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1 Introduction
1.1 Degenerative ataxias

1.1.1 Overview of degenerative ataxias

Degenerative ataxias are a clinically heterogenous group of movement
disorders characterised by progressive ataxia. They are caused by a
degeneration of the cerebellum and the spinocerebellar tracts (resulting in
cerebellar ataxia) and/or the dorsal columns (leading to afferent ataxia). The
age of onset varies across the different types, with clinical manifestations
reaching from birth to high ages. Degenerative processes can also affect other
regions of the central and peripheral nervous system, such as the basal ganglia,
pyramidal tracts or peripheral nerves, underlying additional clinical signs and
increasing phenotypic complexity. Causes of cerebellar degeneration can be
divided into three main groups: i) acquired causes resulting in secondary
ataxias (e.g. paraneoplastic or medication-induced), ii) hereditary or iii) sporadic
forms." Recent advances in genetic techniques have expanded the group of
genes known to cause ataxias. Increasingly, patients who were initially
diagnosed with ‘sporadic ataxia’, are found to carry mutations in one of these

novel genes, showing that the share of genetic causes of ataxia is substantial.?

1.1.2 Spinocerebellar ataxias

The genes found to cause hereditary ataxias can follow autosomal-dominant,
autosomal-recessive, X-linked and mitochondrial modes of inheritance. Today,
genetic ataxias are classified based on the heredity pattern of their underlying
genes, and this is also reflected in their clinical nomenclature. Following this
genetic classification, the expression ‘spinocerebellar ataxias’ (SCAs) is used
for autosomal-dominant cerebellar ataxias (ADCAs).®> With a prevalence of
about 3/100,000 inhabitants of European populations, SCAs are rare conditions.
They are a genetically and clinically heterogenous group, considering the
differences in clinical phenotype, underlying genetic mutations and their
neuropathological consequences.* SCAs can be further subclassified based on
the type of their genetic aberration. Within these subgroups, the SCAs with

polyglutamine expansions (polyQ SCAs) are the most common ones, and



include SCA1, SCA2, SCA3 and SCA6 as the most frequent subtypes.® They
are caused by an instable expansion of coding CAG repeats that exceed a
specific threshold which is different for each corresponding gene. The clinical
presentation of these SCAs varies from a pure cerebellar phenotype (e.g.
SCAG) to multisystemic neurodegeneration (e.g. SCA2 and SCA3) that includes
non-ataxia signs, such as pyramidal tract signs, extrapyramidal movement
disturbances or peripheral neuropathy.® Symptoms usually manifest around the
third or fourth decade of life, but cases with onset in childhood or higher ages
have also been identified. SCAG6 typically presents with a prominently later
disease onset than the other SCAs. It has been shown that repeat size and age
of onset are negatively correlated, meaning that longer repeat sizes correspond
to earlier onset, and are associated with faster disease progression.® ’
Furthermore, repeat size also affects the clinical phenotype of polyQ SCAs. For
example, in the case of SCA3, longer repeat expansions are associated with

more prominent features of pyramidal tract involvement.®

1.2 Deciphering the preataxic state in spinocerebellar ataxias

1.2.1 The preataxic stage of spinocerebellar ataxia

The early symptomatic and preclinical stages of neurodegenerative disorders,
such as Huntington’s Disease (HD) and Parkinson’s Disease (PD), have
recently attracted attention of the scientific community, as they offer
fundamental insights into first neurological dysfunctions and their underlying
neuropathological processes.® This is of particular relevance for future
interventional trials, as their efficacy will largely depend on an application in
early disease stages, when neurodegeneration is still limited and potentially
reversible as possibly the case in the preataxic stage of neurodegenerative
diseases. Due to genetic decoding and autosomal-dominant inheritance, the
SCAs offer a unique opportunity for predictive genetic analysis and
corresponding stratification in individuals at risk who do not yet experience any
neurological symptoms and appear normal on clinical examination. A growing
number of studies conducted in such preataxic mutation carriers of different

SCA types revealed that pathophysiological changes occur already at stages



before clinical ataxia manifestation which is typically defined as a score of at
least 3 points on the Scale for the Rating and Assessment of Ataxia (SARA).%"
This cut-off was defined in the validation process of the scale, indicating a
differentiation between patients with manifest ataxia and controls.’? Gait
disturbances have been described to be the first symptom in two thirds of
patients across different SCA types."™ '* However, various other non-cerebellar
and cerebellar signs or symptoms have been reported to be present in disease
stages preceding clinical ataxia onset, suggesting pathophysiological
involvement not only of the cerebellum, but of various different regions of the
central, peripheral and autonomic nervous system.'® ' 1% 1% gych symptoms
include cramps, sleeping abnormalities or sensory disturbances, and seem to
be rather specific for the different SCA genotypes.® " '® This also applies to
subclinical signs that were detected by different investigations, e.g. early
oculomotor sings in preataxic stages of SCA3 and SCA2'®, or pyramidal tract
signs in SCA1, SCA3, and SCA7.2%? Some of the detected features even
showed a progression with proximity to clinical disease onset, indicating a
continuous preataxic neurodegeneration of underlying neurons.® '® Given this
evidence that neuropathological processes are already present in SCA stages
before clinical onset, the concept of disease evolution has been expanded from
clinical to preataxic stages and requires the application of adequate methods for

its quantitative characterization.

