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1. Introduction

Spinocerebellar ataxias (SCA) are a group of autosomal dominantly inherited genetic
diseases, primarily characterized by progressive cerebellar ataxia resulting in loss of
balance and coordination accompanied by slurred speech and oculomotor
abnormalities. Most SCAs present with additional non-ataxia symptoms. SCAs are
named with a number, which represents the chronological discovery of the underlying
disease mutation. Firstly, | would like to outline the genetics, clinical features and

therapeutic options of SCAs with a focus on SCAS3.

1.1 Epidemiology

Epidemiological data for SCAs are markedly varying from country to country (Fig. 1). In
a systematic review from Ruano et. al, in which 22 epidemiological studies from 16
countries were included, the prevalence of SCAs ranged between 0.0-5.6/100.000 with
an average of 2.7/100.000 (95 % CI: 1.5 — 4.0/100.000). SCA3 or Machado-Joseph
disease (MJD) was found to be the most frequent subtype, followed by SCA2 and SCA6
(Ruano et al., 2014). However, in isolated geographical areas, much higher prevalence
rates were reported, as on the Azores Islands, with the highest prevalence of 1/239 on
Flores Island (Coutinho et al., 2013). This discrepancy might be explained by the
founder effect, which appears either through the migration of individuals carrying
mutation or de novo mutations. According to a review study of Bettencourt and Lima,
SCA3 is especially prevalent in Brazil (counting for 69-92 % of all SCA families), China
(48-49 %), the Netherlands (44 %), Germany (42 %) and Japan (28-63 %). On the
contrary, it is less frequent in the USA and Canada (21-24 % of SCA families), France
(20 %), Mexico (12 %), Australia (12 %) and India (5—-14 %), South Africa (4 %) and ltaly
(1 %) (Bettencourt and Lima, 2011).

1.2 Genetics

Up to now, more than 45 subtypes of SCAs were defined, which are either caused by
repeat expansions or conventional non-repeat mutations. Repeat expansion mutations

can be further divided into polyglutamine(polyQ)-coding CAG repeat expansions and
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non-protein coding repeat expansions. (Fig. 2) CAG repeats result in an elongated
polyQ portion in the affected disease protein, which is the common feature of polyQ
disorders. SCA1, SCA2, SCA3 and SCAG have polyQ repeats as the underlying genetic
cause and they are the most prevalent subtypes, which together take up more than 50
% of all SCA genotypes. Spinal and bulbar muscular atrophy (SBMA) and Huntington's
disease (HD) are other examples of polyQ diseases. (Fig. 3) The CAG repeat length of
the expanded allele is associated with early disease onset and disease severity (Jacobi
et al., 2015).

Repeat expansions are unstable. During transmission to next generations, the repeat
number can increase, resulting in earlier disease onset and more severe phenotype.
This phenomenon is called anticipation, which is a common feature of repeat expansion

disorders.

I: SCAT f SCA3
SCA1 SCA1

SCA2
DRPLA

o)

SCAL SCAL
SCA2 SCA6
SCA3
O SCAI/MJD SCA12
O Polyglutamine SCAs

0 SCAs caused by non-coding

expansions or conventional SCA1
mutations SCAT

Fig.1: Epidemiological distribution of SCAs(modified from Klockgether et al., 2019)
The most frequent SCA subtypes vary by countries considerably, represented by three
groups which can be extracted from the legend on the left below.
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Fig. 2: Coding and non-coding repeat expansion SCAs (modified from Ashizawa et al.,
2018) This illustration shows the affected region of DNA for different repeat expansion
SCAs green: polyQ SCAs, ATG: start codon, UTR: untranslated region

Tezenas et al. proposed a model to estimate the age of onset in non-ataxic mutation
carriers in European cohorts (Tezenas du Montcel et al., 2014). The calculation is based
on the repeat length of the longer allele and the actual age. However, geographical
origin is found to play a key role in explaining the variability of disease onset. In a
population study with 739 SCA3/MJD carriers from South Brazil, Taiwan and the
Portuguese Azorean islands, Mattos et al., 2019 suggested that this formula
underestimated the observed age of onset in South Brazilian and Taiwanese test
cohorts. Furthermore, in a meta-analysis of 10 individual-participants (n=2099) and 2
aggregated data cohorts with SCA3 mutation carriers, geographical origin alone was
responsible for 8.3 % variance of age of onset. CAG length of the longer ATXN3 allele
explained 55.2 % of variance alone, whereas it was 73.5 % when geographical origin,
family effects and CAG repeats of ATXN2 alleles were included in the linear regression
model (de Mattos et al., 2018).

SCA3 is caused by a prolonged CAG repeat in the ATXN3 gene (14g32.1), which
translates to the mutation protein called ataxin3. (Fig. 4) Ataxin3 is accumulated in

intranuclear inclusions of affected neurons (Paulson et al., 1997).
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Fig. 3: Normal and disease repeat lengths for the CAG/polyglutamine diseases
(modified from Paulson, 2018)

Color coded scheme for the CAG/polyglutamine diseases SCA1, SCA2, SCA3, SCAG,
SCA7, SCA1, dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar muscular
atrophy (SBMA) and Huntington’s disease (HD). Normal (green), incompletely penetrant
(yellow), and fully penetrant (red) repeat lengths are shown for each disease. Deepening
color of red illustrates increased disease severity and earlier age of onset related to
longer repeat lengths. Arrows illustrate that the longest disease repeats in SCA2, SCA7
and HD are > 100 repeats. Gray regions represent a size range of intermediate-length
repeats that may be prone to further expansion. High normal SCA2 alleles (orange) are
a risk factor for amyotrophic lateral sclerosis (ALS). At SCA1 locus, normal repeats can
be longer when they are interrupted by cytosine adenine thymine (CAT) residues.

* Normal repeat lengths in SCA1 and SCAG6 are modifiers of age of onset, and SCA6
normal repeat length is also a modifier of age of onset in SCA2.

# In SCA2 disease repeats interrupted by CAA can be associated with dominantly
inherited Parkinson disease rather than ataxia.

