of Clinical and Translational Neurology

'-) Check for updates

—N AMERICAN
AN NEUROLOGICAL
ASSOCIATION

(

RESEARCH ARTICLE

Open Access

Disease progression of spinocerebellar ataxia types 1, 2, 3
and 6 before and after ataxia onset

Heike Jacobi'*

, Tamara Schaprian®*, Tanja Schmitz-Hiibsch®

, Matthias Schmid®#,

Thomas Klockgether®® & on behalf of the EUROSCA and RISCA Study Groups

"Department of Neurology, University Hospital Heidelberg, Heidelberg, Germany
2German Center for Neurodegenerative Diseases (DZNE), Bonn, Germany
3Experimental and Clinical Research Center, a cooperation of Max-Delbrueck Center for Molecular Medicine and Charité — Univeristitsmedizin

Berlin, Berlin, Germany

“Department of Medical Biometry, Informatics and Epidemiology, Medical Faculty, University of Bonn, Bonn, Germany
°Department of Neurology, University Hospital of Bonn, Bonn, Germany

Correspondence

Heike Jacobi, Department of Neurology,
University Hospital Heidelberg, Heidelberg,
Germany. Tel: +49-6221-5636328.

E-mail: heike.jacobi@med.uni-heidelberg.de

Received: 13 June 2023; Revised: 25 July
2023; Accepted: 28 July 2023

Annals of Clinical and Translational
Neurology 2023; 10(10): 1833-1843

doi: 10.1002/acn3.51875

*Both authors contributed equally.

Introduction

Abstract

Objective: Our aim was to study the evolution of ataxia and neurological
symptoms before and after ataxia onset in the most common spinocerebellar
ataxias (SCAs), SCA1, SCA2, SCA3 and SCA6. We therefore jointly analysed
the data of the EUROSCA and RISCA studies, which recruited ataxic and non-
ataxic mutation carriers. Methods: We used mixed effect models to analyse the
evolution of Scale for the Rating and Assessment of Ataxia (SARA) scores, SCA
Functional Index (SCAFI) and Inventory of Non-Ataxia Signs (INAS) counts.
We applied multivariable modelling to identify factors associated with SARA
progression. In the time interval 5 years prior to and after ataxia onset, we cal-
culated sensitivity to change ratios (SCS) of SARA, SCAFI and INAS. Results:
2740 visits of 677 participants were analysed. All measures showed non-linear
progression that was best fitted by linear mixed models with linear, quadratic
and cubic time effects. R* values indicating quality of the fit ranged from 0.70
to 0.97. CAG repeat was associated with faster progression in SCA1, SCA2 and
SCA3, but not SCA6. 5 years prior to and after ataxia onset, SARA had the
highest SCS of all measures with a mean of 1.21 (95% CI: 1.20, 1.21) in SCAI,
0.94 (0.93, 0.94) in SCA2 and 1.23 (1.22, 1.23) in SCA3. Interpretation: Our
data have important implications for the understanding of disease progression
in SCAI1, SCA2, SCA3 and SCA6 across the lifespan. Furthermore, our study
provides information for the design of interventional trials, especially in pre-
ataxic mutation carriers close to ataxia onset and patients in early disease
stages.

In recent years, considerable progress has been made in
the development of targeted therapies aimed at modifying

The spinocerebellar ataxias (SCAs) comprise about 50
autosomal, dominantly inherited diseases. The clinical
hallmark of SCAs is progressive ataxia. The most com-
mon SCAs—SCA1l, SCA2, SCA3 and SCA6—are caused
by translated unstable repeat expansion mutations.’
Ataxia onset in these diseases is preceded by mild clini-
cal manifestations.> In addition, several fluid and
imaging biomarker candidates have been identified,
which showed alterations before the clinical onset of
ataxia.*”

the disease course of SCA1, SCA2, SCA3 and SCA6. These
therapies are most likely to be appropriate for mutation
carriers close to the onset of ataxia and patients in the
early symptomatic stage.® In this period around the con-
version to ataxia, SCAl, SCA2, SCA3 and SCA6 may
already have an impact on the lives of the affected indi-
viduals, but irreversible brain damage is not very
advanced.”"”

