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propose a staging model of spinocerebellar ataxia
type 3/Machado-Joseph disease that includes a bio-
marker stage characterized by objective indicators of
neurodegeneration before ataxia onset.

ANN NEUROL 2024;95:400-406

Introduction

Spinocerebellar ataxia type 3/Machado—Joseph disease
(SCA3) is the most common autosomal dominantly
inherited adult-onset ataxia disease worldwide with a pro-
gressive course leading to increasing disability and premature
death. It is caused by unstable expansions of polyglutamine
encoding CAG repeats, resulting in the formation of the
abnormally elongated disease protein ATXN3.! Targeted
therapies for SCA3 are being developed, and first safety trials
of an antisense oligonucleotides have been initiated (https://
clinicaltrials.gov, NCT05160558, NCT05822908). Future,
preventve trials including SCA3 mutation carriers before
ataxia onset are a realistic option. For the design of such tri-
als, a thorough understanding of the dynamics of biomarkers
that reflect the cascade of pathological events associated with
SCA3 is a crucial prerequisite.

We analysed a large cross-sectional dataset of SCA3
mutation carriers ranging from the early phase before ataxia
onset to the late advanced phase. Our aim was to delineate
fluid and magnetic resonance imaging (MRI) biomarker
changes in relation to ataxia manifestation that reflect key
pathological changes of SCA3 and are known to be abnormal
before ataxia onset; namely, ATXN3, neurofilament light
(NfL), as wells as MRI-derived pons and cerebellar
volumes.”'® By using a two-step regression analysis consider-
ing clinical, as well as fluid and imaging biomarker data, we
were for the first time able to propose a staging model

of SCA3.

Materials and Methods
Study Participants

This prospective, longitudinal, observational cohort study is
carried out at 14 sites in 5 European countries and the USA.
Participants of the European Spinocerebellar Ataxia Type
3/Machado-Joseph Disease Initiative (ESMI) cohort undergo
annual standardized assessment, including a clinical examination
and biosampling. MRI is carried out at 11 sites. SCA3 mutation
carriers, their first-degree relatives, and healthy controls (HC) are
eligible for inclusion. The study protocol is available under the
following link: https://idsn.dzne.de/esmi/study-protocols.

For this analysis, we used cross-sectional data of 292 SCA3
mutation carriers and 108 healthy controls, of whom at least one
fluid or MRI biomarker result was available at January 31, 2022.
The ESMI consortium previously published individual biomarker
data separately, and the present analysis is largely based on the com-
bination of these data.>>® The study was approved by the local
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ethics committees. Written informed consent according to the Dec-
laration of Helsinki was obtained from all participants.

Assessments

We used the Scale for the Assessment and Rating of Ataxia
(SARA)'! to assess the presence and severity of ataxia. Manifest
ataxia was defined by a score of 23.

Using a single molecule counting immunoassay, we
measured plasma concentrations of expanded ATXN3.> Serum
concentrations of NfL were determined with an ultrasensitive
single-molecule array assay.” One single outlier with a value of
NIfL 4-fold higher than all other participants was excluded.

T1-weighted MRIs were acquired using a magnetization-
prepared rapid gradient-echo sequence (TR = 2,500 ms,
TE =437 ms, TI=1,100ms, flip angle =7 deg, FOV
256 X 256 mm, 192 slices with a voxel size of 1 mm isotropic)
on Siemens 3T scanners (Siemens Medical Systems, Erlangen,
Germany). Volumes of the pons, cerebellar white matter
(CWM), and cerebellar grey matter (CGM)” were measured and
normalized by each participant’s total intracranial volume.

In 243 study participants from whom DNA samples were
available, repeat lengths of the expanded and normal alleles
were centrally determined. For 43 participants, information
about repeat lengths was taken from medical records; for 6 partic-
ipants, no information was available.

Age of ataxia onset was defined as the reported first occur-
rence of gait disturbances. A total of 47 SCA3 mutation carriers
did not yet experience gait disturbances (right-censored individ-
uals). In a minority of patients (n = 14, 4.8%) with gait distur-
bance, information on the reported age of onset was missing
(left-censored individuals). In these 61 SCA3 mutation carriers,
the age of onset was estimated, as described below.

Statistical Analysis

Statistical analysis was carried out using R version 4.1.1 (R Core
Team 2022; R: A Language and Environment for Statistical
Computing; The R Foundation for Statistical Computing,
Vienna, Austria).

To relate fluid and MRI biomarker data to the time from
ataxia onset, we applied a conditional multiple imputation
approach.'” First, censored values of age of ataxia onset
(or equivalently time from ataxia onset) were imputed fitting the
parametric survival model by du Montcel et al.'> To account for
interval censoring, covariate values were imputed with the condi-
tional expectation for right-censored individuals (accounting for
actual age), and with the unconditional expectation for left-
censored individuals. Second, additive regression models were
fitted for fluid and MRI biomarker values to the imputed covari-
ate specifying a cubic P-spline with 6 B-spline basis functions and
a second order difference penalty. This two-step procedure was
repeatedly applied to 1,000 bootstrap samples from the original
sample. Final estimates of the spline coefficients and associated
variance estimates were then calculated by applying Rubin’s rule.

