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Background: Spinocerebellar ataxia type 3 (SCA3) is a
rare, inherited neurodegenerative disease characterized
by progressive loss of motor coordination.
Objectives: We undertook a multisite magnetic reso-
nance imaging study to profile the spatial spread of atro-
phy across the brain, determine whether atrophy
preferentially maps onto specific functional networks,
and investigate the relationship between cerebellar and
cerebral atrophy.
Methods: Whole-brain grey and white matter (GM and
WM) voxel-based morphometry was performed on
408 individuals with SCA3 (82 pre-ataxic) and

293 controls. The SCA3 cohort was stratified by ataxia
severity to study progression. Cerebellar GM atrophy
was mapped onto a task-based functional atlas. Cere-
brocerebellar volumetric covariance was assessed to
determine whether cerebral and cerebellar atrophy were
coupled.
Results: The atrophy pattern is spatially consistent but
progressive in magnitude across the disease course. The
greatest atrophy (Cohen’s d > 1.5) occurred in the pons,
cerebellar WM, and cerebellar peduncles; correlations
with ataxia severity and duration were also strongest
(�0.4 > r > �0.65) in those regions. Cerebellar GM
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atrophy was greatest (d ffi 0.7) in functional regions asso-
ciated with motor planning/execution, attention, and
emotional processing. Sparse cerebral cortical atrophy
appears only in the most severe disease subgroup, while
striatal atrophy begins in the earliest stages but does not
worsen with increasing clinical severity. Reduced cere-
brocerebellar volumetric covariance is observed in SCA3
participants versus controls.
Conclusions: Cerebellar and brainstem atrophy underlies
greater ataxia severity in SCA3, but the spatial pattern of
structural changes remains relatively consistent across
the course of the disease. Cerebellar GM atrophy is

spatially non-uniform, and occurs maximally in regions
consistent with the motor and cognitive clinical presenta-
tion of SCA3. Cerebellar atrophy is not mirrored by
corresponding cerebral structural changes. © 2026 The
Author(s). Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and
Movement Disorder Society.

Key Words: Cerebrocerebellar connectivity; Functional
brain networks; Neurodegeneration; Spinocerebellar
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Spinocerebellar ataxia type 3 (SCA3) is a neurode-
generative disease caused by a CAG triplet repeat
expansion in the ATXN3 gene,1 resulting in misfolding
and aggregation of the ataxin-3 protein.2 This in turn
results in neuronal cell death and/or demyelination in
the spinal cord, cerebellum, brainstem, striatum, and
thalamus, as well as in the tracts that link these struc-
tures.1-3 SCA3 is defined by progressive cerebellar
ataxia, and variable expression of neurological symp-
toms including peripheral neuropathy, bradykinesia,
tremor, Parkinsonism, oculomotor impairment, and
dysphagia.1,4,5

Non-invasive imaging techniques such as magnetic
resonance imaging (MRI) have been crucial to

describing the neuroanatomical changes underlying
SCA3 and their relationship with clinical disease
severity. A growing body of MRI research has
examined the progression of SCA3 both longitudi-
nally6-11 and cross-sectionally.9,12-15 This research
indicates that regional atrophy is progressive in both
spatial extent and severity, including an evolving
pattern of infratentorial-to-cerebral atrophy13 and
distinct time courses of volume loss in cerebellar,
brainstem, and striatal structures.12 The extent of
atrophy in key brain regions is correlated with
motor impairment severity,11,12,14,16 and symptoms
consistent with cerebellar cognitive affective syn-
drome (CCAS).14,17-19
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Understanding the development of SCA3 in both time
and space is critical for predicting clinical variability
and progression, selecting imaging biomarkers for clini-
cal translation, and targeting treatments. While many
studies have undertaken these tasks by examining large
anatomical regions of interest (ROIs),11,12,15,20,21

voxel-based approaches can provide greater spatial
specificity in the atrophy patterns underlying disease
expression and progression.22-25

This study expands on the existing knowledge base
using MRI data from a large, retrospective, multisite
cohort of individuals with SCA3 spanning a broad
spectrum of disease severity, including pre-ataxic indi-
viduals. Using voxel-based morphometry (VBM), we
first established a profile of whole-brain atrophy in par-
ticipants with SCA3 at different stages of ataxia sever-
ity. We then examined how the SCA3 atrophy pattern
maps onto a functionally derived parcellation of the
cerebellum.26 Finally, we evaluated the relationship
between cerebellar and cerebral atrophy using
corticocerebellar covariance analysis to determine
whether there is direct correspondence between volume
loss in the cerebrum and cerebellum.