A number of longitudinal cohort studies of SCAI,
SCA2, SCA3 and SCA6 patients investigated the
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progression of ataxia after clinical onset.'" "7 The largest
of them is the EUROSCA study, which enrolled 526
SCA1, SCA2, SCA3 and SCA6 patients, and followed
them with a median observation time of 49 months.
From the clinical onset, ataxia, as measured by the
Scale for the Assessment and Rating of Ataxia (SARA),
and accompanying neurological symptoms, as measured
by the Inventory of Non-Ataxia Signs (INAS) continu-
ously worsened with SCAl showing the fastest
progression.'?

Information on the progression of clinical manifesta-
tions before ataxia onset is very limited. In the longitudi-
nal RISCA study that enrolled 302 risk persons for SCA1,
SCA2, SCA3 and SCA6, SARA scores of SCA1, SCA2 and
SCA3 mutation carriers increased from the time of inclu-
sion, whereas they remained stable in non-carriers. In
addition, 13%-52% of the mutation carriers converted to
manifest ataxia depending on the genetic subtype.” In a
study of 38 Brazilian pre-ataxic SCA3 mutation carriers,
SARA scores increased moderately.''

None of these studies, however, comprehensively con-
sidered the entire disease range from the early pre-
ataxia to the late ataxia stage. In particular, progression
data around the time of conversion to ataxia are widely
lacking. To understand the dynamics of clinical evolu-
tion in SCA1l, SCA2, SCA3 and SCA6 over the entire
disease course including the time of conversion, we
combined and jointly analysed the data of the longitu-
dinal RISCA and EUROSCA studies. In these studies,
we used the SARA,'"® the SCA Functional Index
(SCAFD)" and the INAS?® as clinical outcome assess-
ments (COAs). Our goal was to study and model the
evolution of ataxia and neurological symptoms over an
extended period before and after ataxia onset, to iden-
tify factors that influence progression and to determine
and compare the sensitivity to change of these used
COAs in the conversion period 5 years prior to and
after ataxia onset.

Methods

Participants

We analysed longitudinal data of pre-ataxic and ataxic
SCAL, SCA2, SCA3 and SCA6 mutation carriers from the
RISCA® and EUROSCA'? cohorts. The prospective RISCA
study enrolled pre-ataxic children or siblings of patients
with SCA1, SCA2, SCA3 or SCA6 at 14 European ataxia
referral centres. In the current analysis, only mutation
carriers were included. The prospective EUROSCA study
enrolled ataxic SCA1, SCA2, SCA3 and SCA6 mutation
carriers aged 18 years or older at 17 European ataxia
referral centres.

H. Jacobi et al.

The studies were approved by the ethics committees of
the contributing centres. Informed and written consent
was obtained from all study participants at inclusion.

Clinical outcome assessments (COAs)

We used SARA to assess the presence and severity of
ataxia.'® In addition to the SARA sum score, which
ranges from 0 to 40, with zero indicating absence of
ataxia and 40 being the most severe degree of ataxia, we
analysed the SARAaxial score, which comprises SARA
items 1 to 4. SARAaxial score ranges from 0 to 24. As a
performance-based assessment, we applied SCAFI, which
is generated as arithmetic mean of the scores of each of
the three subtests after transforming them to Z-scores of
a reference population.'” Neurological signs other than
ataxia were assessed with INAS.*® INAS is a list compris-
ing 30 items which are grouped into 16 non-ataxia signs
yielding an INAS count ranging between 0 and 16.

