can be attributed to the disruption of neural
pathways connecting the cerebellum and the striatum to the
frontal lobes, especially in Parkinson’s disease and essential
tremor [2, 65]. Moreover, growing evidence has suggested
that striato-cortical connections contribute to cognition [67,
68]. These collective findings indicate that cognitive func-
tion involves complex interactions across different brain net-
works in the neurodegenerative diseases, including SCA3.

Several limitations bear consideration. Our findings
were based on cross-sectional data, which do not allow
an accurate estimation of the time-dependent association
and evolution between cognitive function and cerebellar
volume. Additionally, although we found that the modi-
fied MACFIMS had good reliability and validity for our
SCA3 cohort, more studies will likely be needed to assess
its applicability for monitoring cognitive domains in SCA3
patients. Finally, as our study was based on neuroimag-
ing of structural MRI, it would be ideal if future inves-
tigations can seek confirmation based on postmortem
histopathology.

In conclusion, to the best of our knowledge, this is
the first cohort study to investigate associations between
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cognitive impairments and volume loss of responsible cer-
ebellar lobules in SCA3 patients. Our results reveal the fea-
tures of cognitive domains impairments in SCA3 patients.
Together with the findings of previous studies, we suggest
that the volumes of cerebellar lobules, especially lobules VI,
could serve as a noninvasive, potentially prognostic marker
to reflect cognitive function.
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