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ABSTRACT

Background Spinal cord damage is a feature of many
spinocerebellar ataxias (SCAs), but well-powered in vivo
studies are lacking and links with disease severity and
progression remain unclear. Here we characterise cervical
spinal cord morphometric abnormalities in SCA1, SCA2,
SCA3 and SCAG6 using a large multisite MRI dataset.
Methods Upper spinal cord (vertebrae C1-C4) cross-
sectional area (CSA) and eccentricity (flattening) were
assessed using MRI data from nine sites within the
ENIGMA-Ataxia consortium, including 364 people with
ataxic SCA, 56 individuals with preataxic SCA and 394
nonataxic controls. Correlations and subgroup analyses
within the SCA cohorts were undertaken based on
disease duration and ataxia severity.

Results Individuals in the ataxic stage of SCA1,

SCA2 and SCAS3, relative to non-ataxic controls, had
significantly reduced CSA and increased eccentricity

at all examined levels. CSA showed large effect sizes
(d>2.0) and correlated with ataxia severity (r<—0.43)
and disease duration (r<—0.21). Eccentricity correlated
only with ataxia severity in SCA2 (r=0.28). No significant
spinal cord differences were evident in SCA6. In
preataxic individuals, CSA was significantly reduced in
SCA2 (d=1.6) and SCA3 (d=1.7), and the SCA2 group
also showed increased eccentricity (d=1.1) relative to
nonataxic controls. Subgroup analyses confirmed that
CSA and eccentricity are abnormal in early disease stages
in SCA1, SCA2 and SCA3. CSA declined with disease
progression in all, whereas eccentricity progressed only
in SCA2.

Conclusions Spinal cord abnormalities are an early and
progressive feature of SCA1, SCA2 and SCA3, but not
SCAG, which can be captured using quantitative MRI.

INTRODUCTION

Spinocerebellar ataxias (SCAs) are a heterogeneous
group of autosomal dominant neurodegenerative
disorders that share gait and limb ataxia as the
core clinical features. The most prevalent types of

1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Spinal cord degeneration is thought to be a
key aspect of many spinocerebellar disorders,
but in vivo studies are surprisingly lacking with
existing MRI studies only available for small
cohorts of individuals with SCA1 and SCA3.
Here, we leverage the ‘big data’ potential of
the ENIGMA-Ataxia consortium to undertake
by-far the largest and most comprehensive
assessment of cervical spinal cord morphometry
in the most common spinocerebellar ataxias
(SCAs; SCAT, SCA2, SCA3, and SCA6).

WHAT THIS STUDY ADDS

= Cross-sectional area (CSA) was already reduced
in preataxic individuals with SCA2, and SCA3,
with similar trends in SCA1. CSA also presented
very large effect sizes, significant correlations
with ataxia severity and symptom duration and
progressive pattern of degeneration. Similarly,
eccentricity was also increased in these groups,
but showed significant correlation with ataxia
severity and progressive degeneration only for
the SCA2 cohort. Spinal cord morphometry does
not appear to be impacted in SCA6.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Quantitative spinal cord MRI contributes to
the understanding of genotype—phenotype
correlations in SCA1, SCA2, SCA3 and SCA6 and
uncover the potential use of CSA as biomarkers
for clinical use, but not to SCA6 which
demonstrate the ‘pure’ cerebellar conceptions

of this disease.

SCA (SCA1, SCA2, SCA3 and SCA®) are caused by
CAG repeat expansions in the coding regions of
the ATXN1, ATXN2, ATXN3 and CACNA1A genes,
respectively.! # Although progressive ataxia is the
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major clinical sign of all SCAs, there are also disease-specific
clinical and neuropathological features.” * SCA1 shows the
fastest progression and is pathologically characterised by pontine
and cerebellar atrophy.” In contrast, SCA2 shows more wide-
spread and severe brain and cerebellar atrophy when compared
with other SCAs.® SCA3 is the most common SCA worldwide,
and is primarily characterised by striatal and cerebellar atrophy
in neuropathological studies.” Lastly, SCA6 presents with a
more restricted cerebellar atrophy, later ataxia onset and slower
progression when compared with other SCAs.®

Neuroimaging studies in SCAs have largely focused on brain
and cerebellar damage to-date.””'” However, the spinal cord is
increasingly recognised as an important structure in the pathogen-
esis of several SCAs.* Indeed, Tezenas du Montcel and colleagues
showed that pyramidal signs and posterior column signs precede
ataxia in SCA1 and SCA3, suggesting that spinal cord is damaged
early in these disorders.'® Spinal MRI research undertaken in
SCAs to-date has been restricted to a small number of studies
that have relied on modest sample sizes, limiting the sensitivity,
reliability and generalisability of available evidence.''™" 151719
Furthermore, magnitude of spinal cord damage in each SCA and
how it progresses along the disease course, including in preataxic
disease stages, remains unknown. These are important questions
not only to elucidate the pathophysiology of SCAs, but also to
uncover potential sensitive imaging biomarkers for future clin-
ical trials.

Quantification of spinal cord damage using in vivo MRI may
provide new insights and novel opportunities for disease char-
acterisation, treatment targeting and/or treatment monitoring
in these diseases.!> ° Indeed, morphometric analyses of spinal
cord MRI—looking at cross-sectional area (CSA) and eccen-
tricity—have proven useful in other degenerative disorders.”’**
In particular, comparing diseases characterised by predominant/
exclusive lateral column involvement, such amyotrophic lateral
sclerosis or pure hereditary spastic paraplegia, versus diseases
with predominant/exclusive dorsal column involvement, such
as acquired sensory neuronopathies, provides an interpretive
framework to interpret MRI spinal cord changes (figure 1A).
Specifically, both groups of diseases present CSA reduction, but
increased eccentricity is only reported in the latter. Hence, it
is possible to hypothesise that eccentricity is a surrogate MRI
marker for dorsal column involvement. In contrast, CSA reduc-
tion is unspecific and may be related to degeneration of both
lateral and dorsal columns.

The ENIGMA-Ataxia working group is an international collab-
oration for aggregation and analysis of global multisite MRI
datasets, including individuals with SCA. This platform allows
for in-depth analyses that would not be feasible in single-centre
studies. Using the ENIGMA-Ataxia platform, the main goals
of this study were to characterise cervical spinal cord damage
by assessing CSA and eccentricity in the most common SCAs
(SCA1, SCA2, SCA3 and SCA®6). Furthermore, we investigate
the clinical correlates of spinal cord morphometric abnormalities
in each SCA subtype, and provide insights into the progression
of these features by comparing disease subgroups stratified by
time from ataxia onset and disease severity.

METHODS

We performed a cross-sectional analysis of MRI data from nine
sites within the ENIGMA-Ataxia working group. A total of 423
patients with molecular confirmation of SCA (75 SCA1, 102
SCA2,192 SCA3 and 54 SCA6) and 398 age, sex and site-matched
non-ataxic control subjects (70 for SCA1, 101 for SCA2, 178

for SCA3 and 49 for SCAG, respectively) were included (table 1,
online supplemental tables S1-54). Of these 423 patients with
SCA, 59 had SARA score <3 at the time of MRI assessment (11
SCA1, 9 SCA2, 36 SCA3 and 3 SCAG6; online supplemental table
S5) and were classified as preataxic mutation carriers.”™>* For
participants with ataxia, age at onset of gait ataxia symptoms,
time since gait ataxia symptom onset and ataxia severity quanti-
fied using the Scale for Assessment and Rating of Ataxia (SARA)
were recorded.”® For preataxic individuals, time to ataxia onset
was estimated using the Tezenas formulas for SCA1 and SCA2*
and Peng formula for SCA3.?” For the SCA6 cohort, only three
subjects were classified as preataxic, which was not sufficient for
quantitative subgroup analysis. The diagnosis of SCA1, SCA2,
SCA3 or SCA6 was genetically confirmed at all sites, but indi-
vidual CAG repeat length was not available for all sites because
of local reporting procedures or data privacy considerations.

High-resolution 3D T1-weighted MRIs centred on the brain
and including the upper cervical vertebrae were used to assess
cervical spinal cord morphometry. All MRIs were acquired on
3 Tesla (T) clinical scanners with 1 mm isotropic spatial reso-
lution (online supplemental table S6). All sites included a non-
ataxic healthy control group with data acquired using the same
protocol. Data collection, analysis and contributions to this
project were governed by the human research ethics body at
each site.

Image processing

Data processing was undertaken using harmonised, previously
published and public protocols developed by the ENIGMA-
Ataxia consortium®® (http://enigma.ini.usc.edu/ongoing/enigma-
ataxia/), based on the Spinal Cord Toolbox (SCT).”’

All images were inspected to ensure coverage of at least the
C2 vertebral level (or below), and to exclude for any additional
pathology, in particular conditions causing spinal cord compres-
sion such as disc disease, myelopathy or tumour. To measure the
CSA and eccentricity, we employed the SCT V.4.2.2.%° Briefly, we
automatically segmented the cervical spinal cord using a deep-
learning algorithm®® and visually inspected all segmentations for
manual correction if necessary. Before registering the individual
images to the PAMS0 standard template,*! we manually marked
the C2 and C3 vertebral levels at the posterior tip of the verte-
bral discs.>?** The mean CSA and eccentricity were computed
at each of the C1-C4 vertebral levels after correcting for the
curvature of the spine. CSA is defined as the average number
of pixels in the set of axial slices defining each vertebral level of
the segmented spinal cord, and is reported in square millimetres
(figure 1B). Eccentricity is computed by fitting an ellipse to each
axial spinal slice and estimating the shortest and longest axis
to determine the deviation of the ellipse from a perfect circle®®
(higher values (closer to 1) indicate a more abnormal ellipsoid
shape (ie, spinal flattening; figure 1)).

Since we used brain MRIs with limited spinal cord coverage,
we were capable of assessing only the upper cervical spinal cord.
Spinal cord coverage was slightly different across subjects due
to field-of-view placement and head size variability, leading to
different sample sizes for each vertebral level (SCAl—controls:
C1=70,C2=70, C3=69 and C4=55; patients: C1=73, C2=73,
C3=72and C4=66; SCA2—controls: C1=85, C2=101,
C3=98and C4=67; patients: C1=93, C2=93, C3=91and
C4=70; SCA3—controls: Cl=166, C2=178, C3=174and
C4=140; patients: C1=192, C2=192, C3=186and C4=156;
SCA6—controls: C1=49, C2=49, C3=48 and C4=40; patients:
C1=54, C2=54, C3=53 and C4=40).
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Schematic illustration of the spinal cord morphometric parameters used in this study. (A) Clinical correlates of these parameters. In diseases

characterised by selective lateral column/corticospinal tract degeneration, there is CSA reduction, but preserved eccentricity (middle lane, patient with
amyotrophic lateral sclerosis,ALS). In diseases characterised by selective dorsal column degeneration, there is combined CSA and eccentricity reduction
(lower lane, patient with autoimmune sensory neuronopathy). All segmentations are shown in axial slices of the same spinal cord level (C2). (B) Computation
of CSA and eccentricity. (C) An exemplar MRI with spinal cord mask from each cohort. CSA, cross-sectional area.

Statistical analysis
All statistical analysis was done using the Matlab R2017b soft-
ware (https://www.mathworks.com/products/matlab.html).