1.2.2 Non-clinical assessments of the preataxic stage in spinocerebellar

ataxias

The assessment of the preataxic stages of spinocerebellar ataxias requires
sensitive methods, which are able to detect subclinical neurological changes
and ideally quantify their progression. Clinical ataxia rating scales, such as the
SARA, are by their nature of limited use in the prodromal phase, as they exhibit
floor effects for subtle cerebellar motor dysfunctions due to their design to grade
manifest ataxia.?* Non-clinical assessments can provide objective, quantitative
and sensitive measures of subclinical neurological abnormalities, and therefore,

present a valuable tool in the assessment of premanifest SCA mutation carriers.



Using observational data from longitudinal natural history studies in SCA1,
SCA2, SCA3, and SCA6, mathematical models based on the number of CAG
repeats have recently been developed to predict the age of clinical onset.?®
Estimations from these models allow correlation analyses between the number
of years to predicted disease onset and outcome variables of quantitative
assessments, thus testing for their value to capture preataxic progression of
pathological processes. Previous non-clinical assessments of preataxic SCA
phases have mainly comprised neuroimaging techniques, different
electrophysiological assessments and few quantitative movement analyses.
The use of advanced imaging techniques, such as voxel based morphometry
(VBM), functional magnetic resonance imaging (fMRI) or single photon emission
computed tomography (SPECT) have allowed to capture subtle, structural,
functional, biochemical and metabolic alterations of different brain regions in
premanifest individuals of different SCA types.>'%?%33 Although some results
appear promising, the lack of standardized approaches and longitudinal studies,
small sample sizes, and selection biases warrant further investigations.*
Studies using electrophysiological methods have found evidence for an early
involvement of the peripheral nervous system, the dorsal root ganglia, and
posterior columns of the spinal cord, particularly in preataxic SCA2 mutation
carriers by revealing changes in sensory nerve action potentials (SNAP) and
somatosensory evoked potentials (SSEP).' 3 Corticospinal tract involvement
has been found to be present in preataxic SCA1, SCA2 and SCA3 carriers
using motor evoked potential (MEP) studies.®® In SCA2, prolonged central
motor conduction times (CMTC) have been shown to correlate inversely with
years to estimated disease onset.*® Oculomotor recordings revealed a
progressive reduction of saccadic velocity in preataxic SCA2 carriers and the
presence of various eye movement deficits in preataxic SCA3 and SCAG6
subjects.®3"*® Furthermore, rapid eye movement (REM) sleep disturbances in
preataxic SCA2 carriers were quantified by analysing REM density and REM
sleep percentage in polysomnography studies."’ Although these assessments
have been shown to detect neurophysiological alterations of preataxic SCA

mutation carriers to some extent, their sensitivity to change and thus, their



ability to serve as disease progression markers warrant further investigation.
This exercise, however, will be necessary to determine the utility of a promising
quantitative assessment as a treatment intervention end point in the preataxic

SCA stages and forms the rationale of our work (chapter 2.1).

1.3 Outcome parameters in treatment intervention studies and their

limitations

1.3.1 Clinical Scores

In the light of upcoming pharmaceutical options for various types of hereditary
ataxias, in particular for repeat SCAs (like e.g. antisense oligonucleotides),
there is a clear need for the establishment of outcome parameters, sensitive to
capture disease progression and potential treatment benefits.>® Longitudinal
natural history studies of the most common hereditary ataxia types have been
dedicated to validate promising clinical scales that allow the rating of ataxia
severity over disease course, resulting in a number of clinical, functional and
self-reporting ataxia scores that are now frequently used in interventional
studies. Both the Scale for Assessment and Rating of Ataxia (SARA) and the
International Cooperative Ataxia Rating Scale (ICARS) are the most widely
applied rating scales in intervention trials across all SCA types, whereas the
Friedreich’s Ataxia Rating Scale (FARS) is often used as an end point in trials
for Friedreich’s Ataxia.'? *®*? These semiquantitative scales were developed to
grade the major neurological deficits deriving from cerebellar impairment, which
are captured in several subitems, such as imbalance during gait and stance,
incoordination of upper and lower limbs, and dysarthria. A big advantage of
these scores is the fast and easy administration, and their validation in large
patient cohorts across different SCAs. However, clinical scores are vulnerable
to inter-rater variability, and inherently lack the ability to detect small changes in
movement patterns, such as in only mildly affected patients or in short
intervention trials. The rarity of the conditions necessitates multi-centre
approaches in treatment trials, which makes inter-rater variability a relevant
confounder to clinical outcome measures. This demonstrates that there is a



fundamental need to establish objective, quantitative and sensitive measures

that can be used as end points in treatment studies.