A Normal repeat length in SCA17 is an imperfect CAG repeat interrupted with CAA
residues.
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Fig. 4: Molecular structure and function of ATXN3 (modified from Paulson et al., 2017)

a. The deubiquitinase (DUB) ATXN3 has an N-terminal catalytic (Josephin) domain,
which contains two Ubiquitin-binding sites and two nuclear export sites (NES), and a
C-terminal Ubiquitin-binding domain bearing three Ubiquitin-interacting motifs (UIMs)
and a nuclear-localization signal (NLS).

b. ATXN3 binds and cleaves polyubiquitin chains and has been implicated in a variety of
ubiquitin (Ub)-dependent protein quality control pathways. Although expanded ATXN3
retains DUB activity in vitro, changes in polyQ-repeat length may alter its function in the
complex cellular environment, with deleterious consequences. As with many polyQ
disease proteins, mutant ATXN3 becomes concentrated in the nucleus.

NLS: nuclear-localization signal

1.3 Pathophysiology

In SCAs, mainly Purkinje fibers of the cerebellum degenerate. However, with emerging
neurological diagnostic modalities, the involvement of spinal cord, brain stem, dentate
nucleus, basal ganglia, peripheral and autonomic nervous system and in advanced
stages cerebral cortex and subcortical white matter (WM) were demonstrated as well
(Rezende et al., 2018; Scherzed et al., 2012).

Protein toxicity plays a fundamental role in pathogenesis. It is shown that not only the
mutation protein itself but also the interacting proteins showed an altered function, which
amplifies the extent of toxicity. Mutation proteins are prone to oligomerization and

aggregation, which tends to be restricted to intracellular if not intranuclear space
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because of the fact that, all disease proteins reside intracellularly except ATXNG, which
is a transmembrane subunit of a calcium channel. Intranuclear inclusions include
fragments of disease proteins and are detected in affected brain regions. Their mere
presence might impair the nuclear integrity by interfering processes such as

transcription, splicing or even gene expression (Paulson et al., 1997).

Apart from protein mediated mechanisms, RNA toxicity and repeat associated non-ATG
translation (RAN) are examples of RNA mediated pathogenesis. (Fig. 5) lon
channelopathy, mitochondriopathy and protein phosphorylation (e.g serine 776

phosphorylation on ATXN1 gene) were put forward as well.

1.4 Clinical Features

Spinocerebellar ataxias differ in their clinical presentation not only between genotypes
but also within genotypes. Even though it is less used nowadays, Harding’s classification
is still useful to get a first insight about clinical phenotypes. According to that
classification, there are three main groups for autosomal dominant cerebellar ataxias
(ADCA): In ADCA1, ataxia is accompanied by non-ataxia signs, with e.g. SCA1, SCA2
and SCA3 (MJD) falling into that category. ADCA3 stands for pure cerebellar disorders,
where SCAG6 is probably the most prominent example for that category. ADCA2
represents a quite rare combination of ataxia accompanied by progressive visual loss

due to retinal degeneration as e.g. in SCA7 (Harding et al., 1983).

Nevertheless, progressive loss of balance and coordination accompanied by slurred
speech with an onset in adult life are common symptoms of most of the SCAs. Gait
ataxia is often the first manifestation, which attracts the patients” attention. As disease
progresses; coordination deficits of the upper limbs may appear, presenting with
clumsiness, writing difficulties and loss of fine-motor skills. Oculomotor abnormalities
can present in a wide spectrum, including broken-up smooth pursuit, gaze-evoked
nystagmus, gaze paresis, dysmetric saccades, saccade slowing, diplopia, reduced
optokinetic nystagmus and impaired visual suppression of the vestibulo-ocular reflex.

Non-ataxia symptoms such as spasticity, rigidity, dystonia, myoclonus, retinopathy, optic
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atrophy, peripheral neuropathy and cognitive impairment may also be present. In
addition, restless leg syndrome, REM sleep behaviour disorder and depression are
common comorbidities. In the course of the disease, physical disability deteriorates

which makes the use of a wheelchair inevitable (Klockgether, 2008).

In the European integrated project on spinocerebellar ataxias (EUROSCA) study with a
median observational time of 49 months, disease progression, measured by Scale for
the assessment and rating of ataxia (SARA), was fastest in SCA1, intermediate in SCA2
and SCA3 and slowest in SCA6. The annual SARA score increase in the SCA3 group
was 1.56 points (Jacobi et al., 2015). The mean age of onset was the 3™ or 4" decade of
life in SCA1, SCA2 and SCA3; and roughly two decades later in SCA6 (Warrenburg et
al., 2005).

1.4.1 SCA3

SCA3 is the most common autosomal dominant ataxia worldwide (Fahl et al., 2015). A
synonym is Machado Joseph disease (MJD). Four different subtypes have been defined:
early-onset disease with large CAG expansions, extrapyramidal signs, spasticity and
minimal ataxia (Type 1); midlife progressive ataxia with upper motor neuron signs as
most common form (Type 2); late-onset ataxia with short CAG expansions, peripheral
neuropathy, subsequent amyotrophy and hyporeflexia (Type 3); and parkinsonism with
or without ataxia (Type 4), but there is wide overlap between these types, so that this
classification is of limited relevance (Fahl et al., 2015, Paulson et al., 2012). Ataxia of
gait, stance and limb movements, dysarthria, sensory disturbances, pyramidal signs,
dystonia, ophthalmoplegia, bulging eyes, peripheral neuropathy, sleep disturbances and
restless legs syndrome are common accompanying symptoms (Klockgether, 2008;
Schols et al.,, 2004). SCAS is finally leading to premature deaths (Mendonga et al.,
2018).



18

Coding )
(CAG)_ Non-coding
repeats

|Exon

v
A

(CAG), E (CAG, CTG),

L]
\ 4 —- A
ST ‘m PR % TR
WP 7 WFMFNF N
Transcription . _ Bi-directional

/ Tl / transcription
-,
»
*
*
{ t

3’ RBP

PolyQ =—PolyS

Ribosome .
PolyQ RAN translation RNA foci

L

Translation K
\ R—— Deficits in RNA ﬁ
Toxicity metabolism

Sequestration of RBPs

Fig. 5: RNA toxicity and RAN translation (modified from Paulson et al., 2017)

RAN is an aberrant bidirectional translation mechanism, encoding polyserine and
polyalanine apart from polyglutamine in the absence of an ATG start codon, raising the
possibility that these homopolymeric proteins are toxic as well. It is first evidenced in
vitro in SCAS8, but might be applicable to polyQ disorders (Zu et al., 2011).

polyQ: polyglutamine, polyS: polyserine, polyA: polyalanine, Pol Il: polymerase Il RBP:
RNA binding protein

1.5 Diagnosis

Diagnosing hereditary ataxias is a challenging task, which necessitates the elimination
of non-hereditary causes at first. Family history, if informative, might be helpful.
However, a negative family history does not rule out SCAs (Klockgether, 2010). Death of

parents before disease onset, as it may occur in SCAB, which appears relatively late in
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the 6™ decade of life, may mask a positive family history. Novel or de novo mutations
can also occur. Friedreich's Ataxia should be taken into consideration as the most
common recessive ataxia, which is a repeat expansion disease and can easily be tested
(Ashizawa et al., 2018).