Methods
Participants and Data

This study used a retrospective, cross-sectional design
with data aggregated through the ENIGMA-Ataxia
working group. All procedures were approved by both
the Monash University Human Research and Ethics
Committee and the Dalhousie University Research
Ethics Board. Structural MRI, demographics, and clini-
cal data were collected from participants with SCA3
(n = 408) and healthy controls (CONT; n = 293) from
11 sites (Aachen, Germany; Baltimore, USA; Campinas,
Brazil; Chongqing, China; Curitiba, Brazil; Essen/Halle,
Germany; Florida, USA; Mexico City, Mexico; Nijme-
gen, The Netherlands; Paris, France; and Tübingen,
Germany) and three collaborating consortia (ESMI,
EUROSCA, and READISCA) in accordance with their
respective ethics and governance bodies. All data were
anonymized and given new subject identifiers prior to
aggregation.
Participants with SCA3 were included based on:

(1) at least 52 CAG repeats in ATXN3,1 including indi-
viduals with and without manifest ataxia and/or
(2) genetically confirmed family history of SCA3 with
clinical manifestation of disease-consistent ataxia.
Ataxia duration was recorded as the time since the
patient first recognized their ataxia symptoms. Ataxia
severity was quantified using the Scale for Assessment
and Rating of Ataxia (SARA).27 Subjects were excluded
on the basis of (1) missing demographic data, (2) poor

image quality, or (3) sites without age-matched healthy
controls (Supplementary Methods;Fig. S1).
A whole-brain, 3D T1-weighted structural MRI

image was collected for each subject. Imaging protocols
varied by site but were consistent between SCA3 and
CONT cohorts at each site (Table S1).

Image Processing
All T1-weighted images were preprocessed as previ-

ously described28 using specialized software for analyz-
ing the cerebellum and cerebrum.29 First, a cerebellar
mask was derived for each image using the SUIT or
ACAPULCO30 algorithms (v0.2.1). The automated
masks were visually inspected, with minor segmenta-
tion errors corrected manually and major errors
resulting in exclusion. Next, cerebellar grey matter
(GM) was extracted using the Spatially Unbiased
Infratentorial Toolbox (SUIT)31 v3.2 for SPM1232

v7771 for MATLAB and DARTEL normalized and
resliced into SUIT space; Jacobian modulation was used
to ensure that the value assigned to each voxel
remained proportional to its original volume. The
resulting cerebellar GM images were inspected for nor-
malization errors, and the spatial covariance of these
images was calculated and compared across the entire
cohort: outliers were visually inspected to determine if
rejection was necessary due to processing errors.
Finally, the resulting images were spatially smoothed
using a Gaussian kernel at a full width at half-
maximum (FWHM) of 3 mm.
Because SUIT is optimized for cerebral GM, whole-

brain WM and cerebral GM were calculated using the
Computational Anatomy Toolbox (CAT12, v12.5)33

for SPM12. The raw images were bias-field corrected,
skull-stripped, then segmented into GM, WM, and
cerebrospinal fluid (CSF) partial volumes, from which
intracranial volume (ICV) could be calculated. These
images were DARTEL registered into Montreal Neuro-
logical Institute (MNI) space with Jacobian modulation
to maintain volume encoding. The GM image was
masked to remove the cerebellum to prevent spatial
smoothing of effects between the cerebellum and cere-
brum. Finally, both the GM and WM images were
smoothed with a 5 mm FWHM Gaussian kernel.

Statistical Analysis
Demographic and clinical analyses were undertaken

using R v4.3.3. The distribution of ages in each group
was checked for normality using the Shapiro–Wilk test; if
at least one group was not normally distributed, the
Wilcoxon rank-sum test was used to determine if
groupwise differences were significant. Sex was compared
between groups using Fisher’s exact test.
All image-based statistical analyses were performed

using SPM12 in MATLAB. In all cases, heteroscedasticity
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was assumed, with final voxel-level inferences estimated
with family-wise error (FWE) corrections at the α = 0.05
level, using random field theory to account for the large
number of multiple comparisons.34 Only significant clus-
ters with k ≥ 100 voxels were reported, ensuring robust
but conservative inference. Statistical maps showing sig-
nificant results were then converted to Cohen’s
d (groupwise analyses) or Pearson’s r (correlation ana-
lyses) to describe effect sizes.35,36