1.3.2 Non-clinical assessments

Non-clinical assessments, such as neurophysiology studies or brain imaging,
are often used in the diagnostic work-up of ataxia patients. Although they have
been found to provide potential markers for disease progression in research
studies, standardized approaches and clear progression rates validated in big
patient cohorts are not available, and therefore their use as trial end points is
limited.**** However, single intervention trials have sometimes complemented
electrophysiological assessments to address specific research questions.***’
Imaging techniques, such as magnetic resonance imaging (MRI), positron
emission tomography (PET) or diffusion tensor imaging (DTI), have been
experimentally applied in a small number of intervention trials for SCA3, SCA2
and Friedreich’s Ataxia (FRDA) to investigate treatment benefits on structural
and metabolic properties of different brain regions, but changes were either not

4850 Biochemical blood assessments,

evident or of unclear relevance.
particularly in FRDA, have gained more attention in trial settings due to a
growing understanding of underlying pathophysiological processes. Based on
the mechanisms of investigated pharmaceuticals on cell physiology, desired
down-stream effects can be captured by measuring specific protein or enzyme
levels, such as the expression of frataxin, the key protein in FRDA pathology,
markers of iron metabolism or mitochondrial function.®'* Taking into account
impaired muscle bioenergetics in FRDA, some interventional studies have
investigated changes in exercise capacity, reflected by peak oxygen
consumption per unit time (peak VO,) and peak work rate.>® *® Non-clinical
assessments have great potential to complement or even replace traditional
clinical scores, but need to undergo further validation processes, before they
can be systematically applied in intervention trials. Multi-dimensionality in
capturing pathophysiological changes beyond clinical observation, objectivity
and quantifiability are needed for outcome measures that detect underlying

neurological dysfunctions and their potential improvement. Here, we applied



these prerequisites in the establishment of measures based on the core feature

of degenerative ataxias — ataxia itself (chapter 2.1).

1.4 Quantitative movement analysis in degenerative ataxias

Ataxic movement disturbance is the defining and unifying feature across all
different types of degenerative ataxias and reflects the malfunctioning of the
cerebellum. The detailed analysis and characterization of movement disruptions
in ataxic patients has therefore yielded significant insights into the functional
role of the cerebellum in motor control (as discussed in chapter 1.5). Identifying
and quantifying ataxia symptoms is particularly interesting for degenerative
ataxias, as it allows to track disease progression. In clinical settings the grading
of ataxia severity is traditionally performed by a neurological examination,
increasingly with the help of clinical scores. However, due to inherent limitations
of clinical ataxia rating scales (as described in chapter 1.3.1) other methods are
needed to enable a precise analysis of movements. Quantitative movement
analysis methods have the advantage to provide a fine-grained, sophisticated
characterization of motion sequences based on spatiotemporal features that are
suited to capture the essence of cerebellar motor dysfunction in an objective
way. Since postural instability during walking and stance is the main and in the
case of spinocerebellar ataxias, often the first feature, many studies have
analysed cerebellar-induced posture and gait abnormalities by using motor
analysis systems with different incorporated properties.”® Electromyography
(EMG) studies, for example, have detected temporal shifts in leg muscle
activation during gait cycle and disrupted agonist/antagonist activation in an
upper limb task.>” 8 The clinical observation of ataxic gait being broad-based
and exhibiting irregular foot placement can be quantitatively expressed by
spatiotemporal features. They have revealed discrepancies between ataxia
patients and healthy controls, specifically reduced gait velocity and cadence,
reduced step length and swing phase, increased base width, step times and
stance phases, and very characteristically, increased variability in step length
and gait cycle time. %962 5ome of these gait parameters have been shown to

correlate with established clinical scores and disease duration in different ataxia
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types, thus indicating a sensitivity to disease progression. %% Indeed,
rehabilitation studies have even detected improvements at the level of
spatiotemporal features after motor training interventions, making them potential
candidates as treatment outcome parameters. %6 Furthermore, features were
able to detect the presence of mild, and even subclinical ataxia.”®"2

Spatiotemporal analysis of gait can be achieved by different technologies,
including pressure sensitive mats or treadmills, tri-axial inertial sensors,
pressure sensitive insoles, and 3D motion capture systems.®! % 7376 The |atter
presents the most advanced method of capturing gait characteristics, as it not
only provides spatiotemporal information on foot placement, but of any joints
and anatomical landmarks of interest, including the trunk, and can compute
trajectories of the centre of mass (CoM) and centre of pressure (CoP).”” ®
Therefore, whole-body movement analysis is able to pick up the full picture of
ataxic gait that is now increasingly recognized as the result of complex
interactions between cerebellar-induced deficits on balance and multi-joint
coordination, applied safety strategies and inadequate postural adjustments.GO’
61. 75, 7981 Degpite their reduced informative value, less expensive or space-
consuming alternatives to motion capture systems are often needed in clinical
settings, such as instrumented mats, or affordable camera-based systems.”® 8%
% Portable inertial sensors offer the advantage of longer recording times and an
application in various different settings. Depending on the underlying
technology, they enable the identification of different variables, ranging from
basic ambulatory activity to more complex movement patterns. Whereas the
former quality has been of interest for daily-life activity recording, more
advanced sensors are used for the analysis of standing and walking, and even
for kinematic measurements of upper and lower limbs.®°? However, the output
of these sensors is body-referenced, and provides only indirect measurement of
spatiotemporal gait variables. They have partly replaced the use of force plates
that are traditionally used in posturography, as they measure only indirect body
sway, focus mainly on leg responses and can only be used during standing
tasks.>® However, other groups detected changes in body sway in preclinical
mutation carriers of SCA1 and SCA2 using posturography under challenging

11



conditions.** % These findings are of high relevance for the conceptualization of
the preataxic SCA stages (see chapter 1.2), as they suggest that movement
changes may already occur before clinical disease onset. Although these
changes are so subtle that traditional clinical scales fail to detect them, sensitive
movement analysis methods might be able to capture and quantify them. We
explored this notion more systematically in our first study (chapter 2.1).
Furthermore, quantitative movement analysis has played a pivotal role in
shaping our fundamental understanding of cerebellar motor control, and the
consequences of its dysfunction. Such findings are important for the
development of novel neurorehabilitation strategies for cerebellar patients. This
has, for example, been the case in the promising application of whole-body
controlled videogames (‘exergames’) that aim to address specific cerebellar
motor impairments, such as multijoint discoordination and dynamic instability. %
Quantitative movement analysis has not only shaped the concepts of such
rehabilitation approaches through its findings, but has also been successfully
applied to measure their effects in intervention trials.®®®® Following these
examples, we analysed the effects of an experimental assistive device on
balance in cerebellar patients by using quantitative movement analysis (chapter
2.2).