Data analysis and modelling

All analyses were performed using the R Software for Sta-
tistical Computing, version 4.2.1.>'

Analyses were done separately for each genetic subtype.
Patient characteristics at baseline are given as median and
interquartile range (IQR). Time from ataxia onset was
calculated by subtracting the age at ataxia onset in years
from the present age. In pre-ataxic mutation carriers, this
calculation yields negative values corresponding to the
time to ataxia onset. According to the disease status, the
determination of the age at ataxia onset was done differ-
ently. In ataxic patients from the EUROSCA cohort, we
used the age at onset, as reported by the participant.
Ataxia onset was defined by the onset of gait difficulties.**
In pre-ataxic mutation carriers of the RISCA cohort who
converted to manifest ataxia defined by SARA >3, we
computed the age at ataxia onset as the mean of the two
values at the visits before and after conversion.” In RISCA
participants, who did not convert during the observa-
tional period, age at ataxia onset was estimated by a para-
metric survival model that included the current age with
the repeat length of the expanded allele as a fixed effect.”

We applied locally weighted scatterplot smoothing
(LOESS) to show temporal evolution of COAs on a time
scale defined by ataxia onset. For modelling, we used
mixed effect models (R package ImerTest)** with random
effects on intercept to analyse evolution of SARA, SAR-
Aaxial, SCAFI and INAS as dependent variable and time
from ataxia onset in years as independent variable. We
tested for linear, quadratic and cubic effects on disease
progression to choose the model that best fitted the data
via backward selection and comparison of Akaike
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information criterion (AIC) and Bayesian information cri-
terion (BIC). Estimates derived from the model are given
as means with a 95% confidence interval (95% CI), stan-
dard error, p-value and marginal and conditional R>. Due
to the small numbers of visits at the extremes of time
scale, analyses were restricted to an interval from 20
before to 25 years after ataxia onset.

To identify factors that affect disease progression mea-
sured by SARA, the effect of sex, CAG repeat length of
normal allele and CAG repeat length of expanded allele
on the progression rates were tested via interactions
between the given variable and the time variables in a
multivariable model for each SCA subtype. Estimates
derived from the model are given as means with 95% CI
and marginal and conditional R”.

Sensitivity to change of SARA, SARAaxial, SCAFI and
INAS was assessed by calculating sensitivity to change
ratio (SCS). To this end, progression was modelled in a
time interval 5 years before and after ataxia onset with a
linear mixed model with patient-specific random intercept
and the linear term of time from onset as time variable.
Linearity of the progression rate in this time interval was
tested with the Rainbow test (R package lmtest) and
visual inspection of data. SCS was calculated by dividing
the mean slope of progression by the standard deviation
of the slope with 95% CI. 95% Cls were determined by
model-based (semi-) parametric bootstrap for mixed
effect models with 10,000 runs (R package lme4).”
Higher SCS values indicate greater sensitivity of change of
the respective clinical outcome measure.

Deidentified patient data are available via the CPTA:
https://c-path.org/programs/cpta/.

Role of the funding source

This study was funded within the framework of the ERA-
Net for Research Programmes on Rare Diseases (RISCA)
and EU FP6 (EUROSCA). Additional funds came from
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the German Ministry of Education and Research (Gene-
Move), Polish Ministry of Scientific Research and Infor-
mation Technology, Italian Ministry of Health (Grant RF-
2011-02347420) and from the European Community’s
Seventh Framework Programme (FP7/2007-2013) under
grant agreement no. 2012-305121 “Integrated European—
omics research project for diagnosis and therapy in rare
neuromuscular and neurodegenerative diseases (NEURO-
MICS)”. T. Klockgether is a member of the European
Reference Network for Rare Neurological Diseases (ERN-
RD, project number 739510).

The sponsors had no role in the study design, data col-
lection, data analysis, data interpretation or writing of the
report. The corresponding author had full access to all
the data in the study and had final responsibility for the
decision to submit for publication.

This study is registered with ClinicalTrials.gov, num-
bers NCT02440763 and NCT01037777.

Results

Data from 2740 visits of 677 participants, 525 from the
EUROSCA and 152 from the RISCA study were analysed.
The study population included 173 SCA1 mutation car-
riers, 207 SCA2 mutation carriers, 172 SCA3 mutation
carriers and 125 SCA6 mutation carriers. Participants had
a median of 3.0 (IQR = 2.0-4.0) visits and a median
observation time of 2.0 years (IQR = 0.9-3.9). Demo-
graphic and clinical characteristics of all participants are
given in Table 1.