Between-Group Analysis for Disease Effects

Groupwise comparisons between SCA3 and CONT
participants were performed using a general linear
model (GLM) with factors of Group (2 levels) and Site
(11 levels), and covariates ICV and Age. Of these, only
Group is a comparison of interest; the remainder are
included as nuisance variables. Sex (2 levels) was ini-
tially also included as a factor for consideration; how-
ever, the effect of its inclusion was negligible (Fig. S2)
so it was omitted from the final model.
For interpretative purposes, the voxel-based results

were mapped to several anatomical atlases: the
Harvard-Oxford cortical and subcortical GM atlases
and the Johns Hopkins University cortical WM atlas,
as included with FSL37; the SUIT cerebellar grey matter
and dentate nucleus atlases38,39; the van Baarsen cere-
bellar WM atlas40; and the FreeSurfer brainstem
atlas.41 Significant results in the cerebellar GM were
additionally mapped onto a multidomain task-based
(MDTB) parcellation developed by King et al.26 to
determine correspondence between atrophy and func-
tional regions of the cerebellum.

Clinical Correlations for SCA3 Participants

The spatially-smoothed SCA3 cohort images were
adjusted for the effects of healthy aging42 and site-
specific confounds43 using previously published meth-
odology.44 Briefly, control subject images were linearly
regressed against age, and the slope coefficient of that
relationship was used to adjust ataxic subject images to
account for healthy aging effects. Site effects were elimi-
nated by subtracting the mean of each site’s CONT
images from the mean of all CONT images to calculate
site-specific volume offset maps, then adjusting each
subject image by their site’s offset map.
These corrected images were then correlated with

ataxia intensity (ie, SARA) and duration, with ICV
included as a nuisance covariate. For the pre-ataxic
cohort, estimated time to onset was calculated using the
methodology of Tezenas du Montcel et al.45 and
included as a negative duration value.

Disease Staging

Cross-sectional analyses were performed on subsets of
the SCA3 participant data to visualise disease evolution.

The data were subdivided into five groups – pre-ataxic
(SARA < 3)46 and four quartiles of ataxic individuals (sepa-
ration values: SARA = 8, 11, and 16) – which were then
compared with the full CONT cohort using a GLM with
ICV as a nuisance covariate. To minimize potential site
effects, these analyses were undertaken using the same age-
and site-corrected images previously generated for the cor-
relations. Separately, subjects were stratified into high- and
low-CAG repeat length groups, and high- and low-ataxia
duration groups using the median of each measure (CAG
length: 70 repeats; ataxia duration: 9 years) to create a sec-
ond set of comparisons using the same data.

Cerebrocerebellar Covariance

To better understand the relationship between cere-
bellar and cerebral disease effects, we undertook a
cerebrocerebellar covariance analysis, using the follow-
ing linear model:

Cerebrum�Cerebellum þ Group
þ ðCerebellum�GroupÞþ ICV

where Cerebrum and Cerebellum represent the respec-
tive volumes in those regions of the brain, Group is a
binary variable representing CONT (0) or SCA3 (1),
and ICV is intracranial volume as a covariate. This
model was run separately for GM volume, WM vol-
ume, and the two summed together. For this analysis,
SUIT-derived cerebellar WM was processed using the
same procedure as the cerebellar GM and used in lieu
of the CAT12-derived whole-brain WM, while the
CAT12-derived WM was cropped to the cerebrum.
As this analysis was intended to examine the extent to

which cerebellar and cerebral atrophy are linked, the Cere-
bellum-by-Group interaction was the regressor of interest:
stronger correlations in the SCA3 cohort versus CONT
would imply that atrophy in the cerebellum and cerebrum
are linked, while a weaker correlation in SCA3 versus
CONTwould imply that the two are relatively independent.

Results

Demographic and clinical data from the final dataset
are summarized in Table 1. The SCA3 and CONT
cohorts were age- and sex-matched within each site, and
in aggregate showed no significant differences in either
sex (χ2 = 0.921; P = 0.383) or age (Wilcoxon
W = 47360.5, P = 0.792).