1.5 The role of the cerebellum in processing sensory cues for optimizing
motor control
Since movement deficits deriving from cerebellar damage were first described,
the relevance of the cerebellum in motor control has been well recognized.®” %
The quantitative analysis of movement patterns under different conditions and
in various manipulated settings has provided increasing insights into underlying
cerebellar control mechanisms. However, the precise function of the cerebellum
in the regulation of movements and its underlying computations are still only
partially understood, despite the dedication of many studies. Anatomical and
functional imaging studies have shown that the cerebellum is interconnected
with various other brain regions, not only with the motor system, but also those

involved in sensory and higher brain functions.*® '® The cerebellum receives
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sensory input from a wide range of exteroceptive and proprioceptive channels,
such as visual, vestibular and somatosensory information.'" In accordance with
this anatomical evidence, it appears that the cerebellum participates in the
processing and integration of sensory feedback signals to control movement
and balance.’"% By combining information about the current sensory state
and ongoing motor commands (via motor efference copies), it is believed that
the cerebellum forms feed-forward models that generate a prediction about the
expected consequences of an action.'®%” Such estimations of the future body
state function as internal feedback signals to allow rapid adjustments to current
motor commands. Internal forward models are subject to constant updating due
to changing environments and body dynamics that lead to discrepancies
between predicted and actual sensory feedback signals.'®""° Such sensory
prediction error learning is impaired in cerebellar patients and indicated to
account for the observed deficits in motor adaptation, e.g. disrupted multi-joint
coordination during arm reaching movements or increased postural sway during
stance.”""® Findings from several studies suggest that patients with cerebellar
damage may be forced to increase their reliance on peripheral feedback signals
as a compensation strategy for disrupted predictive capabilities.”™ """ When
sensory circumstances of the surrounding environment change, a re-weighting
process is required to shift dependence on the most reliable sensory
channel.’®'?° |t is unknown to which extent this process is cerebellum-
dependent, but some studies suggest a preserved ability of cerebellar patients
to perform sensory re-weighting.'?"" '?? Vision in particular seems to present a
dominant feedback cue, as indicated by several studies and the clinical
observation that patients exhibit larger body sway when having their eyes
closed.'® '* These findings indicate that augmented sensory feedback signals
present a potential assistive strategy that might help cerebellar patients to
compensate for deficient processing of internal sensory information, e.g.
proprioceptive or vestibular signals. However, this notion has never been
systematically tested in cerebellar patients. Given this lack of evidence, we
explored the effects of augmented audio-biofeedback of trunk acceleration on

postural control (chapter 2.2).
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1.6 Research questions

Based on the current scientific state of spinocerebellar ataxias and cerebellar
motor control mechanisms, we hypothesized in the present work that (1)
quantitative movement analysis allows to detect early movement changes in
subjects at the preataxic stage of spinocerebellar ataxia (SCA) when clinical
signs have not yet evolved, and to capture motor progression in this stage
(chapter 2.1). Furthermore, we hypothesized that (2) quantitative movement
analysis enables to identify the effects of a biofeedback intervention on postural
sway in patients with degenerative ataxia, where they might be able to exploit
real-time acoustic bio-feedback signals (ABF) of trunk acceleration to

compensate for impaired balance control (chapter 2.2).
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2 Results

2.1 Individual changes in preclinical spinocerebellar ataxia identified via

increased motor complexity

This chapter refers to the following publication, including the supplementary

information that has been published in the online version:

llg, W., Fleszar, Z., Schatton, C., Hengel, H., Harmuth, F., Bauer, P., Timmann,
D., Giese, M., Schdls, L., and Synofzik, M. (2016), Individual changes in
preclinical spinocerebellar ataxia identified via increased motor complexity. Mov
Disord., 31:1891-1900. doi:10.1002/mds.26835

2.1.1 Introduction

The conceptualization of disease progression in spinocerebellar ataxias has
recently gained an expansion from clinically manifest to preataxic stages. A
detailed understanding of the preataxic phase, including a quantification of
pathophysiological processes is crucial in paving the way for future intervention
trials that will be applied in earliest stages when neurodegeneration is still
limited and potentially reversible. As explicated in more detail in sections 1.2
and 1.4, quantitative analysis has been shown to offer sufficient sensitivity to
detect subclinical ataxic movement changes and to reflect effects of treatment
interventions. Based on these findings we hypothesized in the following study
that quantitative movement analysis allows (i) to identify earliest movement
deficits in preataxic SCA mutation carriers in the absence of clinically detectable
motor symptoms and (ii) to capture the progression of such movement changes

within the preataxic stage.