To study the temporal evolution of COAs, we plotted
individual trajectories (Fig. 1) and applied LOESS as a
function of the time from ataxia onset (Fig. 2). In
SCA1l, SCA2 and SCA3, SARA, SARAaxial, SCAFI and
INAS evolution had a sigmoidal shape with incipient
deterioration from 10 to 15 years before ataxia onset fol-
lowed by an almost linear course around the time of
ataxia onset, and subsequent slowing from about

Table 1. Demographic and clinical characteristics of participants at baseline.

Variable SCA 1 SCA 2 SCA 3 SCA 6

Number of participants 173 207 172 125

Age (years) 40.0 [31.0, 50.0] 43.0[31.0, 52.0] 45.0 [38.0, 53.3] 65.0 [51.0, 72.0]
Normal allele 30.0 [29.0, 31.0] 22.0[22.0, 22.0] 22.0[20.0, 23.0] 12.0[12.0, 13.0]
Expanded allele 47.0 [44.0, 50.0] 38.5[37.0, 41.0] 69.0 [66.0, 71.0] 22.0[22.0, 22.0]
SARA 9.0 [1.5, 16.0] 12.0[5.8, 17.8] 11.5[4.0, 18.6] 13.0 [8.5, 18.0]
SARA axial 5.0 [1.0, 9.0] 6.00 [2.0, 10.0] 6.00 [2.8, 12.0] 7.0 [4.0, 11.0]
SCAFI 0.2 [-0.5, 0.7] —0.1[-0.6, 0.6] 0.4[-0.2, 1.0] —0.1[-0.7, 0.4]
INAS 3.0 [1.0, 5.0] 3.0 [1.5, 5.0] 4.0[2.0, 6.0] 2.0[1.0, 3.0]

Data are given as n (%), or median (IQR).
INAS, Inventory of Non-Ataxia Signs; SARA, Scale for the Assessment and Rating of Ataxia; SCA, spinocerebellar ataxia; SCAFI, SCA Functional

Index.
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Figure 1. Individual trajectories of SARA evolution in SCA1, SCA2, SCA3 and SCA6. INAS, Inventory of Non-Ataxia Signs; SARA, Scale for the
Assessment and Rating of Ataxia; SCA, spinocerebellar ataxia; SCAFI, SCA Functional Index.

10 years after ataxia onset. Exceptions from this general
pattern were SARA and SARAaxial in SCA1 which fur-
ther increased linearly until the end of the observation
period. The disease course of SCA6 differed from SCAI,
SCA2 and SCA3, in that SARA, SARAaxial and SCAFI
reached a plateau from about 20 years after ataxia onset.
Further, INAS in SCA6 deteriorated more slowly than in
SCA1l, SCA2 and SCA3, and the course was almost
linear.

To estimate the onset of deterioration in the pre-ataxia
stage, we calculated the time, at which SARA, SARAaxial
and INAS scores crossed the thresholds of 1 and 2. The time
points for SARA = 1 were —7,0 years (SCAL), —9,2 years
(SCA2), —8,8 years (SCA3) and —14,3 years (SCA6). The
respective values for SARA = 2 were —5,2 years (SCA1),
—7,0 years (SCA2), —6,5 years (SCA3) and —11,5 years
(SCA6). The time points for SARAaxial =1
were —5,3 years (SCAl), —6,4 years (SCA2), —5,9 years

1836 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 2. Loess plots of progression of COAs for each SCA type. SCA, spinocerebellar ataxia; SARA, Scale for the Assessment and Rating of

Ataxia; SCAFI, SCA Functional Index; INAS, Inventory of Non-Ataxia Signs.

(SCA3) and —10,4 years (SCA6), for SARAaxial = 2—
3,0 years (SCA1), —3,6 years (SCA2), —3,0 years (SCA3)
and —6,7 years (SCA6) and for INAS = 1-8,9 years
(SCA1), —8,0 years (SCA2), —7,6years (SCA3)
and —2,3 years (SCA6), for INAS = 2-3,5 years (SCA1),
—1,8 years (SCA2), —2,1 years (SCA3) and 8,5 years
(SCA®6).