Volumetric Differences Between SCA3
Participants and Healthy Controls

The GLM comparing SCA3 and CONT participants
found numerous areas of significant (PFWE < 0.05) atro-
phy. Those with the greatest effect sizes were observed in
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the WM of the brainstem and cerebellum (d < 1.5;
Fig. 1A), including the medial lemniscus, dentate region,
pons, pontine crossing tract, corticospinal tract, and the
cerebellar peduncles. Significant but less pronounced atro-
phy (0.4 < d < 1.5) was observed in the midbrain,
medulla, and internal capsule. In the cerebellar GM, atro-
phy at a medium to large effect size was evident in all
regions (d < 1.0; Fig. 1B), most notably in bilateral Lobule
I-IV, Lobule VI, Lobule IX, and Vermis VIIb and IX. In
the cerebral GM (Fig. 1C), only the bilateral caudate
nuclei and dorsal-anterior putamen were significantly
atrophied in SCA3 participants compared with controls.

Analysis of the full dataset, including data from sites
with small cohort sizes or no matched healthy
controls, replicated these results in addition to focal addi-
tional areas of significant cerebral GM atrophy (Fig. S3).

Network Representation of Between-Group
Differences

The cerebellar GM results were additionally mapped
onto the MDTB functional regions (Fig. 1B). The
highest atrophy was observed in MDTB Regions 5–7
(d ffi 0.7), which are associated with attention,

FIG. 1. Volume is greater in controls than spinocerebellar ataxia type 3 (SCA3) participants in (A) white matter, (B) cerebellar grey matter, and
(C) cerebral grey matter. Right: Forest plots of significantly affected regions. Panel (B) includes functional map from King et al.26 with corresponding
effect sizes. MDTB, multidomain task-based. [Color figure can be viewed at wileyonlinelibrary.com]
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executive function, and language/emotional processing.
The next tier of atrophy (d ffi 0.6) was observed in
MDTB Regions 1, 2, 8, and 9; the former two represent
motor planning and execution while the latter two rep-
resent verbal processing. The weakest atrophy (d < 0.5)
was observed in regions 3, 4, and 10, which represent a
variety of predominantly non-motor skills.

Clinical Correlations in SCA3 Participants
Voxelwise correlations were performed to illustrate

how atrophy relates to ataxia duration and ataxia
severity as measured by the SARA (Fig. 2, top panel).
The significant (PFWE < 0.05) correlations with both
metrics followed similar trends: large negative correla-
tions with volume (�0.4 > r > �0.65) were found in the
cerebellar and brainstem WM, while more moderate
negative correlations (�0.25 > r > �0.4) were observed
through much of the cerebellar GM. Correlations with
ataxia duration were plotted for a subset of representa-
tive regions (Fig. 2, bottom panel): volumes were z-nor-
malized with respect to the CONT cohort as previously
described.12 Consistent with the voxelwise findings, the
WM and cerebellar GM regions showed moderate to
strong correlations, while the bilateral caudate – which
had the strongest atrophy observed in the cerebral
GM – did not (Fig. 2, bottom panel). No significant
correlations were observed between SARA and cerebral
GM volume.
Correlations in the full dataset, without age and site

correction, indicated the presence of significant correla-
tions in regions of the cerebral GM (Fig. S4); however,
assessing reassessing the main dataset without correc-
tion for age and site produced near-identical results,
suggesting that these new findings were superfluous;
further commentary appears with Figure S5.

Disease Severity Stratification
To characterize the evolution of significant atrophy

versus controls (PFWE < 0.05) over the course of SCA3,
the disease cohort was stratified by SARA score
(Fig. 3). Broadly speaking, tissue atrophy becomes more
severe as ataxia severity increases, particularly in the
brainstem and cerebellum, consistent with the correla-
tion analyses. In cerebellar WM, the spatial extent of
the atrophy does not change appreciably across the dis-
ease course; however, the severity of the atrophy
increases markedly with disease progression. In cerebel-
lar GM, pre-ataxic subjects show limited but significant
atrophy, predominantly in the anterior regions, which
spreads to the rest of the cerebellum and intensifies in
the later stages. When mapped onto the MDTB atlas,
the pattern of effect sizes within each stage mirrored
that of the full groupwise comparison, indicating that
the pattern of atrophy is relatively stable across the dis-
ease course (Fig. S6). In the cerebral GM, significant

atrophy is evident in the striatum at all disease stages,
with no evidence of spreading or intensification across
stages; this lack of consistent or progressive involve-
ment of cerebral GM matches the full groupwise and
clinical correlation results.
We also observed an unusual significant result in the

right frontal-orbital cortex in pre-ataxic subjects, which
subsequently disappears in the ataxic subjects. This
finding also appears in the groupwise analysis of the
initial dataset (Fig. S3) but nowhere else. To further
explore and validate this observation, we present
the stratified data at subsignificance thresholds in
Figure S7.
Finally, the results of the CAG repeat length and

ataxia duration stratifications are presented in
Figure S8, which shows small differences in the spatial
extent of significant atrophy versus controls
(PFWE < 0.05) between the four groups. The greatest
atrophic effect size occurs in the cerebellum in the high-
CAG, high-duration group.