The experimental procedures of the following study were approved by the ethics
committee of the University of Tubingen (Az303/2008B0O2).

2.1.2 Original publication

This is the peer reviewed version which has been published in final form at [doi:
10.1002/mds.26835]. This article may be used for non-commercial purposes in

accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.
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The reproduction of this article was made with the kind permission by ‘John
Wiley and Sons’ (Copyright 16.01.2019).
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Abstract

Background: Movement changes in autosomal-dominant spinocerebellar ataxias (SCAs) are
suggested to occur many years before clinical manifestation. Detecting and quantifying these
changes in the preclinical phase offers a window for future treatment interventions and allows
to decipher the earliest dysfunctions starting the evolution of SCA. We hypothesized that
quantitative movement analysis of complex stance and gait tasks allows to (i) reveal
movement changes already at early stages of the preclinical phase when clinical ataxia signs

are still absent, and (ii) to quantify motor progression in this phase.

Methods: 46 subjects (14 preclinical SCA mutation carriers [SCA 1,2,3,6], 9 SCA patients at
early stage; 23 healthy controls) were assessed by quantitative movement analyses of

increasingly complex stance and walking tasks in a cross-sectional design.

Results: Body sway in stance and spatio-temporal variability in tandem walking differentiated
between preclinical SCA subjects and healthy controls (p<0.01). Complex movement
conditions allowed to discriminate even those mutation carriers without any clinical signs in
posture and gait (SARAposwreseaic=0; p<0.04). Multivariate regression analysis categorized
pre-clinical mutation carriers on a single-subject level with 100% accuracy within a range of
10 years to estimated onset. Movement features in stance and gait correlated significantly
with genetically estimated time to onset, indicating a gradual increase of motor changes with

increasing proximity to disease manifestation.

Conclusion: Our results provide evidence for subclinical motor changes in SCA, which allow
to discriminate subjects without clinical signs even on a single-subject basis and may help to

capture disease progression in the preclinical phase.
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Introduction

It is well-known from various neurodegenerative diseases like Parkinson’s disease or
Huntington’s disease that, at the point of clinical manifestation, large populations of
underlying neurons are already lost and most compensatory resources already exhausted'->.
The same is likely true also for cerebellar functioning in degenerative spinocerebellar ataxias
(SCA)*S. The preclinical phase of SCAs attracts increasing research interest as it could
provide a promising window for early therapeutic intervention before substantial irreversible
neurodegeneration has occurred* > 7. Effectiveness of future interventions studies in SCAs
will largely depend on three prerequisites: (1) Detection and quantification of motor control
deficits as early as possible; (2) a more detailed understanding of the earliest dysfunctions in
cerebellar motor control mechanisms starting the evolution of ataxia; (3) the availability of
measures which are able to sensitively quantify progression and intervention benefits in this

preclinical stage.

First studies have recently started to investigate pre-symptomatic persons at risk for SCA* 6,
focussing mainly on clinical ataxia sores like SARA (Scale for the assessment and rating of
ataxia)® as primary measure. However, by their nature, clinical scores lack the sensitivity to
identify subtle movement changes and to quantify the progression in the preclinical phase’.
Non-clinical measures might thus outperform clinical ataxia scores for identifying and
quantifying signs during the preclinical phase of SCA. Quantitative motor measures of
posture and gait seem particularly promising for finding a unifying description of preclinical
motor symptoms across SCA subtypes, as clinical observation shows that coordinatively
demanding gait and stance tasks, like e.g. tandem gait and stance, are abnormal already very
early in the clinical disease course. In fact, gait difficulties have been identified as the first
symptom in two-thirds of 287 patients across all the main SCA genotypes 1,2,3, and 6'°.

Finding such a SCA-unifying signature of the preclinical phase might complement (or partly
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even overtake) early non-ataxia symptoms like muscle cramps, oculomotor signs and sleep

4, 6,11, 12

disturbances or brain imaging abnormalities which seem largely specific to certain

SCA subtypes °.

The hypothesis of quantitative motor measures as a promising early marker for characterising
the preclinical phase of SCA is based on earlier studies on quantification of spatio-temporal
movement features in SCAs. It has been shown that movement measures of spatial and
temporal variability are distinctively suitable for characterizing ataxic gait'*'’, including mild
ataxic and subclinical subjects!® 3 Tn addition, these measures are particularly attractive as

they allow also for a fine-grained quantification of treatment effects in degenerative ataxias’*

23

Here we hypothesized that (i) quantitative movement features might be able to identify
movement changes already at early stages of the preclinical phase across SCA subtypes, when
clinical signs of ataxia are still absent. Moreover, we speculated that (ii) these movement
features might also allow to quantify the progression of motor deficits in the preclinical phase

before disease onset.

Methods

Subject populations

CSARAS3: a group of n=14 preclinical mutation carriers

We recruited three subject groups: M
with a repeat expansion mutation in the genes causing SCA1, SCA2, SCA3 or SCA6 with a
SARA score of <3; SCASARAYS: 4 oroup of n=9 patients with SCA 1,2,3 or 6 in the early
clinical stage (SARA score 3-8); and HC: a group of n=23 age- and gender-matched healthy

controls (see Table 1). In line with previous studies on preclinical SCA* 3 the cutoff-value

between preclinical mutation carriers (MC3*RA%%) versus patients with manifest SCA
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(SCASARA”) was set at a SARA score of 3. HC included 10 members of SCA 1,2,.3 or 6
families who were shown to have not inherited the SCA mutation. The other 13 HC subjects
had no personal or family history of any neurological or psychiatric disease. All HC subjects

did not show any neurological signs upon clinical examination.