SCAs versus matched control group

We compared CSA and eccentricity at each vertebral level from
C1 to C4 for all individuals with SCA1, SCA2, SCA3 and SCA6
relative to a SCA-specific age-matched and sex-matched control
group using ANCOVA tests with age, sex and site as covariates
of non-interest. All tests were corrected for multiple compari-
sons (Bonferroni-corrected p<0.05). We also computed effect
sizes (ES) of all statistically significant results using the Cohen’s
d formula. We considered effect size values of 0.2 as small, 0.5
as moderate, 0.8 as large and >1.2 as very large, according to
established conventions.**

Correlation analysis

We used the Pearson correlation coefficient to assess associations
between spinal cord morphometric data (CSA and eccentricity)
and clinical parameters (disease duration and ataxia severity).
The data were adjusted to account for age, sex and site effects
using a linear model.

Disease progression

To examine spinal cord morphometry across different disease
stages, we defined four subgroups according to the time since
ataxia onset when each participant’s scan was acquired: <5
years, 5-10 years, 11-15 years and more than 15 years. These
divisions are based on previous studies available in the litera-
ture'*** and do not represent clinically determined cut-offs, but
rather provide an intuitive means of quantitatively assessing and
reporting changes in ES with disease progression. An additional
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Table 1

Demographic, clinical and genetic data of the ataxic study participants*

Average time from

Average age, years Sex, n (male/ CAG repeat length, ataxia onset, years
(range) female) long allele Average SARA (range) (range) Preataxic, n
SCA1 Controls (n=70) 46.1+12.4 (19-75) 39/31 - - - -
Patients (n=75) 45.0+12.2 (18-68) 40/35 45.4+4.8 (39-62) 11.8+6.9 (0-28) 7.7£5.9 (0-23) 1
SCA2 Controls 42.7£14.1 (10-75) 51/49t - - - -
(n=101)
Patients (n=102) 43.6+13.5 (9-70) 49/51% 40.8+4.8 (32-66) 13.9+8.8 (0-39) 9.7+6.7 (0-26) 9
SCA3 Controls 46.7+12.5 (18-75) 92/86 = = = =
(n=178)
Patients (n=192) 47.2+12.6 (18-78) 96/96 70.3+4.3 (50-83) 11.3£8.2 (0-38) 9.2+2.3 (0-34) 36
SCA6 Controls (n=49) 60.5+11.9 (30-78) 31118 - - - -
Patients (n=54) 63.9+9.9 (39-85) 30/231 23.3+1.3 (21-27) 12.8+7.2 (0-26) 12.0+6.9 (0-30) 3

*Demographic data per groupi/site and for the preataxic participants are available in online supplemental tables $1-S5.

tSex data unavailable for one or two individuals.
SARA, Scale for Assessment and Rating of Ataxia; SCA, spinocerebellar ataxia.

subgroup defined as preataxic was also created and included
subjects with SARA score <3 at the time of MRI acquisition.”*™
In each of these subgroups and for each of the four diseases,
CSA and eccentricity were compared with a non-ataxic control
group matched by age, sex and site. We also compared each
SCA1, SCA2 and SCA3 subgroup with their respective preat-
axic subgroup to assess evidence for progressive degeneration.
Group differences were assessed using ANCOVAs with age, sex
and site as covariates, with Bonferroni corrections to account for
multiple comparisons across vertebral levels.

In order to further explore the progressive patterns of degen-
eration of spinal cord morphometric data, we used the approach
described by Faber and colleagues (2021)." Briefly, we z-trans-
formed both CSA and eccentricity based on the distribution of
the data in the non-ataxic control cohort and plotted z values
versus time from ataxia onset. Negative values for time since
ataxia onset indicate the predicted time to future ataxia onset,
calculated as described above.” %’ Linear and quadratic curves
were fit to the data, and their relative fit was assessed by the R?
change.

RESULTS

Demographic, clinical and genetic data of all subjects with ataxia
are shown in table 1. Due to the general consistency of results
across the four vertebral levels, we report the results from verte-
bral level C2 in the main manuscript, in-line with previous MRI-
based studies,"’™ 5 17 % and report the remaining vertebral
levels in the supplemental material (online supplemental tables
$7-S23).

Individuals with SCA versus controls

Individuals with SCA1, SCA2 and SCA3 had significantly
reduced CSA at all vertebral levels with very large ES relative
to controls (Cohen’s d=1.7-2.0; figure 2; online supplemental
tables S7-S9). Similarly, we found significantly increased eccen-
tricity at all vertebral levels (figure 2), although with substan-
tially smaller ES in comparison to CSA (d=0.4-0.9; figure 2;
online supplemental tables S7-S9). In contrast, in individuals
with SCAG6 relative to their respective control cohort, we did not
observe significant CSA reduction (d=0.3) or increased eccen-
tricity (d=0.1; figure 2; online supplemental table S10).

Preataxic individuals with SCAs versus controls

Mean time to ataxia onset ranged between —3.3 and —9.2 years
in the three SCA groups. Preataxic individuals with SCA3 had
significantly reduced CSA compared with controls at all verte-
bral levels with very large ES (figure 3, d=1.3-1.7; online
supplemental table S13). The preataxic SCA2 cohort also had
smaller CSA relative to their matched controls for vertebral
levels C1-C3 (figure 3, d=1.4-1.8; online supplemental table
$12). In contrast, we did not observe significant CSA reduction
in preataxic individuals with SCA1 relative to their respective
control cohort, despite having large ES (figure 3, d=0.8-1.2;
online supplemental table S11), likely due to limited statistical
power resulting from the small sample size (n=11).

Only the SCA2 cohort showed significantly higher eccentricity
between preataxic individuals and controls, and only at the C2
level (d=1.1; online supplemental table S12). However, large ES
were also evident for SCA1 (C2-C4, d=0.9-1.3; online supple-
mental table S15). Eccentricity was not different in the SCA3
preataxic group relative to controls (d=0.3-0.6; online supple-
mental table S13).

Correlation analysis

As illustrated in figure 4, we found significant correlations
between SARA (reflecting ataxia severity) and CSA at all verte-
bral levels for SCA1 (r=—0.61to —0.62; online supplemental
table S14), SCA2 (r=-0.41to —0.61; online supplemental
table S14) and SCA3 (r=—-0.42to —0.52; online supplemental
table S14). Correlations in the SCA6 cohort were not significant
(r=0.06to —0.05; online supplemental table S14).

Correlations with time since ataxia onset were weaker, and
only reached significance (Bonferroni corrected) for CSA at C1
in the SCA2 cohort (C1: r=—-0.310, p=0.021) and CSA at all
vertebral levels in the SCA3 cohort (C1: r=—-0.219, p=0.015;
C2: r=-0.209, p=0.022; C3: r=-0.313, p<0.001; C4:
r=-0.238, p=0.016; online supplemental table S15).

In contrast, we did not find any significant correlations
between eccentricity and SARA or ataxia duration, with excep-
tions of C1 and C3 in the SCA2 cohort (SARA—C1: r=0.277,
p=0.024; C3: r=0.335, p=0.004 and time from ataxia onset—
C1: r=0.288, p=0.038) and C4 in the SCA1 cohort (SARA—
C4: r=0.424, p=0.002; online supplemental tables S14 and
S15).
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Figure 2 Box plots showing group differences at the C2 spinal cord level in each disease group relative to a matched control group (age-adjusted, sex-
adjusted and site-adjusted). (A) C2 cross-sectional area in square millimetres; (B) C2 eccentricity; (C) visualisation of effect sizes overlaid on a spinal cord
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Figure 3 Results showing the progressive atrophy of the (A) C2 CSA and (B) C2 eccentricity in participants with SCA1 (orange), SCA2 (yellow), SCA3
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Figure 4 Correlations between CSA at the C2 level and SARA score for (A) SCAT1, (B) SCA2, (C) SCA3 and (D) SCA6. CSA, cross-sectional area; SARA,

Scale for Assessment and Rating of Ataxia; SCA, spinocerebellar ataxia.

Disease progression

The subgroup analyses based on time since ataxia onset showed
that CSA was reduced relative to controls at all disease stages
in SCA1, SCA2 and SCA3 (online supplemental tables S11-
S$13). CSA was also significantly smaller at all ataxic stages
relative to preataxic patients for SCA1 and SCA3 groups at
all vertebral levels (figure 3, online supplemental tables S16
and S18). Ataxic individuals with SCA2 showed significantly
reduced CSA in the 10-15 years and 15+ years duration
subgroups when compared with the preataxic cohort at the
C1-C3 vertebral levels (figure 3, online supplemental table

S$17). There were no subgroup differences in SCA6 relative to
controls or between disease stages (online supplemental tables
$19 and S20).

Increased eccentricity, relative to controls, was only observed
in late stages of the SCA1 and SCA3 cohorts (figure 3, online
supplemental tables S11, S13, S16, S18). In contrast, SCA2
showed abnormal eccentricity in early stages of the disease with
a progressive pattern of degeneration up to 10 years of disease
duration (figure 3, online supplemental tables 12 and 17). There
was no eccentricity staging effect for SCA6 (online supplemental
tables S19 and S20).
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Figure 5 Graphs of z-transformed CSA or eccentricity at the C2 vertebral level versus time from ataxia onset (green). The negative values (blue) for
disease duration indicate the predicted time to ataxia onset calculated using Tezenas formulas for SCA1 and SCA2% and Peng formula for SCA3,” based on
CAG repeat length and current participant age. CSA, cross-sectional area; SCA, spinocerebellar ataxia.
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Examination of the relationships between z-transformed CSA
or eccentricity versus time since ataxia onset showed faster
change of CSA over time in comparison to eccentricity. Indeed,
the r* of the CSA trend relative to the eccentricity trend was
higher for patients with SCA1 and SCA3 (figure 5, online supple-
mental figures S1 and S2). SCA2 showed a different pattern,
with eccentricity also showing evidence of significant evolution
across the disease course (online supplemental tables S21-S23).
In addition, we observed significantly improved model fit in
SCA1 using a quadratic relative to a linear function for CSA
at the C2 and C3 vertebrae (C2: R2-change=0.055, p=0.032;
C3: R2-change=0.045, p=0.050), and eccentricity at the C4
level (R2-change=0.080, p=0.015) indicating a possible non-
linear pattern of progression (online supplemental table S21).
The SCA2 cohort also showed an improved fit using a quadratic
function for eccentricity at the C3 and C4 vertebral levels (C3:
R2-change=0.077, p=0.009; C4: R2-change=0.060, p=0.047),
although this may have been driven by one outlier (figure 5;
online supplemental table $22). Non-linear modelling did not
improve the prediction of z-transformed spinal cord morpho-
metric data versus time from ataxia onset in the SCA3 cohort
(online supplemental table S23).