Cerebrocerebellar Covariance
The linear models representing cerebrocerebellar

covariance in GM, WM, and total volume all produced
significant fits, with significant main effects of both
Group and Cerebellum, as well as Cerebellum � Group
interactions. The model thus indicates significant rela-
tionships between cerebral and cerebellar volume
throughout, but differing magnitudes of these relation-
ships in the CONT and SCA3 groups. This is illustrated
in plots of the model fit (Fig. 4), which show diverging
linear fits for CONT and SCA3 in all three tissue types,
with the linear fit for SCA3 shallower than that of
CONT in all cases, indicating reduced cerebro-cerebel-
lar covariance. Detailed model statistics are provided in
Table S2.

Discussion

In this multisite MRI study of participants with SCA3
and matched controls, we observed the greatest atrophy
in the cerebellar WM and brainstem, with more moder-
ate atrophy occurring across the entirety of the cerebel-
lar GM and parts of the basal ganglia. The overall
spatial pattern of atrophy in the cerebellar cortex and
brainstem remained consistent with disease progression,
although correlations with measures of ataxia severity
were strongest in the pons and cerebellar
WM. Mapping the cerebellar GM results onto a func-
tional atlas showed that the strongest effects occurred
in areas related to motor control, cognitive processing,
and emotional regulation. Cerebrocerebellar covariance
analysis found reduced covariance in SCA3 participants
relative to controls, suggesting that cerebellar atrophy
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does not occur in parallel with downstream cerebral
anatomical changes.

Core Atrophic Signature of SCA3
Brainstem and cerebellar WM atrophy was the pre-

dominant characteristic of SCA3 observed here. This
finding is consistent with established literature indicat-
ing that WM degradation is a common, early, and pro-
gressive manifestation of SCA3, occurring prior to the

first onset of motor symptoms.5,12,13 Robust correla-
tions with disease duration and ataxia severity observed
in this study are also in line with the established body
of longitudinal and cross-sectional studies indicating
that atrophy in these core regions worsens as SCA3
progresses.6,7,9-16,20,21,47,48 Recent studies of cellular
mechanisms in murine models have found that oligo-
dendrocyte dysfunction precedes the first loss of motor
function, implying that demyelination is a key element

FIG. 2. Correlation analysis results. Top: Voxel maps of significant correlations with ataxia duration and severity. Bottom: Correlations between z-nor-
malized regional volume and ataxia duration, with region locations highlighted in the lower left corner. SARA, Scale for the Assessment and Rating of
Ataxia score. [Color figure can be viewed at wileyonlinelibrary.com]
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of early WM atrophy in SCA3 and other similar neuro-
degenerative disorders,2,49 though this has yet to be
demonstrated in humans.
More modest GM atrophy effects were observed

across the whole cerebellar cortex, as well as the bilat-
eral caudate and bilateral putamen nuclei, consistent
with previous reports.6,7,12-14,50 Here we show that the
anterior lobe and superior aspects of the posterior lobe
(Lobules I–VI) are impacted first in pre-ataxic

individuals, followed by Lobule IX and the remainder
of the superior posterior lobe (Lobule VII), then finally
Lobules VIIIa/b and X. The relative magnitude of atro-
phy in each region follows the same pattern across all
disease stages. Correlations with disease severity and
duration were evident across the cerebellar cortex, par-
ticularly in areas neighbouring WM, suggesting the
potential for partial volume effects to be driving some
of this anatomical variability.

FIG. 3. Voxel maps of significant effects when comparing each ataxia severity stratum to controls. SARA, Scale for the Assessment and Rating of
Ataxia score. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 4. Fitted linear models with 95% confidence intervals showing uncoupled cerebral and cerebellar atrophy in grey matter (GM) (left), white matter
(WM) (middle), and total brain volume (right). [Color figure can be viewed at wileyonlinelibrary.com]
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Functional Mapping in the Cerebellum
Mapping the cerebellar GM atrophy onto a task-

based functional map26 showed varying magnitudes of
atrophy across different functional regions of the cere-
bellar cortex. Although all regions were impacted, a
pattern emerged whereby atrophy was greater in func-
tional regions associated with motor planning/execu-
tion, attention, and emotional processing, versus
regions associated with working memory, sematic/
episodic memory, action observation, and saccades.
This observation is concordant with the known clinical
features of SCA3, including both motor ataxia and a
high prevalence of CCAS,18,19 which is defined by
abnormalities in executive function, language
processing, visuospatial cognition, and affective
regulation.17