Over the entire observation period, progression of
SARA, SARAaxial and INAS was fastest in SCA1 followed

by SCA2 and SCA3 in which curves showed large overlap,
and SCA6 which had the slowest progression. SARA and
SARAaxial progression curves of SCAI1 started to diverge
from those of the other subtypes from about 5 years after
ataxia onset, whereas progression curves overlapped
before this time. SCAFI curves of SCA1, SCA2, SCA3 and
SCA6 were almost parallel until 10 years after ataxia
onset, but SCA3 mutation carriers performed better over
almost the entire observation period.

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1837
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We used AIC and BIC model selection to distinguish
among a set of possible mixed effect models describing
the relationship between a linear, quadratic or cubic time
effect and all three time effects combined and the particu-
lar COAs. For each of the SCAs, the best-fit model for
the evolution of SARA, SARAaxial, SCAFI and INAS
included the combined linear, quadratic and cubic time
effects (Fig. 3). R* values indicating the quality of the fit
ranged between 0.90 and 0.97 for SARA, SARAaxial, and

SCA subtype
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w
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-20 -10 0 10 20
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SCAFI, and 0.70 and 0.82 for INAS. The parameters of
the models are given in the appendix (Appendix
Table S1).

To identify factors that were associated with the pro-
gression of the SARA score, we applied multivariable
modelling. CAG repeat length of the expanded allele was
associated with faster progression in SCA1l, SCA2 and
SCA3, but not SCA6. In SCAI and SCA3, the effect of
the CAG repeat length of the expanded allele on SARA

— O

_ 2 —3

®)

SARA axial

20 -10 0O 10 20
Time from onset [years]

(D)

-20 -10 0 10 20
Time from onset [years]

Figure 3. Progression of COAs by linear mixed models for each SCA type. INAS, Inventory of Non-Ataxia Signs; SARA, Scale for the Assessment
and Rating of Ataxia; SCA, spinocerebellar ataxia; SCAFI, SCA Functional Index.
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progression became evident only about 5 years after
ataxia onset, in SCA2 with ataxia onset (Fig. 4). We did
not find an association of sex and CAG repeat length of
the shorter allele with progression in any SCA subtype
(Appendix Table S2).

As confirmed by the Rainbow test, the progression of
all COAs was linear in SCA1, SCA2, SCA3 and SCA6 dur-
ing a time interval 5 years prior to and after ataxia onset.
In this time interval, we assessed the sensitivity to change
of SARA, SARAaxial, SCAFI and INAS by calculating

SCA1
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20 10 0 10 20
Time from onset [years]

Expanded allel — +1SD — Mean -18D
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40 1
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é 20_
&
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-101
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SCS. In SCA1, SCA2 and SCA3, SARA had the highest
SCS of all COAs with a mean of 1.21 (95% CI: 1.20,
1.21) in SCA1, 0.94 (0.93, 0.94) in SCA2 and 1.23 (1.22,
1.23) in SCA3 followed by SARAaxial. In SCA6, the SCS
of SARAaxial was higher than that of SARA. In the other
subtypes, SARAaxial had the second-highest SCS of all
COAs. In all SCA subtypes, SCAFI had the third highest
and INAS the lowest SCS. SCS of SARA was highest in
SCA3 followed by SCAI, SCA2 and SCA6, whereas the
rank order for SARAaxial was SCAl, SCA3, SCA2 and

SCA2

401
301
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Figure 4. Effect of the expanded allele on SARA progression in SCA1, SCA2, SCA3 and SCA6. SARA, Scale for the Assessment and Rating of

Ataxia; SCA, spinocerebellar ataxia.
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Table 2. Sensitivity to change ratios (SCSs) of clinical outcome assess-
ments (COAs) in the time interval 5 years prior to and after ataxia
onset.