DISCUSSION
Spinal cord damage, although a well-defined pathological
correlate of many SCAs, has not been robustly characterised in
vivo in these diseases.”™” " In this study, we address this neglected
aspect of SCAs by performing a comprehensive analysis of the
upper spinal cord (C1-C4) anatomy using brain MRIs from the
largest multisite cohort of individuals with genetic confirmation
of SCA1, SCA2, SCA3 and SCA6 assembled so far. We found
substantial CSA reduction with very large ES for all vertebral
levels assessed in SCA1, SCA2 and SCA3, and significant correla-
tions with ataxia severity and symptom duration. Eccentricity
was also increased in these groups, although with substantially
smaller ES relative to CSA, but correlated only with ataxia
severity for the SCA2 cohort. Reduced CSA is already evident in
preataxic individuals with SCA2 and SCA3—with similar trends
in SCAl—and continues to decrease with disease progression.
Eccentricity progresses only for individuals with SCA2. Spinal
cord morphometry does not appear to be impacted in SCA6.
Our results for SCA1 and SCA3 are consistent with previous
neuroimaging studies that found reduced CSA and anteropos-
terior flattening (ie, increased eccentricity) in patients rela-
tive to matched non-ataxic controls.'* > One previous MRI
study in SCA2 and SCA6 also reported spinal cord damage in
SCA2, but preserved anteroposterior diameter of the spinal
cord in individuals with SCA6." The pathological correlates of
neuroimaging abnormalities reported herein are consistent with
previous autopsy reports.* *=7 Neuropathological studies have
indeed described similar spinal cord micro-structural and macro-
structural changes in SCA1, SCA2 and SCA3, including myelin
loss and/or atrophy in the spinocerebellar tracts, dorsal columns
and corticospinal tracts.* 77 In addition, spinal cord grey
matter damage has also been reported in these three diseases, as
shown by depletion of motor neurons in the ventral horns from
cervical to lumbar regions.* **” Taken together, these results
indicate that the substrate for atrophy and flattening of the
spinal cord likely involves both grey and white matter damage
in SCA1, SCA2 and SCA3. Indeed, it would be interesting using
an advanced spinal cord MRI protocol to assess both spinal
cord grey and white matters in such SCA1, SCA2 and SCA3.%
In striking contrast, there were no morphometric spinal cord

abnormalities in the SCA6 cohort. This is also in line with the
available neuropathological studies that have reported damage
essentially confined to Purkinje cells within the cerebellar cortex
in these patients.* **=’

Spinal cord damage is thus a hallmark of several SCAs, but
the correlation between this damage and the clinical pheno-
type in this group of diseases remains elusive. We hypothesise
that pyramidal signs and sensory deficits are the main clinical
counterparts of spinal damage in SCA1, SCA2 and SCA3. This
could not be formally tested in our analyses because detailed
clinical information beyond SARA scores were not available
for most sites. Despite that, supporting evidence comes from a
recent study from the READISCA consortium, which reported
sensory deficits to be conspicuous and precocious in both ataxic
and preataxic SCA1 and SCA3 cohorts.'® Moreover, results from
electrophysiological studies—particularly evoked potentials—
are also supportive of our hypothesis. Indeed, patients with
SCA1 typically present motor-evoked potentials with prolonged
central conduction times, and patients with SCA1, SCA2 and
SCA3 all present abnormal somatosensory-evoked potentials.>
In clinical practice, this indicates that symptoms of spinal cord
damage (spasticity, lower limb weakness or sensory dysfunction)
should be monitored from the earliest manifestations of the
disease, and where practical, even prior to the onset of ataxia.

From a natural history point of view, our results indicate that
spinal cord damage precedes the onset of clinical manifesta-
tions in SCA2 and SCA3. A previous single-site study found a
very similar result for the SCA3 cohort.'? It is possible that this
finding also holds for SCA1, but our cohort might have been
underpowered (n=11) to confirm it statistically. The pseudo-
longitudinal analyses carried out also suggest a progressive
pattern of degeneration of the spinal cord in SCA1, SCA2 and
SCA3. While the SCA1 group showed a severe CSA reduction
in early stages of the disease, reaching a plateau after 5-10 years
of disease duration, we observed a pattern of linear progres-
sion along the disease course for SCA2 and SCA3. Interest-
ingly, only the SCA2 cohort showed a progressive increase in
eccentricity, which is in line with the disease phenotype and
course. This last parameter is considered a surrogate neuroim-
aging marker for dorsal column damage,”® corresponding in
turn to deep sensory functions (proprioception and vibration
sense). Even though sensory abnormalities due to dorsal root
ganglia damage are well recognised in all three SCAs, they seem
to appear earlier and to be more severe in SCA2.%° Indeed,
Veldzquez-Pérez et al (2014) report that sensory complaints
and abnormal sensory nerve conduction studies are already
present in a significant proportion of preataxic SCA2 carriers
and progress over time.*

Our results not only contribute to the understanding of geno-
type—phenotype correlations in these SCAs, but also uncover
potential MRI-based biomarkers for clinical use. In partic-
ular, CSA emerges as a potential tool for tracking progression
in SCA1, SCA2 and SCA3, but not SCA6. This metric showed
high correlation coefficients with disease severity and very high
ES compared with non-ataxic individuals. In addition, CSA is
already abnormal in premanifest stages of the diseases. The
linear pattern of change over time in all subtypes suggest CSA
might be a useful biomarker across all disease stages. Although
compelling, we must be careful about these concepts, particu-
larly because they arise from a cross-sectional investigation.
However, this work makes it clear that prospective studies with
large sample sizes (including preataxic individuals) and dedi-
cated spinal cord MRI sequences must be undertaken to validate
CSA as a neuroimaging biomarker for these SCAs.

688 Rezende TIR, et al. J Neurol Neurosurg Psychiatry 2024,95:682-690. doi:10.1136/jnnp-2023-332696

1ybuAdoa Aq pa1oaloid (INZQA) “A '@ usbunyuenys3 annelauabapoinaN
Inj wniuaz sayasinad 1e 20z ‘T AN uo jwod fwg-duul/:dny wolj papeojumoq 720z Arenigad TZ Uo 9692EE-£202-duul/9eTT 0T se paysiignd 1siiy :AireiyoAsd Binsoinap |oinaN


https://dx.doi.org/10.1136/jnnp-2023-332696
https://dx.doi.org/10.1136/jnnp-2023-332696
https://dx.doi.org/10.1136/jnnp-2023-332696
https://dx.doi.org/10.1136/jnnp-2023-332696
https://dx.doi.org/10.1136/jnnp-2023-332696
https://dx.doi.org/10.1136/jnnp-2023-332696
http://jnnp.bmj.com/

Neurogenetics

To conclude, our data reveal that cervical spinal cord morpho-
metric changes are present since preataxic stages of SCA1, SCA2
and SCA3 and progress with disease. In contrast, no spinal cord
morphometric abnormality was found in SCA6. These results
indicate that spinal cord MRI may be a useful marker of disease
expression and progression in SCA1, SCA2 and SCA3.

Author affiliations

'Department of Neurology, University of Campinas (UNICAMP), Campinas, Brazil
“Brazilian Institute of Neuroscience and Neurotechnology, Campinas, Brazil
3Center for Magnetic Resonance Research, Department of Radiology, University of
Minnesota, Minneapolis, Minnesota, USA

4Depar’[ment of Neurology, Federal University of Sdo Paulo, Sao Paulo, SP, Brazil
*Department of Diagnostic and Interventional Neuroradiology, University Hospital
Tubingen, Tlbingen, Germany

SGraduate program of Internal Medicine, Internal Medicine Department, Hospital de
Clinicas, Federal University of Parand, Curitiba, Brazil

"University Clinic and Outpatient Clinic for Radiology, Department for Radiation
Medicine, University Hospital Halle (Saale), University Medicine Halle, Halle (Saale),
Germany

®Department of Neurology, RWTH Aachen University, Aachen, Germany
°JARA-BRAIN Institute Molecular Neuroscience and Neuroimaging, Research Center
Jlilich GmbH, Jilich, Germany

"%orbonne Université, Paris Brain Institute (ICM), Pitié-Salpétriére Hospital, AP-HP,
INSERM, CNRS, University Hospital Pitié-Salpétriére, Paris, France
""Neuropsychology Laboratory, Department of Physiology, Faculty of Medicine,
National Autonomous University of Mexico, Mexico City, Mexico

2nstitute of Diagnostic and Interventional Radiology and Neuroradiology and
Center for Translational Neuro- and Behavioral Sciences (C-TNBS), Essen University
Hospital, University of Duisburg-Essen, Essen, Germany

Department of Neuroradiology, Fondazione IRCCS Istituto Neurologico Carlo Besta,
Milan, Italy

"Faculty of Computer Science, Dalhousie University, Halifax, Nova Scotia, Canada
"Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto
Neurologico Carlo Besta, Milan, Italy

"®Assistance Publique-Hdpitaux de Paris, Pitié-Salpétriere University Hospital, Paris,
France

"Clinica DAPI — Diagnéstico Avancado Por Imagem, Curitiba, Brazil

"®Department of Neurodegenerative Diseases, Hertie Institute for Clinical Brain
Research, Tlbingen, Germany

"German Center for Neurodegenerative Diseases (DZNE), Tibingen, Germany
2\ovement Disorders Unit, Neurology Service, Internal Medicine Department,
Hospital de Clinicas, Federal University of Parana, Curitiba, Brazil

MImaging Genetics Center, Mark and Mary Stevens Institute for Neuroimaging and
Informatics, Keck School of Medicine, University of Southern California, Marina del
Rey, CA, USA

“2Department of Neurology and Center for Translational Neuro- and Behavioral
Sciences (C-TNBS), Essen University Hospital, University of Duisburg-Essen, Essen,
Germany

“Department of Neurology, Donders Institute for Brain, Cognition, and Behaviour,
Radboud University Medical Center, Nijmegen, Netherlands

“Department of Neurology, Rijnstate Hospital, Amhem, Netherlands

SQIMR Berghofer Medical Research Institute, Brisbane, Queensland, Australia
%Department of Neuroscience, Central Clinical School, Monash University,
Melbourne, Victoria, Australia

“"Monash Biomedical Imaging, Monash University, Clayton, Victoria, Australia

X José Luiz Pedroso @Dr.

Acknowledgements We would like to acknowledge Emilien Petit and Dr Sophie
Tezenas du Montcel for kindly providing the Tezenas formulas to estimate the time
of ataxia onset used in this study. The multisite data analysis of this work was
supported by FAPESP (Sao Paulo Research Foundation) through CEPID/BRAINN
grant (2013/07559-3) and by the Australian National Health and Medical Research
Council (Ideas Grant 1184403). This project was supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) No 441409627, as
part of the PROSPAX consortium under the frame of EJP RD, the European Joint
Programme on Rare Diseases, under the EJP RD COFUND-EJP N° 825575 (to MS,
BvdW, AD and, as associated partner, DT) and under the grant number IRTG 2150,
ZUK32/1 (to KR and ID). KR also acknowledge support by grants from the German
Federal Ministry of Education and Research (BMBF 01GQ1402, 01DN18022), the
German Research Foundation (IRTG 2150, ZUK32/1), Alzheimer Forschung Initiative
e.V. (AFI 13812, NL-18002CB). Data acquisition at the University of Minnesota was
supported by the National Institute of Neurological Disorders and Stroke Grants RO1
NS070815 and ROT NS080816 and the Jay D. Schlueter Ataxia Research Fund. The
Center for Magnetic Resonance Research was supported by the National Institute of

Biomedical Imaging and Bioengineering Grant P41 EB027061 and the Institutional
Center Cores for Advanced Neuroimaging Award P30 NS076408. Instituto
Neurologico Carlo Besta was supported by grant from the Italian Ministry of Health
RF 2011-02437420. Federal University of Parana acknowledge the contribution of
Victor Gadelha, Hellen Della-Justina, Salmo Raskin and Amolfo de Carvalho Neto
during data acquisition. The Radboud University Medical Center acknowledges
support by research grant provided by the Gossweiler Foundation. The ENIGMA
Working Group acknowledges the NIH Big Data to Knowledge (BD2K) award for
foundational support and consortium development (U54 EB020403 to PMT). For

a complete list of ENIGMA-related grant support please see here: http://enigma.
ini.usc.edu/about-2/funding/. PMT and SIT are supported in part by NIH grants
ROTMH123163, ROTMH 121246 and ROTMH116147.