Inconsistent Evidence of Cerebral and
Subcortical Involvement

While the core regions of SCA3 atrophy are consis-
tent across studies, there is less agreement about which
parts of the cerebral WM, if any, are affected. Here, we
found that WM atrophy extended to the internal cap-
sule and peri-thalamic regions. By contrast, using diffu-
sion tensor imaging, Rezende et al.13 observed lower
fractional anisotropy relative to controls, implying a
loss of WM integrity, across much of the subcortical
WM. Other studies have reported reduced integrity
in structures such as the forceps major and minor,21

inferior and superior longitudinal fasciuli,10,21

thalamus,14,16 anterior and posterior thalamic
radiations,13,21 corona radiata,7,13,14 and corpus cal-
losum13 in their respective SCA3 cohorts. These differ-
ing findings may be due to the generally greater
sensitivity of diffusion MRI metrics to WM microstruc-
tural differences versus the volumetric approach taken
here.16,50

We did not find robust evidence of consistent cerebral
cortical GM atrophy in individuals with SCA3, even at
late disease stages as previously reported.13 Notably,
however, at reduced, non-significant statistical thresh-
olds, trend-level findings with small effect sizes (ie,
0.3 ≤ d ≤ 0.5) are observed (Fig. S7), suggesting mild
reductions of volume in areas of the cerebral cortex.
That said, there was no consistent anatomical pattern,
nor clear evidence of progression of these subthreshold
effects across the subgroups of our stratified analysis.
With respect to subcortical GM, we observed that atro-
phy in the striatum appears to be an early, but non-
progressive, feature of SCA3. While this is inconsistent
with some earlier reports suggesting that striatal atro-
phy is progressive in the pre-ataxic and/or ataxic
stages,6,14 at least one other study has found no signifi-
cant difference between pre-ataxic and ataxic
subjects.12

Taken together, these findings suggest that while indi-
viduals with SCA3 are more vulnerable to cerebral
degeneration than the general population, there remains
extensive individual variability in location and magni-
tude. Further research will be necessary to determine
whether clinical phenomenology and disease course dif-
fer in individuals with versus without cerebral
involvement.

Cerebrocerebellar Correlational Analysis
To further investigate the relationship between cere-

bral and cerebellar atrophy we performed a structural
covariance analysis. We observed strong covariance
between cerebral and cerebellar volume in controls,
particularly in the WM. Attenuation of this relationship
in individuals with SCA3 suggests that volume loss in
the cerebellum occurs relatively independently of any
cerebral changes. This result provides further weight to
our conclusion that the consistent profile of cerebellar
volume loss in those with SCA3 is not reflected in cere-
bral pathology.

Limitations
Our dataset is rich in T1-weighted images and stan-

dard clinical measures of ataxia severity, duration, and
genetic load. Conversely, we lack the cognitive testing
or functional MRI data that would allow more
definitive insights into the relationship between cerebel-
lar changes and non-motor symptoms. We also lack
consistent data on specific non-ataxic clinical signs
such as spasticity51 and parkinsonism52 due to the ret-
rospective, multisite nature of this study (eg, differing
site protocols and data protection regulations). More
in-depth clinical phenotyping would provide opportu-
nities to unravel the natural heterogeneity of SCA3,
including distinguishing the neurobiology of clinical
subtypes.1,4,5

Diffusion-weighted MRI would also allow for a more
sensitive assessment of WM microstructural integrity
versus our current volume-based techniques. Addition-
ally, while the large SCA3 cohort size of our dataset
allows for stratification based on disease severity, we
recognize that cross-sectional stratification analysis is
not a perfect proxy for a true longitudinal study.
Finally, while cerebrocerebellar structural covariance
analyses provide an indication of the relative coupling
of cerebral and cerebellar degeneration, a true assess-
ment of cerebrocerebellar connectivity changes in SCA3
will require functional and/or microstructural imaging
approaches.3

Conclusions

In this large, multisite study, we demonstrate that the
core neuroanatomical changes in participants with

10 Movement Disorders, 2026

R O B E R T S O N E T A L

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.70349 by C
arlos R

oberto H
ernandez-C

astillo - C
ouncil of A

tlantic A
cadem

ic L
ibraries , W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SCA3 occur in a relatively stable pattern of brainstem
and cerebellar atrophy that is progressive in magnitude
but not spatial extent, particularly after the onset of
ataxia symptoms. This atrophy pattern maps onto func-
tional divisions of the cerebellum that are consistent
with the motor and non-motor features of the disease.
Finally, we show that this core cerebellar atrophy is not
directly mirrored by downstream cerebral changes and
that cerebral volume loss, if present, may have higher
individual variability. These findings expand our funda-
mental understanding of the neuroanatomy of SCA3.