To investigate more strictly whether movement analysis allows to identify motor changes in
early preclinical stages when any clinical signs in posture and gait control are indeed still
completely absent, we formed an additional subgroup out of the MC3*R4%3 oroup, selecting
only those subjects with SAR A postreggair Subscore=0 (SARAposwre&gaic = Sum of the three SARA
items: gait, stance and sitting)® ** and a SARA total score <1 (n=8 subjects total). Since this
subgroup MCSARAP&L=0 differed in age from HC, and since age is known to modulate balance

and gait capacities® 2

, we defined an aged-matched subgroup out of HC, selecting eight age-
matched mutation-negative family members of SCA patients (non-mutation carriers; nMC),
thus allowing to control for unspecific features that might be present in SCA families.

Neurological signs other than ataxia were assessed with the Inventory of Non-Ataxia Signs

(INAS)*.

Genetics

All mutation carriers carried repeat expansions in the clearly pathological, fully penetrant
range. CAG repeat length was analysed in DNA extracted from EDTA blood samples at the
Institute of Medical Genetics and Applied Genomics, University of Tiibingen, using well-

established methods* ?® (for further details see Supplement 6).

Standard protocol approvals and patient consents

All experimental procedures were approved by the local ethics committee (Az303/2008B0O2).

All subjects gave written informed consent. No descriptive single subject data about



individual age, allele sizes and genotypes are shown in the manuscript, as this might allow
participants to re-identify themselves and to recognize her/his genotype status. Means and

standard deviation of CAG repeat lengths are provided in Supplement 4.

Estimation of disease onset

Movement features of MCS*RA%3 qubjects were related to the genetically estimated disease

128 (=unadjusted

onset, which was calculated according to the previously established mode
model). This estimate is based on the genotype, number of CAG repeats, and age of the
subject. However, it is known that the mutant CAG repeat allele explains only 60% of the age
of onset variance”. About 55% of the remaining age of onset variance is due to familial
factors? 30, These factors probably consist of a number of cis- and trans-acting genetic
modifiers and shared familial environmental factors that influence age of onset in addition to
the expanded CAG repeat allele itself” *!. To account for these intra-familial effects, we
adjusted the CAG-based age of onset estimation of the index subject by the difference

between the actual disease onset and the CAG-based age of onset estimation in the affected

parent (equation 1; adjusted model).

estimated disease onsetgyy

= estimated disease onset “1¢

+ [ actual disease onset(parent)

— estimated disease onset“4¢ (

parent)] (equation 1)

For example, the estimated time to onset in a given index subject is increased, if his/her
parents’ actual discase onset was later than estimated from the CAG-repeat number. The

differences of both prediction models in relationship to the SARA score are shown in Figure
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1. The “actual” disease of onset in the parents was determined by subjects’ self-report of first

onset of gait difficulty during their examination by a neurologist, as done previously?®.

Analysing posture and gait tasks with increasing complexity

To unravel first preclinical changes in SCAs, we employed a battery of coordinatively
demanding stance and gait tasks, predicting that motor abnormalities might unravel in
particular with increasing motor demands. According to this strategy, we started with
movement tasks identical to those used in clinical tests, followed by tasks with gradually

increasing balance requirements and motor complexity.

We examined three different stance conditions of increasing motor demand: standing still for

30 seconds with feet closed in Romberg position and (i) eyes open: RB , (ii) eyes closed:

RBCIOSGdeyeS, (iii) eyes closed on a mattress: R Pedeye (Figure 2A). Additionally, we

mattress

examined different walking conditions of increasing motor demand: straight walking, tandem
walking, and tandem walking on a mattress (Figure 2B). Subjects walked on a 10 meters long
walkway, whereby the capture volume contained only the 7 meters in the centre of the
walkway, to exclude step cycles during acceleration and deceleration phases. From each
subject we analysed 15-20 step cycles within five trials at a self-determined pace. In tandem
walking, subjects were instructed to walk on an imagined straight line placing one foot

directly after the other (heel-to-toe). From each subject we recorded 20-25 step cycles within

three trials.

Motor performance was quantitatively assessed using a VICON motion capture system with
10 cameras. The three-dimensional movement trajectories were recorded at a sampling rate of
120 Hz, using 41 reflecting markers. The trajectories were pre-processed using commercial

software provided by VICON, which fits a kinematic model to the marker trajectories and
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extracts velocities, joint angles, and the course of the centre of mass (CoM). For stance
analyses, body sway was determined by measuring the path length of the centre of gravity
(projection of the CoM on the floor) (Figure 2C). For gait analyses, we focused on spatio-

temporal variability measures of step length and step cycle time which have been shown to be

t14-16 13, 19.

most sensitive to characterize ataxic gai and to detect subclinical gait changes
Variability measures were calculated using the coefficient of variation CV=c/u, normalizing

the standard deviation with the mean value®’. In addition, we analysed gait speed and gait

asymmetry to show that they had no influence on gait variability (Supplement 1).