Contributors Conception and design of the study and methods: TIRR, IHH, MCF,
SIT, PMT. Acquisition and analysis of data: Aachen: KR, ID; Campinas: MCF, TIRR,
ARMM, FC; Curitiba: LC, HAGT, SEO; Essen: DT, ADeistung, SG; Melbourne: IHH;
Mexico: CRH-C, JF-R; Milan: CM, LN, AN, MG; Minnesota: CL, 1A, GO; Nijmegen:
BPW, JvG; Paris: FM, ADurr; S&o Paulo: JLP, OGPB, BKM; Tubingen: BB, MS. Analysis of
multisite data and drafting initial manuscript: TIRR, IHH, MCF. IHH is the guarantor.

Funding The authors report no conflicts of interest pertaining to this research.

This work was supported by NIH Big Data to Knowledge (BD2K) program grant
number U54 EB020403, and grants from the Australian National Health and Medical
Research Council (NHMRC Ideas Grant 1184403) and FAPESP (Sao Paulo Research
Foundation; CEPID/BRAINN grant 2013/07559-3). The funding agencies did not
influence the study design, data collection or manuscript drafting.

Competing interests TIRR, FC, ARMM, JLP, OB, BKM, IHH, AD, DT, SLG, ID, IA, GO,
CM, LN, AN, MG, LC, HAGT, SEO, CRHR, JFR, FM, AD, BW, JG, MS, PMT, SIT: none.
The authors declare no competing interests. KR received honoraria for presentations
or advisory boards from Biogen and Roche as well as clinical trial grants from

Pfizer, Merck, Minoryx, Biogen and Roche. BB is cofounder, shareholder and CTO

of AIRAmed GmbH. CL received research grants from Minoryx Therapeutics and
research support from Biogen Inc.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved

by Campinas: CAAE 83241318.3.1001.5404Melbourne: Monash University

HREC - 12372Essen: EC Medical Faculty University of Duisburg-Essen 15-6404-
BOMinnesota: IRB protocol number: 0502M67488Milan: IRB approval 17 December
2014 (N. 14)Curitiba: CAAE 06128812.0.0000.0096Paris: local ethical committee
(AOM10094, CPP lle de France VI, Ref: 105—10Nijmegen: CMO regio Arnhem-
Nijmegen, file number 2010/438Tubingen: IRB University Hospital Tiibingen,
303/2008B02 Participants gave informed consent to participate in the study before
taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement No data are available. All code and data processing
instructions are available at https://github.com/Harding-Lab/enigma-ataxia.

Supplemental material This content has been supplied by the author(s).

It has not been vetted by BMJ Publishing Group Limited (BMJ) and may not
have been peer-reviewed. Any opinions or recommendations discussed are
solely those of the author(s) and are not endorsed by BMJ. BMJ disclaims all
liability and responsibility arising from any reliance placed on the content.
Where the content includes any translated material, BMJ does not warrant the
accuracy and reliability of the translations (including but not limited to local
regulations, clinical guidelines, terminology, drug names and drug dosages), and
is not responsible for any error and/or omissions arising from translation and
adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.

ORCID iDs

Thiago Junqueira Ribeiro Rezende http://orcid.org/0000-0001-8453-0313
Benjamin Bender http://orcid.org/0000-0002-3205-4631
Fernando Cendes http://orcid.org/0000-0001-9336-9568

Leo Coutinho http://orcid.org/0000-0003-4921-2939

Caterina Mariotti http://orcid.org/0000-0003-2405-3564
Alberto R M Martinez http://orcid.org/0000-0001-7160-0853
Fanny Mochel http://orcid.org/0000-0003-3970-3486

Anna Nigri http://orcid.org/0000-0002-1197-5458

Kathrin Reetz http://orcid.org/0000-0002-9730-9228

Matthis Synofzik http://orcid.org/0000-0002-2280-7273
Marcondes C Franga Jr http://orcid.org/0000-0003-0898-2419
lan H Harding http://orcid.org/0000-0002-6843-9592

Rezende TIR, et al. J Neurol Neurosurg Psychiatry 2024;95:682—690. doi:10.1136/jnnp-2023-332696 689

1ybuAdoa Aq pa1oaloid (INZQA) “A '@ usbunyuenys3 annelauabapoinaN
Inj wniuaz sayasinad 1e 20z ‘T AN uo jwod fwg-duul/:dny wolj papeojumoq 720z Arenigad TZ Uo 9692EE-£202-duul/9eTT 0T se paysiignd 1siiy :AireiyoAsd Binsoinap |oinaN


https://x.com/Dr.
https://enigma.ini.usc.edu/about-2/funding/
https://enigma.ini.usc.edu/about-2/funding/
https://github.com/Harding-Lab/enigma-ataxia
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-8453-0313
http://orcid.org/0000-0002-3205-4631
http://orcid.org/0000-0001-9336-9568
http://orcid.org/0000-0003-4921-2939
http://orcid.org/0000-0003-2405-3564
http://orcid.org/0000-0001-7160-0853
http://orcid.org/0000-0003-3970-3486
http://orcid.org/0000-0002-1197-5458
http://orcid.org/0000-0002-9730-9228
http://orcid.org/0000-0002-2280-7273
http://orcid.org/0000-0003-0898-2419
http://orcid.org/0000-0002-6843-9592
http://jnnp.bmj.com/

Neurogenetics

REFERENCES 20 fFranca MC Jr, D'Abreu A, Zanardi VA, et al. MRI shows dorsal lesions and spinal cord
1 Coutelier M, Jacoupy M, Janer A, et al. NPTX1 mutations trigger endoplasmic atrophy in chronic sensory neuronopathies. J Neuroimaging 2008;18:168-72.
reticulum stress and cause autosomal dominant cerebellar ataxia. Brain 21 Rezende TIR, de Albuquerque M, Lamas GM, et a/. Multimodal MRI-based study in
2022:145:1519-34. patients with SPG4 mutations. PLoS One 2015;10:e0117666.
2 Erichsen AK, Koht J, Stray-Pedersen A, et al. Prevalence of hereditary ataxia and 22 Querin G, Bede P, El Mendili MM, et a/. Presymptomatic spinal cord pathology
spastic paraplegia in southeast Norway: a population-based study[published Online '2“0%0;221 ?SUtgg'on carriers: A longitudinal neuroimaging study. Ann Neurol
First: 2009033 1]. Brain 2009;132(Pt 6):1577-88. 100 15676/ . L )
3 Seidel K, Siswanto S, Brunt ERP, et al. Brain pathology of spinocerebellar 23 Te;enas du MontceI'S, Durr A, Rakowicz M, et al. Prediction .Of the age at onset in
ataxias[published Online First: 20120609]. Acta Neuropathol 2012;124:1-21. spinocerebellar ataxia type 1, 2, 3 and 6./ Med Genet 2014;51:479-86.
4 Riib U, Schéls L, Paulson H, et a/. Clinical features, neurogenetics and neuropathology 24 Mgas RPPWM, van @aalen ) Klockgetheer,.et al. The preclinical stage of
of the polyglutamine spinocerebellar ataxias type 1,2, 3,6 and 7[published Online 25 Jsslr;(t))ﬁe;i?zr ;ta;llja;/-lé\ﬁlégr/g?);?g; %i?oéi_a:gid clinical characteristics of
First: 20130221]. Prog Neurobiol 2013;104:38—66. SO Y ) ! S . o
5 ik . .1 Sl | SO
pathoanatomical and clinico-pathological insights. Neuropathol Appl Neurobiof 26 Schmitz»HUBsch T, du Montcel ST, Ba\il%o L, etal. Scale fortHe a.ssessmlent and rating
2012;38:665-80. o ' P Balkot, etan >o6
6 Armstrong ), Eonaventura I, Rojo A,‘eta/. Spinocerebellar ataxia type 2 (SCA2) with 27 (P)tfer?;ali( l%f?eer:/;bfomzn; (jtia'?e!\\l/\; \i/llmgfileicfilféls\{(%;otgﬁy D??ES’E?;Z]J”S?}”
7 \I,Rvizlst:(;n?[tjir LIJm:’[zJZteoTeeZt.giulrossccllké?tr:ezu?g%Biijalagtj;s. athogenesis and animal spinocerebellar ataxia type 3. Neurology 2021;96:2885-95.
models’ Cerebé//um 2008"7'125—37 ' 9 » pathog 28 Rezende TIR, Adanyeguh IM, Arrigoni F, et al. Progressive spinal cord degeneration in
L o - . friedreich’s ataxia: results from ENIGMA-ataxia. Mov Disord 2023;38:45-56.
8 lIshikawa K, Watz?nabe M, Yg;hlzayva K,leta/. Clinical neqropathologlcal, and 29 De Leener B, Lévy S, Dupont SM, et al. SCT: spinal cord toolbox, an open-source
molecular study in two families with spinocerebellar ataxia type 6 (SCA®). J Neurol software for processing spinal cord MRI data. Neuroimage 2017:145(Pt A):24-43.
9 l';leutro_;urcg Pich/Sat'a/l 1999('1675'86;9/ Genot ific patt £ atrooh 30 Gros C, De Leener B, Badiji A, et al. Automatic segmentation of the spinal cord
eetz f, %0sta A, Wiizazade 5, el al. 2Enotype-speciiic patterns of atrophy ) and intramedullary multiple sclerosis lesions with convolutional neural networks.
progression are more sensitive than clinical decline in SCA1, SCA3 and SCAG. Brain Neuroimage 2019;184:901-15
2013;136(Pt 3:905-17. . o ) 31 De Leener B, Fonov VS, Collins DL, et al. PAM50: unbiased multimodal template
10 Joers JM, Deelchand DK, Lyu T, et al. Neurochemical abnormalities in premanifest and of the brainstem and spinal cord aligned with the ICBM152 space. Neuroimage
early spinocerebellar ataxias. Ann Neurol 2018;83:816-29. 2018:165:170-9. ’
11 Reetz K, Rodriguez-Labrada R, Dogan | et al. Brain atrophy measures in preclinical 32 Ullmann E, Pelletier Paquette JF, Thong WE, et al. Automatic labeling of vertebral levels
and manifest spinocerebellar ataxia type 2. Ann Clin Trans/ Neurol 2018;5:128-37. using a robust template-based approach. int J Biomed Imaging 2014;2014:719520.
12 Rezende TIR, de Paiva JLR, Martinez ARM, et a/. Structural signature of SCA3: From 33 Dupont SM, De Leener B, Taso M, et al. Fully-integrated framework for the
presymptomatic to late disease stages. Ann Neurol 2018;84:401-8. . segmentation and registration of the spinal cord white and gray matter. Neuroimage
13 Faber J, Schaprian T, Berkan K, et al. Regional brain and spinal cord volume loss in 2017:150:358-72.
spinocerebellar ataxia type 3. Mov Disord 2021;36:2273-81. ) 34 Cohen J. Statistical power analysis for the behavioral sciences. Second edition ed.
14 Chandlrasekarale, Petit E, Park YW et al. Clinically mean\ngful magnetic resonance Hillsdale, N.J: L. Erlbaum Associates, 1988.
endpoints sensitive to preataxic spinocerebellar ataxia types 1 and 3{published Online 35 Gilman S. The spinocerebellar ataxias. Clin Neuropharmacol 2000;23:296-303.
First: 20221213]. Ann Neurol 2023;93:686-701. 36 Ishida C, Komai K, Yonezawa K, et al. An autopsy case of an aged patient with
15 Martins Junior CR, Martinez ARM, Vasconcelos IF, et al. Structural signature in SCAT: spinocerebellar ataxia type 2. Neuropathology 2011;31:510-8.
clinical correlates, determinants and natural history. J Neuro/ 2018;265:2949-59. 37 Koeppen AH. The neuropathology of spinocerebellar ataxia type 3/Machado-Joseph
16 de Rezende TIR, D’Abreu A, Guimaraes RP, et al. Cerebral cortex involvement in disease. Adv Exp Med Biol 2018;1049:233-41.
Machado-Joseph disease. Eur J Neurol 2015;22:277-83, 38 Cohen-Adad J, Alonso-Ortiz E, Abramovic M, et al. Generic acquisition protocol for
17 de Oliveira CM, Leotti VB, Polita S, et al. The longitudinal progression of MRI changes quantitative MRI of the spinal cord. Nat Protoc 2021;16:4611-32.
in pre-ataxic carriers of SCA3/MID. J Neurol 2023;270:4276-87. 39 Abele M, Biirk K, Andres F, et al. Autosomal dominant cerebellar ataxia type |. Nerve
18 Tezenas du Montcel S, Petit E, Olubajo T, et al. Baseline clinical and blood biomarkers conduction and evoked potential studies in families with SCA1, SCA2 and SCA3.
in patients with preataxic and early-stage disease spinocerebellar ataxia 1 and 3. Brain 1997;120 (Pt 12)(Pt 12):2141-8.
Neurology 2023;100:e1836—-48. 40 Veldzquez-Pérez L, Rodriguez-Labrada R, Canales-Ochoa N, et al. Progression of early
19 Zhao J, Zeng W, Huang X, et al. Analysis and hierarchical clustering of infratentorial features of spinocerebellar ataxia type 2 in individuals at risk: a longitudinal study.
morphological MRI identifies SCAs phenogroups. J Neurol 2023;270:4466-77. Lancet Neurol 2014;13:482-9.
690 Rezende TIR, et al. J Neurol Neurosurg Psychiatry 2024,95:682-690. doi:10.1136/jnnp-2023-332696