In SCAs, phenotype alone does not allow to predict the genotype, except SCA7
presenting with visual loss. For that reason, diagnosis can only be made by genetic tests
targeting the relevant disease mutation loci. If suspected, SCA1, SCA2, SCA3 and
SCAG6 should be tested first owing to their high prevalence, unless there is a known
mutation in family members or the patient comes from a high prevalent region
(Klockgether et al., 2019). These high prevalence mutations are not detected by
whole-exome sequencing (WES), which should therefore not be used as the first line
diagnostic tool. WES should rather be used, after repeat mutations have been negatively

tested.

1.6 Background
1.6.1 Neuroanatomical Involvement

The atrophy of cerebellum, brainstem, basal ganglia and cerebral cortex has been
shown in magnetic resonance imaging (MRI) studies comparing symptomatic SCA3
mutation carriers and healthy controls (Burk et al, 1996; Klockgether, 1998; Wiillner et
al, 1993). However, pathoanatomical studies with SCA3 revealed an even more
extensive damage (Rub et al., 2008). In a recent cross-sectional MRI study, investigating
the structural alterations in SCA3 mutation carriers over the whole time course of the
disease including the presymptomatic phase, a caudo-rostral disease progression
pattern is hypothesized, which can roughly be summarized as involvement of spinal
cord, cerebellar peduncles and substantia nigra in the beginning, followed by brainstem
and basal ganglia diffusely, and cerebral cortex in advanced stages (Rezende et al,
2018).
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1.6.2 Treatment

Currently, there is no approved medication available for any SCA. Only supportive
therapies such as coordinative physiotherapy, occupational therapy and speech therapy
are available and of limited benefit on halting disease progression and preserving
mobility (Chang et al., 2015; lig et al., 2009).

Therapeutic medication like 4-aminopyridine, chlorzoxazone, riluzole, valproic acid,
varenicline and lithium carbonate are examples of potential drug candidates in SCAs
(Ashizawa et al., 2018). Up to now, no significant therapy effect on symptoms or disease
progression could be shown. Disease modifying therapies studied in SCA3 animal or cell
models include dantrolene, citalopram, aripiprazole and novel gene-silencing methods
(e.g. small interfering RNA (siRNA), micro RNA(miRNA) or antisense oligonucleotides
(ASO)) (Alves et al., 2008; Ashraf et al., 2018; do Carmo Costa et al., 2013; Chen et al.,
2008; Costa et al., 2016; Moore et al., 2017). Targeting the disease causing
mechanisms directly on the gene level including transcription or translation is of special
interest for future interventional trials. These are already in use for other hereditary
neurological disorders. Especially the approval of eteplirsen and nusinersen for
Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA) by the Food
and Drug Administration (FDA) were encouraging. Furthermore in another polyQ
disorder, Huntington's disease(HD), the administration of an ASO-based agent in a
phase I/lla trial with early stage patients resulted in decreased cerebrospinal fluid (CSF)

levels of huntingtin (Tabrizi et al., 2019).

For future clinical trials, early detection and intervention is of crucial importance. In a
study with SCA1 mutation carrier transgenic mice, knockout of ATXN1 gene at an earlier
stage resulted in complete recovery presented with improvement of motor symptoms
and even clearance of nuclear inclusions from Purkinje fibers. In later disease stages,
the therapy response was much weaker (Zu et al., 2004). Therefore, in the
presymptomatic disease phase, where clinical scales are lacking sensitivity there is an
urgent need for blood, CSF or imaging biomarkers to describe and detect disease

related alterations.
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1.6.3 Early Changes

Disease onset is usually defined by the first appearance of gait disturbances. Some
groups define disease onset by the appearance of any first disease related symptom,
including e.g. handwriting problems or double vision. The European multicentre RISCA
study with 276 non-ataxic first-degree relatives of SCA1, SCA2, SCA3 and SCA6
patients from 178 families revealed some early changes preceding ataxia. Voxel-based
morphometry showed grey matter loss in medulla oblongata and pons of
presymptomatic SCA1 mutation carriers. Brainstem volumes were reduced in
presymptomatic SCA2 mutation carriers. Subjects closer to the estimated age of onset
had higher SARA scores in SCA1 and SCAZ2. In several coordination tests, the
non-carrier relatives performed better than presymptomatic SCA1 and SCA2 mutation
carriers. Horizontal gaze evoked nystagmus had a significantly higher prevalence in
non-ataxic SCA3 mutation carriers (Jacobi et al., 2013). In the follow-up study of the
above-mentioned cohort; hyperreflexia in SCA1, broken-up smooth pursuit in SCA3 and
nystagmus in SCA3 occurred before ataxia onset. Double vision was the strongest

predictor of conversion to ataxia in SCA3 (Jacobi et al., 2020).

So, to sum up, the pre-ataxia stage may present with mild coordination deficits,
oculomotor symptoms, neurodegeneration with atrophy of brainstem structures as well

as cerebellum.

As mentioned above, the early changes, especially in the pre-ataxic stage of the disease
are crucial, since they will play a central role as potential biomarkers in the anticipated

treatment window for gene modifying treatments.

1.6.4 MRI as a Biomarker

The National Institutes of Health Biomarkers Definitions Working Group defines a
biomarker as “a characteristic, that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention (Atkinson et al., 2001).” In the case of SCAs,

biomarkers are needed to detect early neurodegenerative changes preceding ataxia
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onset, because the existing clinical outcome measures are not sensitive in the

non-ataxic stage.