Author Roles: (1) Research Project: A. Conception, B. Organization,
C. Execution; (2) Statistical Analysis: A. Design, B. Execution, C. Review
and critique; (3) Manuscript: A. Writing of the First Draft, B. Review and
Critique.
J.W.R.: 1C, 2B, 2C, 3A, 3B.
I.A.: 1C, 3B.
D.J.A.: 1C, 3B.
T.A.: 1C, 3B.
B.B.: 1C, 3B.
F.C.: 1C, 3B.
X.C.: 1C, 3B.
G.C.: 1C, 3B.
L.C.: 1C, 3B.
A.De.: 1C, 3B.
I.D.: 1C, 3B.
A.Du.: 1C, 3B.
J. F.: 1C, 3B.
J. F.-R.: 1C, 3B.
M.F.: 1C, 3B.
M.C.F.: 1C, 3B.
S.L.G.: 1C, 3B.
S.H.: 1C, 3B.
T.K.: 1C, 3B.
C.L.: 1C, 3B.
J.L.: 1C, 3B.
A.R.M.M.: 1C, 3B.
S.E.O.: 1C, 3B.
C.U.O.: 1C, 3B.
G.Ö.: 1C, 3B.
H.P.: 1C, 3B.
J.L.P.: 1C, 3B.
K.R.: 1C, 3B.
T.J.R.R.: 1C, 3B.
M.S.: 1C, 3B.
H.A.G.T.: 1C, 3B.
S.I.T.: 1C, 3B.
P.M.T.: 1C, 3B.
D.T.: 1C, 3B.
D.V.: 1C, 3B.
B.v.d.W: 1C, 3B.
J.v.G.: 1C, 3B.
X.W.: 1C, 3B.
P.W.: 1C, 3B.
S.H.Y.: 1C, 3B.
I.H.H.: 1A, 1B, 1C, 2A, 2B, 2C, 3B.
C.R.H.C.: 1A, 1C, 2A, 2B, 2C, 3B.

Acknowledgments: The authors would like to acknowledge the contri-
butions of Victor Gadelha, Hellen Della-Justina, Salmo Raskin, Arnolfo
de Carvalho Neto, B.M. and C.W.W. Girard, and Elodie Petit. Several
authors of this publication are members of the European Reference Net-
work for Rare Neurological Diseases (ERN-RND). Some data and/or
research tools used in the preparation of this article were obtained from
the National Institute of Mental Health (NIMH) Data Archive (NDA).
NDA is a collaborative informatics system created by the National Insti-
tutes of Health (NIH) to provide a national resource to support and accel-
erate research in mental health. This article reflects the views of the
authors and may not reflect the opinions or views of the NIH or of
the submitters submitting original data to NDA. Additional collaborating
authors represented by the ESMI MR Study Group: Heike Jacobi, MD,
PhD.; Jeroen de Vries, MD; Paola Giunti, MD, PhD; and Hector Garcia-
Moreno, MD, PhD. Additional collaborating authors represented by the
EUROSCA MR Study Group include Caterina Mariotti, MD; Maria Julia
Rakowicz, PhD; and Ludger Schöls, MD, PhD.

Financial Disclosures of All Authors (for the Past 12 Months):
Additional funding has been provided by the following sources: the Minis-
try of Culture and Science of the State of North Rhine-Westphalia to J.F,
as a Principal Investigator (PI) of the iBehave Network; the National Insti-
tute of Biomedical Imaging and Bioengineering (NIBIB) grant P41
EB027061 and the Institutional Center Cores for Advanced Neuroimaging
award P30 NS076408 and grant S10 OD017974, all to the Center for
Magnetic Resonance Research, Minneapolis, which employs I.A. and G.
Ö.; the National Institute for Health Research (NIHR), University College
London Hospitals (UCLH) Biomedical Research Centre, and CRN North
Thames, to Paola Giunti; and CureSCA3, to Paola Giunti specifically in
support of Hector Garcia-Moreno.