1ybuAdoa Aq pa1oaloid (INZQA) “A '@ usbunyuenys3 annelauabapoinaN
Inj wniuaz sayasinad 1e 20z ‘T AN uo jwod fwg-duul/:dny wolj papeojumoq 720z Arenigad TZ Uo 9692EE-£202-duul/9eTT 0T se paysiignd 1siiy :AireiyoAsd Binsoinap |oinaN


http://dx.doi.org/10.1093/brain/awab407
http://dx.doi.org/10.1093/brain/awp056
http://dx.doi.org/10.1007/s00401-012-1000-x
http://dx.doi.org/10.1016/j.pneurobio.2013.01.001
http://dx.doi.org/10.1111/j.1365-2990.2012.01259.x
http://dx.doi.org/10.1016/j.neulet.2005.02.063
http://dx.doi.org/10.1007/s12311-008-0013-4
http://dx.doi.org/10.1136/jnnp.67.1.86
http://dx.doi.org/10.1136/jnnp.67.1.86
http://dx.doi.org/10.1093/brain/aws369
http://dx.doi.org/10.1002/ana.25212
http://dx.doi.org/10.1002/acn3.504
http://dx.doi.org/10.1002/ana.25297
http://dx.doi.org/10.1002/mds.28610
http://dx.doi.org/10.1002/ana.26573
http://dx.doi.org/10.1007/s00415-018-9087-1
http://dx.doi.org/10.1111/ene.12559
http://dx.doi.org/10.1007/s00415-023-11763-6
http://dx.doi.org/10.1212/WNL.0000000000207088
http://dx.doi.org/10.1007/s00415-023-11792-1
http://dx.doi.org/10.1111/j.1552-6569.2007.00193.x
http://dx.doi.org/10.1371/journal.pone.0117666
http://dx.doi.org/10.1002/ana.25520
http://dx.doi.org/10.1136/jmedgenet-2013-102200
http://dx.doi.org/10.1212/WNL.0000000000001711
http://dx.doi.org/10.1016/S1474-4422(13)70104-2
http://dx.doi.org/10.1212/01.wnl.0000219042.60538.92
http://dx.doi.org/10.1212/WNL.0000000000012068
http://dx.doi.org/10.1002/mds.29261
http://dx.doi.org/10.1016/j.neuroimage.2016.10.009
http://dx.doi.org/10.1016/j.neuroimage.2018.09.081
http://dx.doi.org/10.1016/j.neuroimage.2017.10.041
http://dx.doi.org/10.1155/2014/719520
http://dx.doi.org/10.1016/j.neuroimage.2016.09.026
http://dx.doi.org/10.1097/00002826-200011000-00002
http://dx.doi.org/10.1111/j.1440-1789.2010.01176.x
http://dx.doi.org/10.1007/978-3-319-71779-1_11
http://dx.doi.org/10.1038/s41596-021-00588-0
http://dx.doi.org/10.1093/brain/120.12.2141
http://dx.doi.org/10.1016/S1474-4422(14)70027-4
http://jnnp.bmj.com/

Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s)

J Neurol Neurosurg Psychiatry

Supplementary Material

Supplementary Table 01: Demographics data of SCA1 patients and age, sex and site matched
control group per site.

Controls
Age Sex CAG repeat SARA Time from Ataxia
(years) Male | Female length Onset (years)
Campinas | 45.5#9.3 | 21 10 - - -
Essen 46.8+11.5 5 10 - - -
Minnesota | 55.1+17.3 | 4 4 - - -
Paris 47.2+12.3 7 5 - - -
Tubingen | 27.8+11.1 | 2 2 - - -
Patients
Age Sex CAG repeat SARA Time from Ataxia
(years) Male | Female length Onset (years)
Campinas | 45.31£9.3 20 10 44.4+4.2 14.5+6.3 7.5%6.1
Essen 47.4+11.7 6 10 46.315.0 14.0+5.8 9.4+4.2
Minnesota | 51.0+10.6 | 3 7 43.8+2.8 6.215.2 10.316.4
Paris 42.8+15.3 9 6 47.1+6.6 10.7+6.3 6.616.1
Tubingen | 27.0£10.4 2 2 47.5%4.5 0.9+1.2 1.0+2.0
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Supplementary Table 02: Demographics data of SCA2 patients and age, sex and site matched
control group per site.

Controls
Sex
Age CAG repeat Time from Ataxia
(years) Male | Female length SARA Onset (years)
Campinas | 40.5+20.0 6 6 - - -
Milan 31.3+4.6 6 4 - - -
Curitiba | 42.6+11.9 | 13 15 - - -
Essen 51.5+9.4 8 4 - - -
Mexico |41.6x140 | 7 9 - - -
Minnesota | 55.1+17.3 | 4 4 - - -
Paris 42.3+11.4 5 5 - - -
Tubingen | 33.848.5 2 2 - - -
Patients
Age Sex CAG repeat SARA Time from Ataxia
(years) Male | Female length Onset (years)

Campinas | 41.1+18.8 8 6 45.9+10.5 |18.7£13.2 8.815.7

Milan 46.619.1 1 9 41.2+3.1 13.4+6.4 11.8+4.7

Curitiba | 45.2+116 | 8 9 41.7+2.9 14.5+6.1 11.5+5.2

Essen 52.1+9.8 10 4 39.8+2.1 11.7+10.8 10.8+7.8
Mexico | 38.7+13.2 9 12 43.4+3.7 17.4+7.7 -

Minnesota | 42.1+15.3 4 4 39.3+2.7 9.31#5.1 11.1+8.2

Paris 45.0+12.8 7 5 39.6%2.9 12.6+6.0 9.816.1

Tubingen | 33.849.6 2 2 36.0+2.8 14+1.1 0.0+0.0

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 03: Demographics data of SCA3 patients and age, sex and site matched
control group per site.

Controls
Sex . .
Age CAG repeat Time from Ataxia
SARA
(years) length Onset (years)
Male | Female
Campinas | 47.6x11.6 | 42 44 - - -
Curitiba | 45.0+11.7 | 11 8 - - -
Essen 51.5+9.5 8 4 - - -
Mexico 43.7412.8 5 7 - - -
Minnesota | 55.1+17.3 4 4 - - -
Nijmegen | 31.318.2 6 2 - - -
Paris 49.8+12.8 | 11 13 - - -
Tubingen | 37.948.5 5 4 - - -
Patients
Sex . .
Age CAG repeat Time from Ataxia
SARA
(years) length Onset (years)
Male | Female

Campinas | 48.6112. 39 46 71.8%43.5 13.3+8.6 10.2+6.4

Curitiba | 46.1+125 | 11 8 - 14.145.6 11.9+7.5

Essen 53.0#13.7 | 13 11 68.414.1 12.0+8.1 14.5+7.4
Mexico | 41.0+13.0 6 8 74.313.4 12.1+7.4 -

Minnesota | 49.3+5.8 5 2 70.712.2 7.4+2.5 8.315.4

Nijmegen | 37.419.6 9 8 66.812.9 1.5+1.0 0.0+0.0

Paris 51.6+12.3 7 10 68.315.8 12.2+7.5 8.0+4.6

Tubingen | 40.418.3 6 3 67.612.4 3.3+4.0 2.0+4.4

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 04: Demographics data of SCA6 patients and age, sex and site matched
control group per site.

Controls
Sex . .
Age CAG repeat Time from Ataxia
SARA
(years) length Onset (years)
Male | Female
Campinas | 64.815.3 9 5 - - -

Essen 60.4+12.5| 15 9 - - -
Minnesota | 55.1+17.3 4 4 - - -
Tubingen | 56.349.1 3 0 - - -

Patients
Sex . .
Age CAG repeat SARA Time from Ataxia
(years) Male | Female length Onset (years)
Campinas | 67.9t7.9 10 7 - 13.9+6.3 14.1+7.0

Essen 61.6+10.9 | 15 10 22.4+1.3 13.3t7.0 11.316.3
Minnesota | 65.8+8.3 2 6 22.441.5 13.1+8.1 13.446.7
Tubingen | 55.747.5 3 0 21.7+0.6 1.3t1.3 2.714.6

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 05: Demographics data for all preataxic subjects.

CAG Ayerage
Average Average Time to
Age,y Sex, n repeat SARA Ataxia
! (Male/Female) length,
(range) (range) Onset, y
long allele
(range)
Controls | 35.8+13.0
() (19-56) 3/6 ] ] ]
SCA1l
Patients | 35.4+12.3 3/8 44.9+3.7 0.8+0.9 -4.7410.0 (-
(11) (18-56) (40-54) (0-2.5) 16.1-6.7)
Controls | 34.219.4
(14) (23-56) 8/6 i i i
SCA2
Patients | 32.7+8.9 4/5 37.8+3.0 1.2+0.9 -3.3%5.1 (-
(9) (23-48) (32-42) (0-2.5) 9.2-4.5)
Controls | 38.249.8
(24) (21-54) 12/12 ) i i
SCA3
Patients 39.019.1 15/21 70.3t4.3 11.3+8.2 -9.2+2.3 (-
(36) (24-61) (61-72) (0-2.7) 30.0-8.4)

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 06: Scanner and imaging acquisition details for each site.