For SCAS3, there is no need for a diagnostic biomarker, since the mutation detection is
the definitive diagnostic marker. Other than that, CAG repeat counts and other modifiers
of age of onset, especially the ATXN3 levels in CSF, polyQ positron emission
tomography (PET), serum Neurofilament light (NfL) and MRI are considered as
candidate biomarkers. Different MRI sequences are used to show different aspects of
pathogenesis: T1 weighted MRI for macrostructural changes, magnetic resonance
spectroscopy (MRS) for neurochemical alterations by measuring the concentration of N-
acetylaspartate (NAA), a marker of neuronal integrity and finally, diffusion MRI or
diffusion tensor imaging (DTI) allowing the detection of microstructural changes in the

white matter.

MRI based biomarkers have already proved their efficacy in various studies. In a
multicenter longitudinal 2 year follow up study with SCA1, SCA3 and SCA6 patients
(EUROSCA), MRI measures were found to be even more sensitive to change than the
most sensitive clinical outcome measure. MR volumetry revealed volume loss of
cerebellum, brainstem and basal ganglia in all genotypes. Longitudinal voxel based
morphometry (VBM) revealed grey matter loss in cerebellum, brainstem, basal ganglia
and thalamus (Reetz et al., 2013). In a cross-sectional study with 38 SCA3 patients,
VBM showed grey and white matter loss in cerebellum and brainstem, whereas DTI
metrics were altered in cerebellum, brainstem, thalamus, frontal and temporal lobes
(Guimaraes et al., 2013). In a SCA cohort with 100 subjects with a SARA score < 10,
neurochemical abnormalities were detectable by MRS already in the non-ataxic stage up
to 10 years before the calculated age of onset (Joers et al., 2018). Based on these
previous studies, MRI seems to be a very good biomarker candidate that can be utilized
for patient selection, treatment monitoring and as a safety marker (Ashizawa et al.,
2018).
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1.6.5 Objective

SCA3 patients show atrophy of the cervical spinal cord. The extent of cervical spinal
cord atrophy correlates with the ataxia severity (SARA) as well as disease duration (Fahl
et al., 2015; Lukas et al., 2008; Rezende et al., 2018). Therefore, cervical spinal cord
alteration is a promising MR biomarker candidate in SCA3. Our aim was to investigate
the upper cervical spinal cord morphometry in a large multicenter, cross sectional cohort
of ataxic and non-ataxic SCA3 mutation carriers and healthy controls. Our hypotheses

were:

e Cervical spinal cord atrophy is already present in non-ataxic mutation carriers.
e Cervical spinal cord atrophy in the ataxic disease stage is correlated to disease
severity (SARA).
e Cervical spinal cord atrophy is progressive throughout the whole course of the
disease.
The analysis of spinal cord morphometry has become more prominent within the last few
years. By now, software packages are available that allow analysis of large cohort
collections. In the conducted previous pilot analysis, the automated segmentations of the
spine using these software packages was too inaccurate. Delineation of the spinal cord
and the automated positioning of cervical levels failed in a relevant number of cases. So,
finally, we decided to prove the above mentioned hypotheses by applying existing

software packages and manual segmentations in parallel.
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2. Materials and methods

2.1 General Characteristics of the Cohort

The European Spinocerebellar Ataxia Type 3/Machado Joseph Disease Initiative (ESMI)
has been initiated with the idea to bring existing cohorts of SCA3 mutation carriers
together, to develop new disease markers to build up a trial ready cohort for future
interventional trials. Within the prospective part, standardized and quality-controlled
assessment protocols including clinical scales, biosampling and MRI were applied.
Within the retrospective part, existing data were integrated into a common database and

pooled for a cross-sectional analysis.

2.2 Participants

All patient and healthy control subject data were provided by ESMI partners and
collaborating sites as part of the retrospective analysis within ESMI. The examinations
were carried out on the basis of the revised Helsinki Declaration of the World Medical

Association (1983) and the corresponding legal basis.

Data included T1 weighted MRI and a basic subset of clinical information as follows: age
at scan, gender and for patients in addition a score to measure disease severity (Sum
score of the Scale for the Assessment and Rating of Ataxia, (SARA)), age of onset,
defined as the first appearance of gait disturbances and the repeat length of the longer
allele as genetic information. Disease duration was calculated as the time from age of
onset to age at scan in years. All participants gave their written informed consent for the
research use of their clinical and MRI data. 214 data sets were included in our
cross-sectional cohort. 29 scans had to be excluded due to various reasons such as:
incomplete scans lacking the C2/C3 level, neck anteflexion/retroflexion during scan,
chronic neck pathologies such as kyphosis or torticollis which would cause a

pseudo-atrophy in manual volumetry or motion artifacts.
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Finally 153 SCA3 mutation carriers as well as 32 healthy controls were included in the
analysis from sites in Brazil, China and Europe (Germany (Bonn, Essen, Frankfurt,
Tudbingen), the Netherlands (Nijmegen), France (Paris) and Spain (Santander)), for

details see Tab. 1.

2.3 Clinical Scale

The Scale for the Assessment and Rating of Ataxia (SARA) is a well established scale to
assess the severity of ataxic symptoms (Schmitz-Hubsch et al., 2006). It is a
semiquantitative scale, taking about 10 minutes to apply for an experienced clinician.
SARA is composed of 8 items: evaluation of gait (score 0—8), stance (score 0—6), sitting
(score 0—4) and speech (score 0-6), and four tests assessing limb kinetic function
(finger chase (score 0-4), fast alternating hand movements (score 0-4),
finger—nose—finger test (score 0—4) and heel-shin test (score 0—4)). SARA sum scores

range from 0O, for a normal examination, to 40.

2.4 Group Definition

We categorized the SCA3 mutation carriers based on the suggestions of Jacobi et al.
using a SARA cut-off value of 3 to define the non-ataxic group (defined by a SARA less
than 3) versus the ataxic group (SARA equal or higher than 3) of mutation carriers
(Jacobi et al., 2015).

2.5 Imaging Acquisition

For this retrospective approach, all participating sites were asked to contribute T1
weighted scans without restrictions to the imaging acquisition or protocol despite the
exclusion of contrast-medium enhanced MRI and a slice-thickness of less than 1.5mm

for all directions. No other MRI conditions regarding vendor, direction of acquisition or
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sequence parameters like echo time, repetition time etc. were predefined to include all
available scans and define a mixed data set including scans acquired within research

and clinical settings.