For regression, NfL concentrations and MRI volumes were
z-transformed with respect to age, as described before.® As SARA
scores and ATXN3 concentrations in healthy controls are close
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to 0, no z-transformation was performed and the raw values were
used. The analysis of the z-scores of NfL. and MRI biomarkers
was additionally adjusted for sex and site in multivariable regres-
sion models, and the analysis of ATXN3 and SARA for sex, sites,
and age. To test for confounding effects of sex and site, and age,
if applicable, a Bonferroni-Holm correction was applied.

Based on these regression models, we defined the carrier, bio-
marker, and ataxia stage. For a detailed description, we refer to the
results section. Fluid and imaging biomarker values, as well as SARA
sum scores, were compared between the three stages using one-way
ANOVA followed by pairwise comparisons using Tukey’s test.

Results

A total of 57 SCA3 mutation carriers before ataxia onset
(35 women, mean age 35.5 years standard deviation
[SD] 9.0), mean time from ataxia onset —10.1 years
[SD 8.6]), 235 ataxic SCA3 mutation carriers
(109 women, mean age 51.3 years [SD 11.3], mean time
from ataxia onset 11.2 years [SD 7.8]), and 108 healthy
controls (59 women, mean age 46.1 years [SD 14.0]) were
included. MRI results, ATXN3 concentrations, and NfL
levels were available in 161 (116 SCA3, 45 HC),
134 (122 SCA3, 12 HC), and 327 participants
(239 SCA3, 88 HC), respectively, with an overlap
between all 3 markers in 38 participants (33 SCA3,
5 HC), between ATXN3 and MRI in 39 (34 SCA3,
5 HC), between NfL and MRI in 96 (70 SCA3, 26 HC),
and between ATXN3 and NfL in 115 participants
(103 SCA3, 12 HC).

Changes of SARA scores, fluid biomarker levels, and
MRI volumes of SCA3 mutation carriers in relation to the
time from ataxia onset are shown in Figure 1. Overlap of
the NfL 95% ClIs of SCA3 mutation carriers with the
interval of mean £ 2 SD of controls ended 13.3 years
before onset. The overlap of pons and CWM volumes
with controls ended 2.2 years (pons) and 0.6 years
(CWM) before ataxia onset. CGM volume only slightly
decreased and stayed within the £2 SD range around the
mean of controls during the entire disease course. Multi-
variable confounding analyses showed no evidence for an
effect of sex and site for the MRI biomarker and NfL, and
of sex, site, and age for ATXN3 and SARA.

Based on the temporal sequence of biomarker
changes, we defined the following disease stages. First, the
carrier stage includes mutation carriers before ataxia onset
without significant biomarker abnormalities other than
the presence of mutant ATXN3 (SARA <3 and NfL
z-score <2). We chose NfL as a criterion, as the preceding
analysis showed that levels of NfL were the first of the
studied biomarkers to change. Second, the biomarker
stage includes mutation carriers before ataxia onset with
significant biomarker changes in the absence of ataxia
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(SARA <3 and NfL z-score 22). Third, the ataxia stage
includes ataxic mutation carriers, defined by SARA =3
(Figure 2). Changes of SARA and the analyzed biomarkers
in each stage are shown in Figure 3.

Discussion

Using cross-sectional data from 292 SCA3 mutation car-
riers, we estimated the sequence and extent of fluid and
imaging biomarker changes along the disease course.
Based on the observed changes, we drafted a staging
model of SCA3 that includes an initial asymptomatic car-
rier stage followed by the biomarker stage characterized by
absence of ataxia, but changes of NfL, as well as pons and
cerebellar white matter volumes, finally leading into the
ataxia stage, defined by manifest ataxia."*

This study had a number of limitations, the most
important of which was its cross-sectional design. Even
though ESMI is one of the largest SCA3 cohorts world-
wide, the data volume, in particular of biomarkers, was still
limited, resulting in only a few individuals in which all bio-
markers were concurrently obtained. As MRI was only con-
ducted at select sites, brain volume data were available of
less than half of the participants, resulting in increased vari-
ability. Enrollment of mutation carriers from regions with
significant disease cluster, such as the Azores, and from
non-cluster regions, is a potential source of variability that
might affect the modeling. However, an analysis of possible
confounders did not show an effect of the study site. Addi-
tional sources of variability include potential inaccuracy of
the estimated age of ataxia onset, and imperfect matching
of the control population. Supplementation by longitudinal
data and merging with data from other cohorts is therefore
needed to corroborate our results.