Statistics

Group differences (HC, nMC, MCSARAP&e=0 NMCSARASS apnd SCASARAY®) on movement
features were determined by the non-parametric Kruskal-Wallis—test. When the Kruskal-
Wallis—test yielded a significant effect (p<0.05), post-hoc analysis was performed using a
Mann-Whitney U-test for comparisons between groups. We report two significance levels:
uncorrected (p<0.05*%) and Bonferroni-corrected for multiple comparisons (**: Romberg
conditions: p<0.05/3; Tandem: p<0.05/4). Differences in multi-variate analysis combining
different movement features and age were determined using multi-variate logistic regression
models™ for nMC and MC3**4r&e=0 T generate and validate the logistic regression models,
we used a three-step procedure. 1.) Models were established to discriminate between non-
mutation carriers and mutation carriers using feature sets from groups MCSARA  (here
excluding subgroup MCSARAPEE=0) and SCASARAI® a5 prototypes for mutation carriers, and
from healthy controls (HC) (here excluding subgroup nMC) as prototypes for non-mutation
carriers. 2.) In the test step we determined model outputs as the degree of ataxic movement
characteristics for the two critical groups, namely MCSARAP&e=0 and nMC (for graphical
overview, see Supplement 5). 3. We analysed the generated outputs of groups nMC and

MCSARAP&E=0 in respect to (a) group differences and (b) categorization capabilities by using
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them as input into a ROC (receiver operating characteristic) analysis** in order to determine
the accuracy of the identification of preclinical mutation carriers MCSARAP&E=0 op 3 single

subject level.

For this multi-variate analysis, we selected those features as candidates for logistic regression,
which showed a significant group difference in the Romberg test and tandem walking. The
factor “age” was included into the logistic regression analysis to control for a possible
influence of age. Using these features we examined all 10 permutations of features sets
comprising three features. The Bonferroni-corrected significance level for the multi-variate

analysis is set to p<0.05/10 (n=10: number of analyzed feature sets).

Spearman’s tho was used to examine the correlation between movement features and SARA
scores as well as estimates of time to disease onset. Statistical analysis was performed using

MATLAB and SPSS.

Results

Changes in posture and gait control in the pre-clinical stage
Differences in body sway were identified in all three stance conditions (Kruskal-Wallis tests:
*>30.1, p<0.0013), post-hoc analysis showed an increased body sway in both MCSARA<3 and

SCASARAS versus HC (p<0.004**) (Figure 3A).

For straight walking (Kruskal-Wallis tests: ¢>>5.195, p<0.07446), SCASARA3E showed an
increased step length variability compared to MCS*RA (p=0.02) and HC (p=0.01), but no
significant differences were observed between MC3***<} and HC (p=0.25). In contrast, for
Tandem and Tandemmaess (Kruskal-Wallis tests: y>>22.1, p<0.01), MCSARA<} showed

significant increased variability in step length and in step cycle time compared to HC

(p<0.006%**, Figure 3B).
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Motor changes are already present in preclinical subjects without clinical signs of
gait and posture disturbances

To investigate subtle movement changes in preclinical subjects still completely without any
clinical signs of gait and posture disturbances (SARA poswreggai=0), we compared motor

performance between MCSARAP4E=0 and nMC. There was a difference between MCSARAP&e=0

closed eyes
mattress

and nMC for the most challenging stance condition RB (p<0.001**, see Figure 3A).
For gait, differences were observed in Tandem (step length variability, p=0.01; step cycle

time variability, p=0.02) and Tandemmauress (step cycle time variability, p=0.02).

To further explore the discrimination between MCSARAp&e=0

and nMC, we performed a
multivariate analysis (see methods and supplement 5). We selected those features as

candidates for logistic regression, which showed a significant difference in stance and gait

tasks. The factor “age” was included to control for its possible influence.

Logistic regression analysis revealed differences in model output (interpreted as degree of

. ” ; : : : losed
ataxic movement characteristics) for a set of three features: [age, body sway in RB; ey

variability in step cycle time for Tandem]. Degrees of ataxic movement characteristics
differed between HC and MCS**4%* (p=0.0001) and between nMC und MCSARAP&e=0

(p=0.0006) (Figure 3 C).

Classification of pre-clinical subjects

In order to examine whether the identified feature set is capable to discriminate MCSARAp&e=0

subjects from nMC subjects on a single-subject level, we computed a ROC analysis based on

the outputs of the regression model (model output = “degree of ataxic movement

characteristics”). This ROC analysis revealed that for a threshold of 0.127 our model allowed

CSAR Ap&g=0

a classification of individual M subjects as mutation carriers with 100% sensitivity

and 87.5% specificity (accuracy 93.8%) (Figure 3 C). A single-subject analysis shows that
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SARAp&g=0
C

only the two M subjects with an estimated disease onset of more than 10 years

showed a smaller model output than one of the nMC subjects.

Motor features reflecting progression within the pre-clinical phase

We finally aimed to determine whether motor features allow to capture progression within the
preclinical phase. To this end, we examined the correlations between movement features and
estimated time to disease onset in MCS*RA%3_ Step length variability in Tandemy,ress Was

associated with estimated disease onset for both models (unadjusted model: p=0.036; adjusted

model: p=0.0068) (Figure 4). Also body sway in RB%‘;S;SE?SJCS correlated with estimated
disease onset (p=0.026), observed only with the adjusted model. Overall, increases in step
length variability and in body sway, respectively, with proximity to estimated disease onset

were steeper in complex motor tasks (e.g. mattress) than in simple motor tasks (Figure 4). For

diagrams of step cycle timing variability see Supplement 2.