2.6 Cervical Spinal Cord Volumetry

Cervical spinal cord alterations have been discussed to reflect early changes in SCA3
mutation carriers. To assess cervical spinal cord morphometry, we chose different
methodological approaches: manual delineation of the cross-sectional area,
anterior-posterior and left-right diameter at the intervertebral level between 2™ and 3™
cervical vertebrae and a semiautomated approach, in which additionally the volume of

the whole cervical spinal cord on the vertebral level 2 and 3 is included.

We used established software packages for imaging analysis. For manual delineation
and manual correction steps in the semiautomated analysis we used FreeSurfer
(Version 5.3.0) and Spinal Cord Toolbox (SCT, version 3.2.7). Instead of FreeSurfer
(Version 5.3.0) as in manual delineation, we used FMRIB Software Library (FSL, version
3.2.0) and ITK-SNAP (version 3.2.0) for manual correction due to their ease of use at

editing segmentation and labels.

2.7 Manual Delineation

First, the midsagittal slice of each scan was used to identify the intervertebral disc
between cervical vertebrae 2 and 3 (C2/3). The middle of this intervertebral disc in
z-direction was used as the C2/C3 level axial slice. (Fig. 6) Imaging display properties
like contrast and brightness were only changed if necessary. Subsequently, the cross
sectional area of the C2/C3 level in the axial view was manually traced as the target
region of interest. Finally, we measured the anteroposterior diameter (AP), measured as

the midsagittal extent of the spinal cord, and the left-to-right diameter (LR) measured at
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the broadest cervical spinal cord extend orthogonal to the sagittal axis (in the following

sections for simplification named as “midcoronal”). (Fig. 7)

Fig. 6: Identification of C2/C3 level. The first step of the manual delineation was the
identification of the C2/C3 level of the cervical spinal cord on the midsagittal slice. Here
we show a screenshot of the Freesurfer display as used in the analysis. Dens axis (a),
corpus vertebrae C3 (c), cervical spinal cord level C2/C3 (b) and the intervertebral disc
at the level between C2 and C3 (+) are marked for anatomical reference.

2.8 Semi-automated Segmentation

The Spinal Cord Toolbox (SCT) software can be used to generate various outputs, e.g.
delineation of the centerline of the spinal cord, a segmentation of the whole spinal cord
and a vertebrae level related labeling of the spinal cord. As input, raw T1 weighted
images can be used. Algorithmic segmentation is challenging, due to similar image
intensities of the tissues surrounding the spinal cord, especially of the meninges.
Another drawback would be the lower image quality in the neck for MRI images centered
to the brain as the main focus, since this portion is far from the view center.
Segmentation accuracy can essentially be improved if smoothing is performed in

advance and if rough anatomical information is fed into the analysis. Therefore, in our
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approach we added the following preprocessing: At first, we manually set the central
points of the cervical spine on each intervertebral disc level and second, we used the
integrated SCT smoothing option, which applies a Gaussian kernel of 3 voxel in

superior-inferior direction. After those preprocessing steps, we generated a centerline

and the segmentation of the spinal cord. (Fig. 8)

]

Fig. 7: Delineation of the cross sectional area (CSA) and the left-right (LR) and
anteroposterior (AP) diameter at the C2/C3 level. Here we show a screenshot of the
freesurfer display as used in the analysis. The axial view in the main window represents
the C2/C3 level identified in the previous step. The cross sectional area was delineated
as the region of interest (ROI). The midsagittal and midcoronal diameter are given in
mm. The “+” is the central reference point, indicating the position for all views (axial,
sagittal and coronal view) in the image display and does not refer to any anatomical
structure.

The preprocessing of smoothing and manual rough delineation of the centerline
improved the accuracy of the segmentation in our cohort essentially. However, even
after inclusion of these preprocessing procedures, over- or under segmentation occurred
at some levels in more than half of the scans. All scans were inspected and

segmentation failures were manually corrected. (Fig. 9)_
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SCT results provide cross sectional area and anteroposterior and left-right-diameter of
the spinal cord along the z-axis adjusted for the angle between z-axis and spinal cord
centerline at each plane. This is a divergence to the manual approach: In the manual
delineation, axial slices were accepted without taking into account the anatomical
curvature of the cervical spinal cord, which might result in oblique cut end, not exactly
orthogonal to the principal direction of the spinal cord, with an overestimation. SCT
results represent the above-mentioned parameters (cross sectional area and diameters)
on sections orthogonal to the principal direction of the spinal cord as defined by the

centerline.

Fig. 8: Semi-automated segmentation of the spinal cord. The preprocessing step of
manual identification of the central point of the spinal cord on each intervertebral level in
one scan is shown in the upper row (a). The second row shows the segmentation of the
spinal cord in light blue and the centerline of the spinal cord in red in the same scan (b).
In this subject no manual correction of the SCT segmentation was necessary.
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Fig. 9: Manual correction of the semi-automated segment. Example for an
over-segmentation. Manually deleted sections of the initial segmentation are coloured in
red, the manually corrected segmentation that was used for the final analysis is coloured
in light blue.

2.9 Statistical Analysis

For the statistical analysis we used IBM SPSS Statistics 23.0. Group differences in the
imaging parameters (CSA, AP, LR) tested by ANCOVA, including the covariates age,
sex and site of MRI scan, were considered as significant at a level of significance
p<0.05. Bonferroni corrected results at a level of significance p<0.01 were considered as

significant.

To test correlation of the imaging parameters (CSA, AP, LR) with SARA score, age of
onset, disease duration, estimated time to disease onset and CAG repeat length of
longer allele; Spearmen Test is applied. Results at a level of significance p<0.05 were

considered as significant.



3. Results

An overview of all demographic and clinical data of the study population can be found in
Tab. 1. Our study group is a gender-balanced population of 92 males (49.7%) and 93
females (50.3%), consisting predominantly of ataxic populations (65%) gathered from
European cohorts (54.6%). Age at onset in this cross-sectional study ranged from 4th to
6th decades. As expected, non-ataxic mutation carriers (mean age 39 years) were
significantly younger than ataxic mutation carriers (mean age 46 years) (Tab. 2). The

calculated age at disease onset, with a mean of 48.73 years, showed a substantially
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later disease onset than in the ataxic population, with a mean of 37.38 years.