Mean 95% Cl
SARA
SCA1 1.21 [1.20, 1.21]
SCA2 0.94 [0.93, 0.94]
SCA3 1.23 [1.22, 1.23]
SCA6 0.35 [0.35, 0.35]
SARAaxial
SCA1 1.09 [1.09, 1.09]
SCA2 0.89 [0.89, 0.89]
SCA3 0.92 [0.92, 0.92]
SCA6 0.38 [0.37, 0.38]
SCAFI
SCA1 -0.84 [-0.85, —0.84]
SCA2 -0.84 [-0.84, —0.83]
SCA3 -0.83 [-0.83, —0.82]
SCA6 -0.27 [-0.28, —0.27]
INAS
SCA1 0.71 [0.71,0.71]
SCA2 0.51 [0.51, 0.51]
SCA3 0.51 [0.51, 0.51]
SCA6 -0.14 [-0.14, —0.14]

INAS, Inventory of Non-Ataxia Signs; SARA, Scale for the Assessment
and Rating of Ataxia; SCA, spinocerebellar ataxia; SCAFI, SCA Func-
tional Index.

SCA6. The rank order for SCAFI and INAS was SCAI,
SCA2, SCA3 and SCA6 (Table 2, Appendix Table S3).

Discussion

This study provides quantitative data for the disease pro-
gression of SCA1l, SCA2, SCA3 and SCA6 over a time
period from 20 years before until 25 years after ataxia
onset. The study is based on longitudinal findings from
pre-ataxic mutation carriers from the RISCA cohort and
patients from the EUROSCA cohort. The assessment pro-
tocols of RISCA and EUROSCA had a considerable over-
lap and were identical with respect to the COAs analysed
in this study. In addition, 11 of 20 recruiting centres par-
ticipated in both RISCA and EUROSCA. It was therefore
justified to merge the data of both cohorts. This made it
possible for the first time to analyse and model disease
progression of SCA1, SCA2, SCA3 and SCA6 across the
time of ataxia onset. A limitation of this study is the
restriction to measures of ataxia and neurological signs
without consideration of cognitive function and bio-
markers. In addition, the study was performed only in
European individuals and may not be representative of
SCA mutation carriers coming from other world regions.
Whereas previous studies in SCAl, SCA2, SCA3 and
SCAG6 patients showed a linear progression of the severity
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of ataxia and neurological symptoms, the entire disease
course encompassing the pre-ataxic and ataxic stage was
non-linear and best fitted by linear mixed models with
linear, quadratic and cubic time effects. This applied
equally to all SCA subtypes under study. The models
explained a large part of the observed variability with R*
values exceeding 0.91 for SARA underlining the quality of
the modelling. Quality of the modelling is also demon-
strated between the great similarity of the local regression
curves and the calculated models.

SARA, SARAaxial and SCAFI, which are measures of
ataxia severity, indicated incipient clinical deterioration
approximately 10-15 years before ataxia onset followed
by a linear phase around ataxia onset and subsequent flat-
tening depending on the respective COA and genetic sub-
type. A plateau effect was not observed for these COAs in
SCA1, SCA2 and SCA3 indicating that they are sensitive
over a wide range of disease severity in these subtypes.
The progression of INAS, which is a rough measure of
non-ataxia involvement, was different. The increase in
SCA6 was smaller compared to SCAl, SCA2 and SCA3
indicating the paucity of extracerebellar degeneration in
SCA6. In addition, INAS reached a plateau in SCAI,
SCA2 and SCA3 about 20 years after ataxia onset.

Our analysis that covered a large part of the lifespan of
SCA1, SCA2, SCA3 and SCA6 mutation carriers con-
firmed previous findings that progression was fastest in
SCAL1 followed by SCA2 and SCA3, which took a similar
course, and SCA6, which had the slowest progression.'?
However, the differences between the SCA subtypes were
most evident in later disease stages, whereas there was
considerable overlap of the disease course in the pre-
ataxia stage and in the first 5 years after ataxia onset.