Data Availability Statement
READISCA data are available at https://doi.org/10.

15154/3xeb-fz42. All code and data processing instruc-
tions are available at https://github.com/HardingLab/
enigma-ataxia. Other ENIGMA collaborator data may
be requested for further research purposes through a
secondary data use proposal submitted to the
ENIGMA-Ataxia working group (http://enigma.ini.usc.
edu/ongoing/enigma-ataxia).

References
1. Rüb U, Schöls L, Paulson H, et al. Clinical features, neurogenetics

and neuropathology of the polyglutamine spinocerebellar ataxias
type 1, 2, 3, 6 and 7. Prog Neurobiol 2013;104:38–66.

2. Schuster KH, Putka AF, HS ML. Pathogenetic mechanisms underly-
ing spinocerebellar ataxia type 3 are altered in primary oligodendro-
cyte culture. Cells 2022;11(16):2615.

3. Yap KH, Abdul Manan H, Yahya N, Azmin S, Mohamed
Mukari SA, Mohamed Ibrahim N. Magnetic resonance imaging and
its clinical correlation in spinocerebellar ataxia type 3: a systematic
review. Front Neurosci 2022;16:859651.

4. Sun Y-M, Lu C, Wu Z-Y. Spinocerebellar ataxia: relationship
between phenotype and genotype – a review. Clin Genet 2016;90(4):
305–314.

5. Lindsay E, Storey E. Cognitive changes in the spinocerebellar ataxias
due to expanded polyglutamine tracts: a survey of the literature.
Brain Sci 2017;7(7):83.

6. Reetz K, Costa AS, Mirzazade S, et al. Genotype-specific patterns of
atrophy progression are more sensitive than clinical decline in SCA1,
SCA3 and SCA6. Brain 2013;136(3):905–917.

7. Adanyeguh IM, Perlbarg V, Henry P-G, et al. Autosomal dominant
cerebellar ataxias: imaging biomarkers with high effect sizes.
Neuroimage Clin 2018;19:858–867.

8. Jacobi H, Tezenas du Montcel S, Romanzetti S, et al. Conversion of
individuals at risk for spinocerebellar ataxia types 1, 2, 3, and 6 to
manifest ataxia (RISCA): a longitudinal cohort study. Lancet Neurol
2020;19(9):738–747.

9. de Oliveira CM, Leotti VB, Polita S, et al. The longitudinal progres-
sion of MRI changes in pre-ataxic carriers of SCA3/MJD. J Neurol
2023;270(9):4276–4287.

10. Rezende TJR, Petit E, Park YW, et al. Sensitivity of advanced mag-
netic resonance imaging to progression over six months in early spi-
nocerebellar ataxia. Mov Disord 2024;39(10):1856–1867.

11. Berger M, Garcia-Moreno H, Ferreira M, et al. Progression of bio-
logical markers in spinocerebellar ataxia type 3: longitudinal analy-
sis of prospective data from the ESMI cohort. Lancet Reg Health
Eur 2025;55:101339.

12. Faber J, Schaprian T, Berkan K, et al. Regional brain and spinal
cord volume loss in spinocerebellar ataxia type 3. Mov Disord
2021;36(10):2273–2281.

13. Rezende TJR, de Paiva JLR, Martinez ARM, et al. Structural signa-
ture of SCA3: from presymptomatic to late disease stages. Ann Neu-
rol 2018;84(3):401–408.

Movement Disorders, 2026 11

V O L U M E T R I C S I N E N I G M A - A T A X I A S C A 3 P A T I E N T S

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.70349 by C
arlos R

oberto H
ernandez-C

astillo - C
ouncil of A

tlantic A
cadem

ic L
ibraries , W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.15154/3xeb-fz42
https://doi.org/10.15154/3xeb-fz42
https://github.com/HardingLab/enigma-ataxia
https://github.com/HardingLab/enigma-ataxia
http://enigma.ini.usc.edu/ongoing/enigma-ataxia
http://enigma.ini.usc.edu/ongoing/enigma-ataxia


14. Chandrasekaran J, Petit E, Park YW, et al. Clinically meaningful
magnetic resonance endpoints sensitive to preataxic spinocerebellar
ataxia types 1 and 3. Ann Neurol 2023;93(4):686–701.

15. Faber J, Berger M, Wilke C, et al. Stage-dependent biomarker
changes in spinocerebellar ataxia type 3. Ann Neurol 2024;95(2):
400–406.
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