Tab. 1: Demographic information and clinical scales

Sex (N, (%)) male

female

Site (N, (%)) Brazil

China

Europe

HC (N=32) | NA(N=33) | A(N=120) [Total (N=185)

17 (531 %) | 15(45.5%) | 60 (50 %) | 92 (49.7 %)

15(46.9%) | 18 (54.5%) | 60 (50 %) | 93 (50.3 %)
0 2(6.1%) | 33(27.5%) | 35(18.9%)
0 0 49 (40.8 %) | 49 (26.5 %)

32 (100 %)

31(93.9 %)

38 (31.7 %)

101(54.6 %)

years (mean, (SD))

SARA sum score (mean (SD)) 0.17 (0.53) 1.33(0.98) | 12.48 (5.81) | 8.37 (7.33)
CAG repeat length of longer allele n.a. 67.27 (2.66) | 72.03 (4.09) 71 (4.29)
(mean, (SD))
Age at scan (mean (SD)) 42.84 39.03 46.01 44.22
(13.47) (8.97) (11.40) (11.66)
Age of disease onset (mean (SD)) n.a. n.a. 37.38 37.38
(10.34) (10.34)
(n=120) (n=120)
Calculated age of disease onset n.a. 48.73 (8.18) n.a. n.a.
(mean, (SD))
Disease duration in years (mean, n.a. n.a 8.46 (4.54) | 8.46 (4.54)
(SD)) (n=120) (n=120)
Estimated time téndisease duration n.a. -10 (4.07) n.a. n.a.

HC: Healthy controls, NA: non-ataxic mutation carriers, A: ataxic mutation carriers
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Tab. 2: ANOVA test for group differences in the age at scan date

Contrast

HC vs. NA

HC vs. A

NA vs. A

* Bonferroni-corrected for multiple comparisons
**The mean difference is significant at the level p < 0.01.
HC: Healthy controls, NA: non-ataxic mutation carriers, A: ataxic mutation carriers

The results for both manual and semi-automatic delineation were strongly correlated,
with R2 coefficients ranging from 0.453 to 0.641, with the semiautomatic approach
yielding distinctly lower values. (12.5% lower for AP, 7.9% lower for LR, and 26.8% lower
for CSA). (Fig. 10-12) (Tab. 3-5)

Status as indicated by
SARA

O cortrol
) non-ataxic mutation carrier

10,00 ataxic mutation carrier

R? Linear = 0,453

8,00

£,00

Midsagittal diameter in C2/C3(manual)(mm)

4,00

T T T T T T T
3,00 4,00 5,00 £,00 7,00 8,00 9,00

Midsagittal diameter in C2/C3(semi-automated)(mm)

Fig. 10: Scatter plot showing the comparison between semi-automated (x-axis) and
manual (y-axis) approaches for anteroposterior (AP) diameter at C2/C3 in mm. Value
pairs of healthy controls, non-ataxic and ataxic mutation carriers are coloured in blue,
green and brown respectively.
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Status as indicated by
16,00 SARA

O control
) non-ataxic mutation carrier
ataxic mutation carrier

14,00

R2 Linear = 0,608

12,00

10,00

8,00

Midcoronal diameter in C2/C3(manual)(mm)

6,00

T T T T
3,00 10,00 12,00 14,00

Midcoronal diameter in C2/C3(semi-automated)(mm)

Fig. 11: Scatter plot showing the comparison between semi-automated (x-axis) and
manual (y-axis) approach for left to right (LR) diameter at C2/C3 in mm. Value pairs of
healthy controls, non-ataxic and ataxic mutation carriers are coloured in blue, green and
brown respectively.

Status as indicated by
SARA

O cortral
) non-ataxic mutation carrier

125,00 o ataxic mutation carrier

R? Linear = 0,641
100,00

75,00

50,00

Cross-sectional area in C2/C3(manual)(mm2)

25 00

T T T T
20,00 40,00 60,00 80,00

Cross-sectional area in C2/C3(semi-automated)(mm2)

Fig. 12: Scatter plot showing the comparison between semi-automated (x-axis) and
manual (y-axis) approach for cross-sectional area (CSA) in C2/C3 in mm?2. Value pairs of
healthy controls, non-ataxic and ataxic mutation carriers are coloured in blue, green and
brown respectively.
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The mean values of anteroposterior (AP) and left-right diameter (LR) as well as the
cross sectional area (CSA) at the C2/C3 level were in descending order from healthy
controls to non-ataxic mutation carriers and lastly to ataxic mutation carriers, exhibiting
progressive atrophy of spinal cord. (Fig. 13-15, Tab. 3-5)

Tab. 3: AP at C2/C3 in mm

Status as indicated by SARA

Manual

Semi-automated

Manual

Semi-automated

Manual

Semi-automated

HC: Healthy controls, NA: non-ataxic mutation carriers, A: ataxic mutation carriers

I manual

AP in C2/C3{mm) [H semi-automated

10+ T *

Groups

T T T
contral non-ataxic mutation carrier ataxic mutation carrier

Fig. 13: Box plot showing the anteroposterior (AP) diameter at C2/C3 in mm for
the groups of healthy controls, non-ataxic and ataxic mutation carriers. The results
of the manual segmentation are shown in blue and of the semi-automated approach in
green for each group. Circles indicate outliers with values between 1.5 and 3 times the
interquartile range, whereas asterisks indicate extreme outliers with values of more than
3 times the interquartile range.
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Tab. 4: LR at C2/C3 in mm

Status as indicated by SARA

Manual

Semi-automated

Manual

Semi-automated

Manual

Semi-automated

. B manual
1561 LR in C2/C3(mm) [ semi-automated
14 o
o]
o]
12
10 I
° o
& © 8
6 Groups
T T T
cortrol non-ataxic mutation carrier ataxic mutation carrier

Fig. 14: Box plot showing the left to right (LR) diameter at C2/C3 in mm for the groups of
healthy controls, non-ataxic and ataxic mutation carriers. The results of the manual
segmentation are shown in blue and of the semi-automated approach in green for each
group. Circles indicate outliers with values between 1.5 and 3 times the interquartile
range, whereas asterisks indicate an extreme outlier with values more than 3 times the
interquartile range.
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Tab. 5: CSA at C2/C3 in mm?