Site
Campinas Milan Curitiba Essen Meéxico Minnesota Nijmegen Paris Tubingen
Scanner Philips Philips Siemens Siemens Philips Siemens Trio Siemens Trio Siemens Trio and Siemens
Achieva Achieva Skyra Biograph Achieva and Prisma Prisma Trio
Field strength (T) 3 3 3 3 3 3 3 3 3
vcoe I T IS I N B - T IR N B
Sequence SPGR SPGR MPRAGE MPRAGE SPGR MPRAGE MPRAGE MPRAGE MPRAGE
TR (ms) 7 8 2530 2530 8 2530 2300 2530 2300
TE (ms) 3.201 3.5 3.36 3.26 3.7 3.65 3.03 3.65 3.51
TI (ms) - - 1100 1100 - 1100 1100 900 900
Flip (deg) 8 8 7 7 7 8 9 9
Plane Sagittal Sagittal Sagittal Sagittal Sagittal Coronal Sagittal Sagittal Sagittal
Slices 180 160 176 176 160 224 192 160 176
FOV (mm x mm) 240x240 256x256 256 x 256 256x256 256x256 256x176 256x256 256x256 256x240
Voxel Size (mm, x
v2) Ix1x1 Ix1x1 Ix1x1 Ix1x1 Ix1x1 Ix1x1 Ix1x1 Ix1x1 Ix1x1

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 07: Group differences between patients with SCA1 vs age, sex and site
matched nonataxic control group.

CSA (mm?)
Structures Healthy Controls SCA1l p-value Effect
(meanzSD) (meanzSD) (Bonferroni) Size
C1 65.6+7.6 49.6 +8.1 <0.001 2.0
c2 63.6+8.0 48.6+7.2 <0.001 2.0
c3 62.7+7.9 47.8+7.1 <0.001 2.0
ca 63.7+8.2 47.8+8.3 <0.001 1.9
Eccentricity
Structures Healthy Controls SCA1l p-value Effect
(meanzSD) (meanSD) (Bonferroni) Size
C1 0.693 +0.061 0.733 +0.069 0.002 0.6
c2 0.742 +0.051 0.777 +0.052 <0.001 0.7
c3 0.792 +0.044 0.824 +0.038 <0.001 0.8
Ca 0.825 +0.037 0.857 +0.030 <0.001 0.9

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 08: Group differences between patients with SCA2 vs age, sex and site
matched nonataxic control group.

CSA (mm?)
Structures Healthy Controls SCA2 p-value Effect
(meantSD) (meanxSD) (Bonferroni) Size
Cc1 67.4+8.8 49.6+8.2 <0.001 2.1
c2 65.3+8.2 48.0+7.9 <0.001 2.1
c3 63.9+8.4 47.4+8.3 <0.001 2.0
Ca 63.8+8.5 47.9+8.8 <0.001 1.8
Eccentricity
Structures Healthy Controls SCA2 p-value Effect
(meanzSD) (meanSD) (Bonferroni) Size
Cc1 0.692 +0.079 0.743 +£0.070 <0.001 0.7
Cc2 0.731 +0.059 0.784 +0.049 <0.001 0.9
c3 0.781 £ 0.051 0.818 £ 0.050 <0.001 0.7
Ca 0.825 £ 0.042 0.849 £ 0.042 0.004 0.6

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 09: Group differences between patients with SCA3 vs age, sex and site
matched nonataxic control group.

CSA (mm?)
Structures Healthy Controls SCA3 p-value Effect
(meantSD) (meanxSD) (Bonferroni) Size
Cc1 65.8+7.9 50.3+7.8 <0.001 2.0
c2 64.0+7.5 49317.6 <0.001 2.0
c3 63.2+7.6 48.6 +8.1 <0.001 1.9
Ca 63.8+7.9 499+84 <0.001 1.7
Eccentricity
Structures Healthy Controls SCA3 p-value Effect
(meanzSD) (meanSD) (Bonferroni) Size
Cc1 0.684 +0.073 0.728 +0.074 <0.001 0.6
Cc2 0.730 + 0.058 0.765 + 0.056 <0.001 0.6
c3 0.783 £ 0.050 0.809 £ 0.050 <0.001 0.5
ca 0.828 £ 0.040 0.844 £ 0.040 0.003 0.4

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 10: Group differences between patients with SCA6 vs age, sex and site
matched nonataxic control group.

CSA (mm?)
Structures Healthy Controls SCA6 p-value Effect
(meantSD) (meanxSD) (Bonferroni) Size
Cc1 66.7 +10.3 63.0+8.2 0.353 0.3
c2 65.1+8.8 62.4+8.8 0.757 0.3
c3 64.0+9.1 60.7 + 8.3 0.297 0.3
Ca 65.1+9.3 61.5+8.9 0.451 0.3
Eccentricity
Structures Healthy Controls SCA6 p-value Effect
(meanzSD) (meanSD) (Bonferroni) Size
Cc1 0.725 +0.058 0.728 + 0.056 0.999 0.1
Cc2 0.761 +0.047 0.757 +0.046 0.999 0.1
c3 0.810 £ 0.039 0.798 £ 0.041 0.503 0.3
ca 0.837 £0.034 0.836 £0.029 0.999 0.1

Rezende TJR, et al. J Neurol Neurosurg Psychiatry 2024;0:1-9. doi: 10.1136/jnnp-2023-332696
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Supplementary Table 11: Results of ROI-based analyses to assess spinal cord damage at each
stage of SCAL. Subgroups based on disease duration, <5: Time from ataxia onset <5 years, 5-
10: Time from ataxia onset between 5-10 years, 10-15: Time from ataxia onset between 10-15
years, 15>: Time from ataxia onset >15 years. Preataxic subjects present SARA score <3 during
clinical and MRI assessment (Jacobi et al, 2013).

Vertebral Suberou Measures Controls SCA1l p-value Effect
Labels group (meanzSD) (meantSD) | (Bonferroni) | Size
Area (mm?) 63.8+8.1 57.9+6.2 0.362 0.8
Preataxic
ECC 0.696 £ 0.064 | 0.719 £ 0.070 0.999 0.3
Area (mm?) 65.5+5.5 51.2+6.5 <0.001 2.3
<5 years
ECC 0.673+0.054 | 0.742 +0.068 0.036 1.1
Area (mm?) 66.2+7.8 48.3+8.0 <0.001 2.3
Cc1 5-10 years
ECC 0.693£0.061 | 0.729 £ 0.078 0.333 0.5
Area (mm?) 63.7+4.8 46.8+7.2 <0.001 2.7
10-15 years
ECC 0.689 £ 0.045 | 0.767 £ 0.047 0.010 1.7
Area (mm?) 66.8 + 8.2 46.7 £5.5 <0.001 2.9
15> years
ECC 0.728 £ 0.051 | 0.732 £0.043 0.999 0.1
Area (mm?) 62.5+8.7 56.6 +5.2 0.346 0.8
Preataxic
ECC 0.737 £0.059 | 0.778 £ 0.025 0.250 0.9
Area (mm?) 64.3+7.6 49.1+5.6 <0.001 2.3
<5 years
ECC 0.737+£0.042 | 0.775+0.067 0.465 0.6
Area (mm?) 63.6+7.7 47.4+7.2 <0.001 2.2
C2 5-10 years
ECC 0.748 £ 0.053 | 0.774 £ 0.053 0.340 0.5
Area (mm?) 60.9+5.7 46.416.0 <0.001 2.5
10-15 years
ECC 0.733£0.050 | 0.799 £ 0.043 0.034 1.4
Area (mm?) 65.4+7.6 469+5.4 <0.001 2.8
15> years
ECC 0.756 £ 0.038 | 0.781 +0.028 0.442 0.8
Area (mm?) 62.8+8.8 56.1+6.2 0.282 0.9
c3 Preataxic
ECC 0.764 £ 0.056 | 0.811 £ 0.023 0.103 1.1
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Area (mm?) 63.5+6.4 47.7£5.6 <0.001 2.6
<5 years
ECC 0.787 £0.038 | 0.823 £0.048 0.143 0.9
Area (mm?) 62.7+8.4 46.2£6.8 <0.001 2.2
5-10 years
ECC 0.803+0.042 | 0.825+0.033 0.204 0.6
Area (mm?) 59.8+6.4 46.5+£6.0 0.001 2.2
10-15 years
ECC 0.786+0.039 | 0.839+0.024 0.011 1.7
Area (mm?) 62.8+7.0 46.2t6.1 <0.001 2.5
15> years
ECC 0.800 +0.026 | 0.838 £0.034 0.067 1.2
Area (mm?) 66.1 +8.7 56.9+6.4 0.204 1.2
Preataxic
ECC 0.798 £ 0.022 | 0.832 £0.032 0.181 1.3
Area (mm?) 63.9+6.7 48.0+£6.8 <0.001 2.3
<5 years
ECC 0.814 +0.032 | 0.861 +£0.030 0.001 1.5
Area (mm?) 66.2+8.1 46.8+7.7 <0.001 2.5
C4 5-10 years
ECC 0.829+0.040 | 0.860+0.028 0.038 0.9
Area (mm?) 59.7+5.9 45.2 +£9.5 0.014 1.8
10-15 years
ECC 0.837+0.034 | 0.866 +0.027 0.314 1.0
Area (mm?) 58.3+7.3 46.4+9.1 0.034 1.4
15> years
ECC 0.842 £0.031 | 0.859 +0.020 0.787 0.6
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Supplementary Table 12: Results of ROI-based analyses to assess spinal cord damage at each
stage of SCA2. Subgroups based on disease duration, <5: Time from ataxia onset <5 years, 5-
10: Time from ataxia onset between 5-10 years, 10-15: Time from ataxia onset between 10-15
years, 15>: Time from ataxia onset >15 years. Preataxic subjects present SARA score <3 during
clinical and MRI assessment (Jacobi et al, 2013).

Vertebral Subgrou Measures Controls SCA2 p-value Effect
Labels group (meanzSD) (meanzSD) | (Bonferroni) | Size
Area (mm?) 65.7+5.9 56.7+5.9 0.003 1.6
Preataxic
ECC 0.647 £ 0.090 | 0.708 + 0.080 0.350 0.7
Area (mm?) 65.7 £ 6.8 51473 0.001 2.0
<5 years
ECC 0.651 £ 0.066 | 0.725 + 0.054 0.046 1.2
Area (mm?) 68.7 £9.3 51486 <0.001 2.4
C1 5-10 years
ECC 0.712 £ 0.085 | 0.763 + 0.054 0.464 0.8
Area (mm?) | 68.5+10.3 48.0+7.8 <0.001 2.4
10-15 years
ECC 0.702 £ 0.068 | 0.729 £ 0.082 0.999 0.4
Area (mm?) | 63.3+8.4 46.7+7.6 <0.001 2.2
15> years
ECC 0.711 £ 0.076 | 0.780 £ 0.048 0.013 1.2
Area (mm?) 63.5+6.9 53.1+5.9 0.001 1.6
Preataxic
ECC 0.690 £ 0.058 | 0.757 £ 0.065 0.046 1.1
Area (mm?) 63.5+7.6 49.5+7.1 0.001 1.9
<5 years
ECC 0.704 £ 0.052 | 0.775 £ 0.039 0.009 1.6
Area (mm?) 65.8 £ 8.0 50.0+7.9 <0.001 2.3
C2 5-10 years
ECC 0.767 £ 0.044 | 0.802 £ 0.045 0.350 0.8
Area (mm?) | 67.2+8.9 47.1+8.6 <0.001 2.4
10-15 years
ECC 0.741 £0.049 | 0.779 £ 0.047 0.062 0.8
Area (mm?) 61.7 £ 8.8 45.7 £ 8.0 <0.001 2.0
15> years
ECC 0.737 £ 0.078 | 0.807 £ 0.029 0.003 14
Area (mm?) | 62.6+7.2 52.3+8.2 0.001 1.4
c3 Preataxic
ECC 0.752 £ 0.063 | 0.773 £ 0.075 0.999 0.3
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Area (mm?) 63.1+8.0 50.1+6.6 0.003 1.8
<5 years
ECC 0.753 +0.051 | 0.804 + 0.026 0.036 1.3
Area (mm?) 64.7+8.4 49.0+7.7 <0.001 2.2
5-10 years
ECC 0.815 + 0.026 | 0.838 £ 0.039 0.634 0.6
Area (mm?) 65.1+9.4 46.0+8.4 <0.001 2.2
10-15 years
ECC 0.793+0.042 | 0.822 £ 0.037 0.129 0.8
Area (mm?) 59.5+8.3 453+8.38 0.001 1.7
15> years
ECC 0.798 £ 0.042 | 0.841 £ 0.023 0.006 13
Area (mm?) 64.6 £ 8.6 49.4+7.8 0.056 1.8
Preataxic
ECC 0.814 + 0.057 | 0.810 £ 0.055 0.999 0.1
Area (mm?) | 62.6%8.1 51.3+6.4 0.008 1.6
<5 years
ECC 0.801 + 0.053 | 0.847 £ 0.023 0.064 1.2
Area (mm?) 65.4+7.0 499+8.9 <0.001 2.0
c4 5-10 years
ECC 0.842 +0.028 | 0.860 + 0.035 0.999 0.5
Area (mm?) 64.1+9.0 45.7+£9.6 <0.001 2.1
10-15 years
ECC 0.837+0.029 | 0.861 £ 0.031 0.187 0.8
Area (mm?) 59.5+8.8 47.0+10.2 0.053 13
15> years
ECC 0.820+0.034 | 0.862 £ 0.026 0.017 1.4
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Supplementary Table 13: Results of ROI-based analyses to assess spinal cord damage at each
stage of SCA3. Subgroups based on disease duration, <5: Time from ataxia onset <5 years, 5-
10: Time from ataxia onset between 5-10 years, 10-15: Time from ataxia onset between 10-15
years, 15>: Time from ataxia onset >15 years. Preataxic subjects present SARA score <3 during
clinical and MRI assessment (Jacobi et al, 2013).