Mutant ATXN3 was not used as a criterion for the
definition of the biomarker stage, as concentrations were
highly detectable throughout the entire disease course,
characterizing it as a trait rather than a progression bio-
marker. The rise of NfL marks the first currently detect-
able damage to the nervous system in SCA3 and preceded
ataxia onset by 11.9 years. This agrees with previous
reports on NfL data of ESMI participants,™” as well as
findings in other cohorts.">'® Consequently, we used NfL
as a criterion to define the biomarker stage in individuals
prior to ataxia onset. Although NfL is supposed to reflect
the rate of degeneration,” volume loss rather represents
the cumulated result of degeneration, explaining why vol-
ume loss followed the rise of NfL."> As pons and CWM
volumes showed a continuous decrease, and deviated from
normal 2.0 and 0.3 years before ataxia onset, they may be
considered for the stratification of mutation carriers close
to the clinical onset. The prominent white matter loss is

Volume 95, No. 2

85UB017 SUOWIWIOD dA 8.0 3|(deol dde 8Ly Aq peusenob a2 ool O ‘8sN JO S9InJ 10} ARIq1T8UlUO A8]IAA U (SUOIPUOD-pUE-SWLBIW00 A8 1M AReq | Ul |Uo//Sdiy) SUORIPUOD pue swie | 8u18es ' [7202/20/80] Lo Arlqiauluo Ao]im ‘BepoineN Ind winiuez seyosined Aq 1289z eUe/z00T 0T/I0P/W00 A8 |1 Afe.d 1 |pul|uoy/sdny Wwolj pepeojumod ‘Z %202 ‘6728TEST



Faber et al: Biomarker Changes in SCA3

30 7 SARA

SARA

10

T T T I T T T T T
-20 -15 -10 -5 0 5 10 15 20 25

Time from ataxia onsetin years

1250 4 — ATXN3

1000

750

500 — e

ATXN3

250

-250

-20 -15 -10 -5 0 5 10 15 20 25

Time from ataxia onsetin years

75 NfL
Pons (inverted)
—— CWM (inverted)
CGM (inverted)

T T T T T T T T T
-20 -15 -10 -5 0 5 10 15 20 25

Time from ataxia onsetin years

FIGURE 1: Scale for the Assessment and Rating of Ataxia (SARA) scores, fluid, and MRI biomarker data in spinocerebellar ataxia
type 3/Machado-Joseph disease mutation carriers in relation to time from ataxia onset. Data were analyzed with additive
regression models on a time scale defined by ataxia onset. The time of ataxia onset is shown by a vertical dashed line in all
graphs. The estimated 95% confidence intervals are shown by the shaded areas around the curves. (A) SARA sum score. The
SARA cut-off of 3 defining manifest ataxia is given as a dashed horizontal line. (B) Plasma concentrations of elongated ATXN3.
Data are given in ng/ml. (C) Serum concentrations of neurofilament light (NfL), magnetic resonance imaging volumes of the pons,
cerebellar with matter (CWM), and gray matter (CGM). Data were z-transformed in relation to healthy controls of same age. The
y-axis of volume values is inverted for better comparability of volume loss and NfL increase. The mean of healthy controls is
given as a horizontal line, the 1 SD range by dashed lines, and the 2 SD range by dotted lines.
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FIGURE 2: Staging model of spinocerebellar ataxia type 3/Machado-Joseph disease. Proposed staging model of spinocerebellar
ataxia type 3/Machado-Joseph disease based on the studied fluid and magnetic resonance imaging biomarker data. The model
includes an initial asymptomatic carrier stage followed by the biomarker stage defined by the absence of ataxia, but a significant
rise of neurofilament light (NfL). The biomarker stage leads into the ataxia stage, which is defined by manifest ataxia. Following
previous suggestions, the ataxia stage is further subdivided into three substages defined by milestones of gait deterioration.™

CGM = cerebellar gray matter; CWM = cerebellar with matter.
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FIGURE 3: Scale for the Assessment and Rating of Ataxia (SARA) scores, fluid and magnetic resonance imaging biomarker data in
the carrier, biomarker, and ataxia stage of spinocerebellar ataxia type 3/Machado-Joseph disease. Data were analyzed with one-
way ANOVA followed by pairwise comparisons using Tukey's test *p < 0.01; **p < 0.001. CGM = cerebellar grey matter; CWM
= cerebellar white matter; eTIV = estimated intracranial volume; NfL = neurofilament light.

in line with autopsy and previous MRI findings that show
relative sparing of cerebellar cortex in SCA3.""? More-
over, it is in line with observations of early oligodendro-
cyte pathology in mouse models of SCA3.>°

The present data allowed for the first time to draft a
data-driven model of disease stages for SCA3 similar to that
recently presented for Huntington’s disease.”' Further studies
including additional fluid and imaging biomarker data, such
as MR spectroscopy and diffusion imaging,® may allow to
further subdivide the biomarker stage. The present staging
model of SCA3 is to be considered as a first draft that needs
to be further refined and extended based on more data and
broad consensus. Nevertheless, it provides a robust frame-
work for further studies aiming at elaboration and differentia-

tion of a staging model of SCA3.
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