Status as indicated by SARA

Manual

Semi-automated

Manual

Semi-automated

Manual

Semi-automated

HC: Healthy controls, NA: non-ataxic mutation carriers, A: ataxic mutation carriers

CSA in C2/C3(mm) o ot

1254 o

75 1 8 I
50 *
o

25 o
Groups

O 0o |

T T T
control non-ataxic mutation carrier ataxic mutation carrier

Fig. 15: Box plot showing the cross-sectional area (CSA) at C2/C3 in mm? for the
groups of healthy controls, non-ataxic and ataxic mutation carriers. The results of the
manual segmentation are shown in blue and of the semi-automated approach in green
for each group. Circles indicate outliers with values between 1.5 and 3 times the
interquartile range, whereas asterisks indicate an extreme outlier with values more than
3 times the interquartile range.
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This progressive spinal cord atrophy was further reinforced by the significant (p<0.05)
group differences in the ANCOVA model for all three parameters (AP, LR, CSA), except
for the LR difference between non-ataxic and ataxic mutation carriers, which still showed
a trend as the group difference was significant without Bonferroni correction. (Tab. 6-8)

Tab. 6: ANCOVA with post-hoc pairwise comparisons for AP at C2/C3

Sig.” Sig.”
HC vs. NA 0.023 0.001
HC vs. A 0.001 0.001
NAvs.A 0.001 0.003

Included covariates: age, sex, site
HC: Healthy controls, NA:non-ataxic mutation carriers, A: ataxic mutation carriers

* after Bonferroni-correction in post-hoc analysis

Tab. 7: ANCOVA with post-hoc pairwise comparisons for LR at C2/C3

Included covariates: age, sex, site

Sig.” Sig.”
HC vs. NA 0.001 0.026
HCvs. A 0.001 0.001
NAvs.A 0.057* 0.001

HC: Healthy controls, NA:non-ataxic mutation carriers, A: ataxic mutation carriers

* after Bonferroni-correction in post-hoc analysis
# without Bonferroni correction in post-hoc analysis p=0,019
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Tab. 8: ANCOVA with post-hoc pairwise comparisons for CSA at C2/C3

Contrasts Manual Semi automated

Included covariates: age, sex, site
HC: Healthy controls, NA:non-ataxic mutation carriers, A: ataxic mutation carriers

Sig.” Sig.”
HC vs. NA 0.001 0.001
HC vs. A 0.001 0.001
NAvs.A 0.001 0.001

* after Bonferroni-correction in post-hoc analysis

Spearman test results revealed:

- significant inverse correlation between SARA score and AP, LR, and CSA (Tab. 9)
(Fig. 16-18); disease duration and AP, CSA (Tab. 11); repeat length of the longer allele
and CSA, semi-automated LR (Tab. 13)

- significant positive correlation between estimated time to disease onset and

semi-automated AP and CSA (Tab. 12)

- no significant correlation as to age of onset (Tab. 10)

Tab. 9: Correlation with SARA

* The correlation is significant at a level of p<0.05.

** The correlation is significant at a level of p<0.01.

AP AP LR LR CSA CSA
(manual) (sgnrgi-é-ldjto (manual) (s?nrgi-ea&to (manual) (s%r;it-ggto
Correlation . o . o o .
. . -0.404* -0.353 -0.159 -0.307 -0.363 -0.483
coefficient
Sig. 0.001 0.001 0.049 0.001 0.001 0.001
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Tab. 10: Correlation with Age of Onset

Tab. 11: Correlation with Disease Duration

** The correlation is significant at a level of p<0.01.
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Fig. 16: Scatter Plots - SARA vs. Midsagittal diameter (AP). The top diagram shows the
values of the manual delineation, the bottom diagram of the semi-automated volumetry.
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R2 Linear = 0,177
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Fig. 17: Scatter Plots - SARA vs. Midcoronal diameter (LR). The top diagram shows the
values of the manual delineation, the bottom diagram of the semi-automated volumetry.
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Fig. 18: Scatter Plots - SARA vs. Cross-sectional area (CSA). The top diagram shows
values of the manual delineation, the bottom diagram of the semi-automated volumetry.
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Tab. 12: Correlation with Estimated Time to Disease Onset

** The correlation is significant at a level of p<0.01.

Tab. 13: Spearman Test — Correlation with CAG repeat length of longer allele

** The correlation is significant at a level of 0.01.
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4. Discussion

Our data clearly show atrophy of the upper cervical spinal cord in SCA3 mutation
carriers, already present in the pre-ataxic disease stage before the clinical onset of the
disease. Atrophy of the upper cervical spinal cord was most prominent in later, ataxic
disease stages and correlated with disease severity, assessed by SARA, and disease
duration. Anteroposterior (AP) as well as left-right diameter (LR) and cross-sectional
area (CSA) at the level of C2/C3 were in descending order from healthy controls to

non-ataxic mutation carriers and finally to ataxic mutation carriers.

A strength of our study is the large cohort of patients suffering from a rare disease,
including a high number of presymptomatic, non-ataxic mutation carriers. However, the
relatively low number of control subjects did not allow age and gender matching, and the

groups were imbalanced over the sites.

Previous studies in smaller groups of SCA3 mutation carriers have shown cerebellar and
cerebral atrophy and atrophy in the upper cervical spinal cord (Burk et al., 1996; Fahl et
al., 2015; Lukas et al., 2008; Rezende et al. 2018; Wadllner et al. 1993). Our results are
in line with these previous results, demonstrating atrophy in pre-ataxic and ataxic SCA3
mutation carriers. In our cohort; CSA, AP and LR of the cervical spinal cord at the
vertebral level C2/C3 showed highly significant group differences between non-ataxic
and ataxic mutation carriers in comparison to healthy controls and also between
non-ataxic and ataxic mutation carriers. Interestingly, AP and CSA displayed higher
correlation coefficient values with SARA score, disease duration and estimated time to
disease onset than LR. These results might be a hint for a more anteroposterior
flattening of the spinal cord, which has previously been suggested by Fahl et al.(2015)
and Martins et al.(2017), not only in SCA3 but also in SCA1 subjects.

Previous studies showed a clear dependence of the age of onset on the repeat length
(Durr et al., 1996). Our results showed a significant correlation of the investigated
morphometric parameters with repeat length, however not with the age of onset, which
was somehow surprising. A potential explanation could be that the repeat length is a

parameter that reflects the underlying disease pathology more directly, whereas age of
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onset and morphometry are dependent variables not necessarily directly linked.
Nevertheless, similar results have been shown in SCA1 in the study of Martins et al.
(2017), indicating a correlation between CSA at C2/C3 level and repeat length as well as

disease duration.