Vertebral Suberou Measures Controls SCA3 p-value Effect
Labels group (meanzSD) (meanzSD) | (Bonferroni) | Size
Area (mm?) 65.6 + 6.6 56.6 +5.5 <0.001 1.7
Preataxic
ECC 0.673 £ 0.085 | 0.703 £ 0.079 0.742 0.4
Area (mm?) 65.3+8.1 53.2+6.7 <0.001 2.0
<5 years
ECC 0.689 £ 0.080 | 0.726+ 0.049 0.433 0.6
Area (mm?) 65.8+7.5 49.8 +8.3 <0.001 2.1
C1 5-10 years
ECC 0.684 £ 0.065 | 0.727 £ 0.080 0.030 0.6
Area (mm?) 65.5+8.1 48.6+6.6 <0.001 2.1
10-15 years
ECC 0.683 £ 0.062 | 0.719 £ 0.071 0.089 0.5
Area (mm?) 66.6+ 9.2 459+7.8 <0.001 2.4
15> years
ECC 0.704+ 0.067 | 0.766 + 0.049 <0.001 1.1
Area (mm?) 65.2+7.0 55.6+4.9 <0.001 1.7
Preataxic
ECC 0.723 £ 0.066 | 0.757 £ 0.051 0.166 0.6
Area (mm?) 64.2+7.8 51.9+6.5 <0.001 2.0
<5 years
ECC 0.731+0.074 | 0.764 £ 0.045 0.440 0.5
Area (mm?) 63.4+6.8 48.5+7.8 <0.001 2.1
C2 5-10 years
ECC 0.729 £ 0.054 | 0.766 + 0.059 0.019 0.6
Area (mm?) 63.1+7.7 47.7+7.2 <0.001 2.0
10-15 years
ECC 0.734 £ 0.048 | 0.755 £ 0.060 0.362 0.4
Area (mm?) 64.6 + 8.2 45.0+7.5 <0.001 2.5
15> years
ECC 0.743 £ 0.057 | 0.788 £ 0.051 0.002 0.9
Area (mm?) 64.7+7.4 55.7+4.8 <0.001 1.6
c3 Preataxic
ECC 0.787 £ 0.045 | 0.803 £ 0.040 0.897 0.4
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Area (mm?) 62.3+7.3 51.1+7.1 <0.001 1.8
<5 years
ECC 0.779 £ 0.062 | 0.805 + 0.041 0.557 0.5
Area (mm?) 62.7+6.9 48.1+7.9 <0.001 2.0
5-10 years
ECC 0.780 £ 0.048 | 0.811 + 0.047 0.025 0.6
Area (mm?) 61.9+7.7 46974 <0.001 1.9
10-15 years
ECC 0.790 £ 0.045 | 0.809 £ 0.051 0.398 0.4
Area (mm?) 64.0+8.0 43.7+£8.3 <0.001 25
15> years
ECC 0.793 £ 0.045 | 0.826 £ 0.047 0.019 0.7
Area (mm?) 65.2£8.6 56.9+5.3 0.001 13
Preataxic
ECC 0.826 £+ 0.035 | 0.836 £ 0.037 0.999 0.3
Area (mm?) 62.5+6.1 51.7+7.6 <0.001 1.6
<5 years
ECC 0.827+£0.047 | 0.841 £ 0.031 0.999 0.4
Area (mm?) 63.7+7.2 49.0+8.8 <0.001 1.8
c4 5-10 years
ECC 0.823+0.039 | 0.853 £ 0.045 0.025 0.7
Area (mm?) 63.2+8.7 49.2+7.7 <0.001 1.6
10-15 years
ECC 0.833£0.040 | 0.842 £ 0.036 0.999 0.2
Area (mm?) 64.1+8.0 452+8.4 <0.001 2.3
15> years
ECC 0.840+0.032 | 0.854 +£0.038 0.568 0.4
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Supplementary Table 14: Correlations between ataxia severity (SARA score) and CSA or
eccentricity for individuals with SCA1, SCA2, SCA3 and SCA6.

CSA (mm?)
SCAl SCA2 SCA3 SCA6
R p-value R p-value R p-value R p-value

C1 | -0.620 | <0.001 | -0.614 | <0.001 | -0.424 | <0.001 | 0.064 | 0.999
C2 | -0.612 | <0.001 | -0.543 | <0.001 | -0.434 | <0.001 | 0.021 | 0.999
C3 | -0.618 | <0.001 | -0.504 | <0.001 | -0.509 | <0.001 | -0.035 | 0.999
C4 | -0.618 | <0.001 | -0.413 | <0.001 | -0.524 | <0.001 | -0.054 | 0.999
Eccentricity
SCA1 SCA2 SCA3 SCA6
R p-value R p-value R p-value R p-value
C1l | 0.229 0.212 0.277 0.024 0.141 0.210 0.064 0.999
C2| 0.173 | 0.581 | 0.228 | 0.099 | 0.118 | 0.426 | 0.021 | 0.999
C3| 0.223 | 0.241 | 0.335 | 0.004 | 0.126 | 0.352 | -0.035| 0.999
C4 | 0.424 | 0.002 0.167 0.622 0.129 0.438 | -0.054 | 0.999

Supplementary Table 15: Correlations between time from ataxia onset and CSA or eccentricity
for individuals with SCA1, SCA2, SCA3 and SCA6.

CSA (mm?)
SCA1 SCA2 SCA3 SCA6
R p-value R p-value R p-value R p-value

C1|-0.205| 0.381 |-0.310| 0.021 |-0.219 | 0.015 | 0.119 | 0.999
C2 | -0.153 | 0.868 | -0.238 | 0.133 | -0.209 | 0.022 | 0.144 | 0.999
C3 |-0.154 | 0.852 |-0.180| 0.462 |-0.313 | <0.001 | 0.093 | 0.999
C4 |-0.173 | 0.712 |-0.144| 0.999 |-0.238 | 0.016 | 0.166 | 0.999
Eccentricity
SCA1 SCA2 SCA3 SCA6
R p-value R p-value R p-value R p-value
Cl| 0.171 | 0.668 | 0.283 | 0.038 | 0.118 | 0.479 | 0.119 | 0.999
C2 | 0.198 | 0.430 | 0.239 | 0.131 | 0.051 | 0.999 | 0.144 | 0.999
C3 | 0.152 | 0.874 | 0.267 | 0.072 | 0.017 | 0.999 | 0.093 | 0.999
C4 | 0.107 | 0999 | 0.159 | 0.826 |-0.015| 0.999 | 0.166 | 0.999
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Supplementary Table 16: Results of ROI-based analyses to assess progressive spinal cord
damage at each stage of SCA1 relative to the preataxic cohort.

CSA (mm?)

<5 years 5-10 years | 10-15 years | 15> years

p-value | ES | p-value | ES | p-value | ES | p-value | ES

Cl| 0.023 |1.0( 0.001 |1.3| 0.001 |1.3|<0.001 |1.9

C2| 0.008 |1.3|<0.001 (14| 0.019 |0.9| 0.001 (1.8

C3| 0.010 |1.4| 0.001 (15| 0.032 |0.8| 0.002 (1.6

C4| 0.013 |1.3| 0.005 |1.4( 0.245 |0.5| 0.019 |1.3

Eccentricity

<5 years 5-10 years | 10-15 years | 15> years

p-value | ES | p-value | ES | p-value | ES | p-value | ES

Cl| 0.598 |0.3| 0.661 |0.1| 0.449 |0.3| 0.621 |0.2

C2| 0.598 |0.1| 0.742 |0.1| 0.265 |0.4| 0.791 |0.1

C3| 0.268 |0.3| 0.134 (04| 0.011 |1.0| 0.058 |0.9

C4| 0.045 |0.9| 0.059 |1.0| 0.006 |1.3| 0.053 |1.0
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Supplementary Table 17: Results of ROI-based analyses to assess progressive spinal cord
damage at each stage of SCA2 relative to the preataxic cohort.

CSA (mm?)
<5 years 5-10years | 10-15years | 15> years
p-value | ES |p-value | ES |p-value | ES | p-value | ES
C1l| 0.058 |0.8| 0.029 |(0.8| 0.001 [1.3| 0.001 |1.3
C2| 0.177 |0.6| 0.171 [0.5| 0.019 |09 | 0.012 | 1.0
C3| 0.402 |0.4| 0.166 |0.5| 0.032 | 0.8| 0.024 | 0.9
C4| 0.638 |0.2| 0.968 [0.0| 0.245 | 0.5| 0.489 | 0.3
Eccentricity
<5 years 5-10 years | 10-15years | 15> years
p-value | ES | p-value | ES | p-value| ES | p-value | ES
C1| 0.557 |0.2| 0.029 [0.8| 0.449 |0.3| 0.005 | 1.1
C2| 0.448 |0.3| 0.033 [0.8| 0.265 |0.4| 0.011 |1.0
C3| 0.176 |0.6| 0.003 |(1.2| 0.011 |1.0| 0.001 | 1.4
C4| 0.043 |1.0| 0.007 [1.3| 0.006 |1.3| 0.004 | 1.4
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Supplementary Table 18: Results of ROI-based analyses to assess progressive spinal cord
damage at each stage of SCA3 relative to the preataxic cohort.