The CAG repeat length of the expanded allele was asso-
ciated with a faster SARA progression in SCA1, SCA2 and
SCA3, whereas there was no significant association
between sex and the CAG repeat length of the normal
allele in any subtype. While previous studies looking for
factors determining disease progression were confined to
patients, our study encompassed an extended time period
from 20 years before until 25 years after ataxia onset.
Our data show that the effect of the CAG repeat length of
the expanded allele becomes evident only about 5 years
after ataxia onset in SCAl and SCA3, and with ataxia
onset in SCA2.

In our further analysis, we focussed on a time period
that began 5 years before and extended to 5 years after
onset. This time period was chosen pragmatically, as all
COAs indicated linear deterioration, and pre-ataxic muta-
tion carriers close to ataxia onset and patients in an early
disease stage are likely responders to targeted therapies
aimed at modifying the disease course.® Future delinea-
tion of specific pre-ataxia stages needs to consider
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biomarker and mild functional changes occurring before
the clinical onset of ataxia.’®?” However, the present data
were not sufficient to define such stages. However, they
allowed to estimate at which time SCA mutation carriers
cross the threshold of low COA scores, such as
SARA =1, which are still in the normal range. The
apparently earlier deterioration of SCA6 mutation car-
riers, who were 20 to 25 years older than SCA1l, SCA2
and SCA3 mutation carriers, is most likely an artefact due
to age-related higher SARA scores.”®

The rationale for focusing on this time period is that
initiation of therapies at this time will precede irreversible
brain damage occurring in the later disease course.
Accordingly, a recently established trial-ready cohort for
SCA1 and SCA3 specifically enrolled pre-ataxic mutation
carriers and mildly affected patients.”” The principal feasi-
bility of performing trials in presymptomatic carriers of
gene mutations associated with neurodegenerative diseases
is corroborated by recent trials in dominantly inherited
Alzheimer’s disease®® and SODI-associated amyotrophic
lateral sclerosis.”!

We strongly believe that a preventive rather than a
therapeutic approach for SCA mutation carriers is not
only ethically justified, but imperative, as the benefit of
prevention is expected to be greater than that of therapy.
However, prevention is associated with specific challenges
related to the risk of stigmatisation of mutation carriers
and exposure of apparently healthy individuals to risks of
the intervention.

In the time interval 5 years prior to and after ataxia
onset, all COAs had considerably lower sensitivity to
change in SCA6 compared to SCA1, SCA2 and SCA3. In
the latter three SCA subtypes, SARA had the highest sen-
sitivity followed by SARAaxial, SCAFI and INAS. We
included SARAaxial, which comprises only SARA items
14 related to gait, stance, sitting and speech, while items
5-8 related to arm and leg coordination are omitted. The
reasons to include SARAaxial were findings in SCA3
patients showing that SARA progression was mainly
driven by items 1—4, with a markedly smaller contribution
of items 5-8. Due to a similar rationale, an ongoing inter-
ventional trial in SCAs is using a modified SARA version
comprising four items related to gait, stance, sitting and
speech (NCT03701399). In our analysis of the time inter-
val 5 years prior to and after ataxia onset, SARA had
higher sensitivity than SARAaxial showing that the items
related to arm and leg function contribute to clinical pro-
gression in this period. Accordingly, truncated versions of
SARA are not likely to reduce the required number of
participants in trials enrolling mutation carriers in late
pre-ataxic and early ataxic disease stages.

Other than SARA, SARAaxial and INAS which repre-
sent clinician-reported outcomes, SCAFI is a performance

Disease Progression of Spinocerebellar Ataxia

outcome based on a timed walking, speech and coordina-
tion test. The present data confirm previous findings in
SCA patients’? that SCAFI is less sensitive than SARA
to detect worsening of ataxia. Accordingly, SCAFI has
limited usefulness as an outcome in clinical trials.

Our data have important implications for the under-
standing of the biological characteristics of disease pro-
gression in SCA1l, SCA2, SCA3 and SCA6 across the
lifespan. Furthermore, our study provides useful informa-
tion for the design of interventional trials in these disor-
ders, in particular of trials that test interventions aimed at
modifying the disease course in pre-ataxic mutation car-
riers close to ataxia onset and patients in an early disease
stage.
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