Huntington's disease is the most common and well-studied of the polyglutamine
diseases; characterized by CAG trinucleotide repeat expansion in the huntingtin (HTT)
gene, which encodes huntingtin protein (HTT). Gene silencing therapies such as
antisense oligonucleotides(ASO) bear a great therapeutic potential for Huntington”
disease(HD). In a recent interventional phase I/lla trial, intrathecal injection of an
antisense oligonucleotide drug showed a dose-dependent reduction of mutated HTT
protein levels in cerebrospinal fluid (Tabrizi et al., 2019). The development of analogue
therapeutic approaches in SCA3 is on the horizon. For a drug that addresses the
underlying genetic pathology, the early symptomatic and presymptomatic disease

phases are in the focus of an optimal treatment window.

To assess disease severity and progression in the symptomatic disease stages, the
SARA score is a well established scale (Schmitz-Hubsch et al., 2006) with an annual
increase of about 1 to 2 points in the symptomatic phase of SCA3 (Jacobi et al., 2015). It
has been shown in previous studies in SCA patients, that MRI parameters were even
more sensitive to change than clinical scales also in the ataxic stages (Reetz et al.,
2013). Our results show a negative correlation of all parameters with SARA sum score,
indicating that clinical progression and atrophy of the upper cervical spinal cord go in

parallel in the ataxic disease phase.

However, clinical scales like SARA lack sensitivity in the non-ataxic disease stage which
emphasizes the importance of imaging biomarkers for this disease stage. In
Huntington’s Disease, which — as already mentioned — shares a comparable genetic
background with SCAS3, structural MRI changes, like e.g. the striatal atrophy also
appeared early in the disease course and its decrease was fairly constant and thereby
fairly predictable throughout the whole course of the disease (Ross et al., 2014). For
future interventional trials, biomarkers especially sensitive in the non-ataxic and early

ataxic disease stages are of urgent need. Our data suggest that for SCA3, the cervical
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spinal cord morphometry is one core candidate for the pre-ataxic disease phase and

might be of additional value to assess disease progression.

From the methodological point of view, we would not recommend a fully automated
processing of brain MRI for spinal cord analysis using the SCT software package. We
found a high percentage of relevant over- and under segmentation in about one half of
the scans that had to be manually corrected. Nevertheless, results for the
semi-automated and the manual delineation were highly correlated (Fig.10-12). Manual
delineation is a very time consuming process. Therefore, we had to restrict the manual
analysis to the investigation of only one cross-section of the cervical spinal cord in the
large data set of scans. By using the semi-automated approach, the analysis of not only
one cross-section, but the spinal cord morphometry along the whole imaged spine —
even when manual inspection and correction are included — was much faster and
allowed a more detailed and deepened investigation of additional parameters. However,
mean values of the semi-automated method were systematically lower than the mean
values of the manual delineation. (Fig. 13-15, Tab. 3-5) This difference can be explained
geometrically: In the manual delineation, we strictly stuck to the scanner related z-axis,
not accounting for any anatomical curvature, whereas cross sections in semi-automated
approach were angle corrected. Therefore, CSA of the semi-automated approach should
delineate almost the exact cross section, whereas our manual delineation might refer to
an oblique (and thereby enlarged) cross section. In other words, results of the manual
delineation are based on potentially oblique cuts of the spine, whereas the sections in
the semi-automated approach are orthogonal to the spine centerline and thereby almost
represent the exact transverse section which per definition is the minimum of all possible
cuts. Despite the abovementioned systematic difference, given the high correlation
between manual and semi-automated results, we are convinced that a semi-automated
approach, when including manual inspection and — if necessary — correction of the

automated segmentations is valuable and provides credible results.

Since the main focus of this thesis was the investigation of alterations of the upper
cervical spinal cord in SCA3 mutation carriers, we did not extend the methodological
comparisons. This needs to be done for further investigations when no manual

correction can be performed.
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To sum up, our results emphasize that the morphometry of the upper cervical spinal cord
is one of the most promising biomarker candidates, reflecting disease pathology and
progression throughout the whole course of the disease, especially including non-ataxic

stages.

However, because of the cross-sectional nature of our study, we would like to point out
that our results will have to be validated by prospective study designs that should ideally
include additional cervical spinal cord levels and spine focused imaging. This will be
necessary to achieve more insight and a deeper understanding on the suitability of
cervical spinal cord atrophy as a valid and sensitive biomarker to be used in future
clinical trials in SCAS3.
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5. Summary

5.1 Objective

Spinocerebellar ataxia Type 3/Machado-Joseph disease (SCA3/MJD) is worldwide the
most frequent autosomal dominantly inherited ataxia. Although the gene mutation
causing SCA3 is known, there is up to now no treatment available. However, new
therapeutic approaches including gene modifying drugs are on the horizon. Therefore,
there is an urgent need to identify and validate sensitive biological markers that reflect
the individual disease profile. Of particular interest are markers that are already sensitive
in the pre-ataxia stage. As SCA3 is associated with widespread cerebellar, cerebral and
spinal cord structural alterations, MRI-based spinal cord morphometric measures are
promising candidates for such markers. Our aim was to investigate the morphometry of
the upper cervical spinal cord in a large cross-sectional cohort of non-ataxic and ataxic
SCA3 mutation carriers.

5.2 Methods

We used T1 weighted MRI scans of 33 non-ataxic and 120 ataxic SCA3 mutation
carriers and 32 healthy controls to assess the cross sectional area(CSA),
anteroposterior(AP) and left-right(LR) diameter of the upper cervical spinal cord at the
intervertebral level C2/C3. We applied manual delineation and a semi-automated
approach.

5.3 Results

CSA, AP and LR of the cervical spinal cord at the intervertebral level C2/C3 were
significantly reduced already in non-ataxic SCA3 mutation carriers in comparison to
healthy controls. Atrophy was highest in symptomatic mutation carriers and correlated
with disease severity, assessed by SARA, and partially with disease duration and CAG
repeat length of the longer allele.

5.4 Conclusion

Our results show that atrophy of the upper cervical spinal cord starts already in the
pre-ataxic disease stage, is progressive throughout the whole course of the disease and
correlates to disease severity. Therefore, morphometry of the upper cervical spinal cord
is a promising MRI biomarker candidate for future interventional trials in SCAS3.


https://docs.google.com/document/d/1Ood3Kt5Tj8sotTWUofuxBedZB2iQeme2l_1RXQ8Nvr0/edit#bookmark=id.2tq9fhf
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