CSA (mm?)
<5 years 5-10 years 10-15 years 15> years
p-value | ES |p-value | ES |p-value| ES |p-value| ES
C1l| 0.010 | 0.7 | <0.001 | 1.1 | <0.001 | 1.3 | <0.001 | 1.7
C2| 0.006 |0.8|<0.001 |1.1|<0.001| 1.3 |<0.001 |1.7
C3| 0.002 [0.9|<0.001|1.2|<0.001| 1.4 |<0.001 | 1.8
C4| 0.008 0.8 |<0.001|1.0|<0.001| 1.1 |<0.001 | 1.6
Eccentricity
<5 years 5-10 years 10-15 years 15> years
p-value | ES | p-value | ES |p-value| ES |p-value| ES
Cl| 0.243 |0.3| 0.180 |0.3| 0.362 | 0.2 | <0.001 | 1.0
C2| 0.630 [0.1| 0.481 |0.2| 0.906 |<0.1| 0.011 | 0.6
C3| 0.801 |0.1| 0.408 |0.2| 0.557 | 0.1 | 0.021 | 0.5
C4| 0.647 |0.1| 0.108 | 0.4| 0.564 | 0.2 | 0.076 | 0.5
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Supplementary Table 19: Results of ROI-based analyses to assess spinal cord damage at each
stage of SCA6. Subgroups based on disease duration, <5: Time from ataxia onset <5 years, 5-
10: Time from ataxia onset between 5-10 years, 10-15: Time from ataxia onset between 10-15
years, 15>: Time from ataxia onset >15 years.

Vertebral Subgrou Measures Controls SCA3 p-value Effect
Labels group (meanzSD) (meaniSD) |(Bonferroni)| Size
Area (mm?) - - - i
Preataxic
ECC - - - -
Area (mm?) 66.6 £ 5.0 62.5+7.5 0.859 0.6
<5 years
ECC 0.744 £ 0.068 | 0.705 +0.043 0.711 0.7
Area (mm?) 62.7+8.1 65.1+8.8 0.667 0.3
C1 5-10 years
ECC 0.731+0.064 | 0.758 +0.035 0.747 0.5
Area (mm?) 64.7+7.9 61.2+8.7 0.999 0.4
10-15 years
ECC 0.726 £ 0.037 | 0.724 £ 0.076 0.999 <0.1
Area (mm?) | 69.3+10.5 64.5+ 8.3 0.743 0.5
15> years
ECC 0.712 £ 0.060 | 0.713 £0.047 0.999 <0.1
Area (mm?) - - - -
Preataxic
ECC - - - -
Area (mm?) 63.5+5.0 62.6 +5.5 0.999 0.2
<5 years
ECC 0.768 £ 0.044 | 0.739 +0.027 0.481 0.8
Area (mm?) 60.9+7.4 65.3+7.8 0.667 0.6
Cc2 5-10 years
ECC 0.773+£0.046 | 0.774 £ 0.042 0.999 <0.1
Area (mm?) 63.86.7 59.8+7.3 0.768 0.6
10-15 years
ECC 0.750 £ 0.038 | 0.768 + 0.056 0.999 0.4
Area (mm?) 69.1+6.4 64.3+9.7 0.565 0.6
15> years
ECC 0.758 £ 0.043 | 0.737 £0.033 0.645 0.5
Area (mm?) - - - -
Preataxic
Cc3 ECC - - - -
<5years | Area (mm?) 62.1+6.4 62.1+8.7 0.999 <0.1
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ECC 0.809+0.033 | 0.778 £ 0.034 0.353 0.9
Area (mm?) 61.7+6.9 62.8+8.1 0.999 0.2
5-10 years
ECC 0.814 £0.034 | 0.816 £ 0.025 0.999 0.1
Area (mm?) 62.3+8.4 58.9+6.2 0.999 0.5
10-15 years
ECC 0.816 £ 0.037 | 0.800 £ 0.059 0.999 0.3
Area (mm?) 66.7+7.5 62.4+9.0 0.760 0.5
15> years
ECC 0.809+£0.035 | 0.789 £ 0.031 0.514 0.6
Area (mm?) - - - ;
Preataxic
ECC - - - -
Area (mm?) 67.11£6.6 57.6+4.2 0.134 1.8
<5 years
ECC 0.837 +0.053 | 0.845 +£0.024 0.999 0.2
Area (mm?) 60.0+9.6 62.9+9.8 0.999 0.3
ca 5-10 years
ECC 0.839+£0.026 | 0.844 +0.031 0.999 0.2
Area (mm?) 63.4+9.2 61.7+9.2 0.999 0.2
10-15 years
ECC 0.847 £0.024 | 0.832 £0.031 0.938 0.6
Area (mm?) 67.318.7 62.7 £ 8.7 0.853 0.5
15> years
ECC 0.839+0.027 | 0.826 £ 0.028 0.999 0.5
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Supplementary Table 20: Results of ROI-based analyses to assess progressive spinal cord

damage at each stage of SCAG6 relative to the cohort with time from ataxia onset <5 years.

CSA (mm?)
<5 years 5-10 years | 10-15years | 15> years
p-value | ES | p-value | ES | p-value | ES | p-value | ES
c1 - - | 0.538 | 03| 0966 |0.2| 0.425 |0.1
c2 - - | 0389 |0.4| 0.808 |0.4| 0.331 |01
c3 - -1 0722 |0.1| 0692 |0.5| 0.419 |01
ca - - | 0.166 |0.5| 0.303 |0.4| 0.206 |0.5
Eccentricity
<5 years 5-10 years | 10-15years | 15> years
p-value | ES | p-value | ES | p-value | ES | p-value | ES
Cc1 - - | 0010 |14| 0.416 [0.3] 0.231 |0.2
c2 - - | 0.053 |09 0.216 |0.6| 0.531 |0.1
c3 - - | 0.008 |1.3| 0.443 |0.4| 0.414 |03
ca - -1 0875 |0.1| 0591 |0.5| 0.446 |0.8
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Supplementary Table 21: Comparison of coefficients between linear and quadratic models for
the graph of z-transformed CSA/eccentricity versus time from ataxia onset of the SCA1 cohort.

CSA (mm?)
Vertebral Model | RMSE | R-Squared Adjusted R- F: ‘ Model R-squared p-

Level Squared statistic | p-value Change value
Linear | 0.960 0.129 0.116 10.2 0.002

Cc1 0.030 0.112
Quadratic | 0.950 0.159 0.134 6.4 0.003
Linear 0.811 0.124 0.112 9.8 0.003

c2 0.055 0.032
Quadratic | 0.791 0.179 0.155 7.4 0.001
Linear | 0.845 0.134 0.122 10.7 0.002

c3 0.045 0.050
Quadratic | 0.828 0.180 0.155 7.4 0.001
Linear | 0.994 0.094 0.080 6.5 0.013

ca 0.021 0.220
Quadratic | 0.991 0.115 0.086 4.0 0.023

Eccentricity
Vertebral Model | RMSE | R-Squared Adjusted R- F.- . Model R-squared p-

Level Squared statistic | p-value Change value
Linear 1.147 0.004 -0.010 0.3 0.601

Cc1 0.002 0.698
Quadratic | 1.154 0.006 -0.023 0.2 0.812
Linear | 0.982 0.013 -0.002 0.9 0.348

c2 <0.001 0.972
Quadratic | 0.989 0.013 -0.016 0.4 0.646
Linear | 0.791 0.049 0.035 3.5 0.065

c3 0.009 0.403
Quadratic | 0.793 0.058 0.030 2.1 0.131
Linear | 0.765 0.074 0.059 5.0 0.028

ca 0.080 0.015
Quadratic | 0.737 0.154 0.127 5.6 0.006
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Supplementary Table 22: Comparison coefficients between linear and quadratic models for
the graph of z-transformed CSA/eccentricity versus time from ataxia onset of the SCA2 cohort.

CSA (mm?)
Vertebral Model | RMSE | R-Squared Adjusted R- F-statistic Model | R-squared p-value
Level Squared p-value Change
Linear | 0.878 0.102 0.089 7.9 0.006
C1 0.007 0.448
Quadratic | 0.881 0.109 0.083 4.2 0.019
Linear | 0.952 0.067 0.054 5.0 0.028
c2 0.004 0.583
Quadratic | 0.957 0.071 0.044 2.6 0.079
Linear | 0.927 0.066 0.052 4.8 0.032
c3 0.016 0.272
Quadratic | 0.926 0.082 0.054 3.0 0.058
Linear 1.059 0.025 0.007 1.4 0.240
ca 0.011 0.427
Quadratic | 1.063 0.035 0.000 1.0 0.374
Eccentricity
V | Adj R- M I | R-
ertebra Model | RMSE | R-Squared djusted F-statistic ode squared p-value
Level Squared p-value Change
Linear | 0.812 0.077 0.064 5.8 0.018
Cc1 0.003 0.619
Quadratic | 0.817 0.080 0.053 3.0 0.056
Linear | 0.769 0.110 0.097 8.7 0.004
Cc2 0.006 0.471
Quadratic | 0.772 0.117 0.091 4.6 0.014
Linear 0.824 0.178 0.166 14.7 <0.001
c3 0.077 0.009
Quadratic | 0.790 0.255 0.232 11.4 <0.001
Linear | 0.767 0.083 0.066 5.0 0.029
ca 0.060 0.047
Quadratic | 0.748 0.143 0.112 4.6 0.014
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Supplementary Table 23: Comparison coefficients between linear and quadratic models for
the graph of z-transformed CSA/eccentricity versus time from ataxia onset of the SCA3 cohort.

CSA (mm?)
V | Adj M | R-
ertebra Model RMSE | R-Squared djusted F-statistic ode squared p-value
Level R-Squared p-value Change
Linear 0.899 0.212 0.208 46.6 <0.001
C1 0.002 0.507
Quadratic | 0.901 0.214 0.205 23.5 <0.001
Linear 0.940 0.201 0.197 43.6 <0.001
Cc2 <0.001 0.934
Quadratic | 0.943 0.201 0.192 21.7 <0.001
Linear 0.975 0.235 0.231 51.3 <0.001
c3 <0.001 0.862
Quadratic | 0.977 0.235 0.226 25.5 <0.001
Linear 1.124 0.147 0.141 25.0 <0.001
ca <0.001 0.895
Quadratic | 1.127 0.147 0.135 124 <0.001
Eccentricity
Vertebral Model RMSE | R-Squared Adjusted F-statistic Model | R-squared p-value
Level R-Squared p-value Change
Linear 0.990 0.079 0.074 14.9 <0.001
c1 <0.001 0.981
Quadratic | 0.993 0.079 0.069 7.4 0.001
Linear 0.958 0.019 0.013 33 0.072
Cc2 0.002 0.523
Quadratic | 0.960 0.021 0.010 1.8 0.162
Linear 0.956 0.034 0.029 5.9 0.016
c3 <0.001 0.973
Quadratic | 0.959 0.034 0.023 3.0 0.055
Linear 1.000 0.014 0.007 2.0 0.160
ca 0.001 0.663
Quadratic | 1.003 0.015 0.001 1.1 0.341
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Supplementary Figure 01: Graphs of z-transformed CSA versus time from ataxia onset. The negative values for disease duration indicate the predicted time
to ataxia onset calculated using Tezenas formulas for SCA1 and SCA2 (Tezenas du Montcel et al, 2014) and Peng formula for SCA3 (Peng et al, 2021), both are
based on CAG repeat length and current participant age.
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Supplementary Figure 02: Graphs of z-transformed Eccentricity versus time from ataxia onset. The negative values for disease duration indicate the
predicted time to ataxia onset calculated using Tezenas formulas for SCA1 and SCA2 (Tezenas du Montcel et al, 2014) and Peng formula for SCA3 (Peng et al,
2021), both are based on CAG repeat length and current participant age.
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