Discussion

Effectiveness of future interventions in the earliest stages of SCA will depend on the
identification of biomarkers measuring preclinical disease progression in mutation carriers. As
motor symptoms are the key feature across SCAs, quantification of motor deficits as early as
possible is crucial. In addition, such assessments will lead to a more detailed understanding of
the earliest dysfunctions starting the evolution of ataxia. While earlier studies have been
restricted mostly to clinical scores like SARA® and ICARS™ or on qualitative descriptions of

6. 36 quantitative studies are scarce'® 3738 Here we show that movement features

motor tasks
allow to identify changes in preclinical SCAs when clinical signs are still completely absent,

and even on a single-subject level.
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Preclinical SCA affects both posture and gait control, particularly in complex
motor tasks

Body sway in Romberg conditions and spatio-temporal variability in Tandem differentiated
between preclinical subjects (MC3®A<%) and healthy controls. In contrast, no increased gait
variability was observed in preclinical subjects for straight walking. These results contrast a
finding of an earlier study on preclinical SCA 6 subjects'® which used, however, a different
ataxia score ICARS * and cutoff value (ICARS cutoff value=7 vs. SARA: cutoff value=3). In
fact, several of the preclinical subjects in this previous study already showed first signs on

ICARS gait items'®,

Our finding of increased gait variability in preclinical subjects not in normal walking, but in
more complex gait conditions is in line with previous studies in other neurodegenerative

diseases. Studies in preclinical Parkinson’s Disease™ and Fragile X-associated tremor-ataxia

40, 41

syndrome observed increased gait variability only for more complex walking conditions.

Subclinical motor changes are detectable before their clinical manifestation

8

Although SARA<3 is commonly defined as preclinical phase* > 8 mutation carriers

presenting with a SARA score of 2 or 2.5 can already show first distinct clinical signs of

ataxia. Correspondingly, MCSARA<3

revealed a difference in the SARA score compared to
healthy controls (p=0.002), confirming the results of a larger multi-centre SCA study®*. Thus,
the advantage of motor measures would be particularly convincing if they allow to identify
ataxia-related movement changes even in those subjects where no clinical signs of ataxia are
seen, and where clinical scores do not show differences to healthy controls. This is the case
for the MCSARAP&E=0 oroyp who showed no difference in SARA (p=0.97) and INAS (p=0.5)
compared to nMC. In contrast to these clinical assessments, movement analysis indeed

CSARAp&g:O

allowed to unravel changes for complex gait and posture conditions M compared

tonMC.
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This difference is remarkable as nMC consisted exclusively of blood-related non-mutation
carriers who are not aware of their carrier status, thus serving as an ideal blinded control
group controlling for unspecific factors that might be present in members of SCA families
(e.g. subjective uncertainty under close motor assessment scrutiny). Interestingly, the SARA
score of nMC was on average as high as of MCSARAP&e=0 (Table 1). This observation confirms
the low specificity at the lower end of the SARA score” . Indeed, it was shown that about 20%
of healthy controls have positive ratings in at least one SARA item, predominantly related to
kinetic functions of the non-dominant hand®. Thus, movement analysis can refine the clinical
assessments performed in earlier studies on preclinical SCA* ©. Specifically, the higher
sensitivity might allow to detect preclinical motor changes much earlier than clinical
measures. The estimated time to onset for the MCSARMW&=0 i5 76 vears on average. In
contrast, clinical assessments by visual detection of missteps identified abnormalities in

tandem gait about 1.2 years before disease onset, as shown in a longitudinal study of SCA2°.

Movement-based classification of mutation carriers

While discriminations mutation carriers and non-mutation carriers on a group level are
informative, even more meaningful would be measures which allow to identify an affected
subject on a single-subject level. Indeed, our feature set including features from two complex
motor tasks and age allows to discriminate MCSARAPEE=0 gybjects from nMC subjects on a
single-subject level with 100% accuracy for a range up to 10 years before estimated disease
onset. Such a measure will be particularly valuable to classify preclinical SCA subjects in the
future, given that in particular intervention studies in preclinical subjects of this rare disease

will likely depend of small subject series.

The selection of the factor ‘age’ in the feature set with the highest discrimination capabilities
indicates the importance to control for this factor in preclinical SCA studies. Subclinical

movement changes are susceptible to aging, as shown for tasks like Romberg test and tandem
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walking® %, Such an age-effect was confirmed by our observation of a correlation between
age and body sway in the Romberg test for healthy controls (p=0.0031). This emphasizes the
need to carefully select age-matched control groups, and for an age-dependent interpretation

of subtle movement changes in challenging motor tasks.

Quantifying the preclinical course of SCA

Our study provides a fine-grained analysis on quantifying the progression of preclinical motor
changes. Body sway in different Romberg conditions and spatio-temporal variability in
tandem correlated with estimated time to onset, indicating a gradual increase of motor
changes with increasing proximity to disease onset. Tandemmauess Showed the fastest
progression during the pre-clinical phase (Figure 4), indicating that in particular complex

motor tasks might be suitable to capture early motor changes.

An adjusted estimate of the predicted time to onset

In general, correlations between movement changes and estimated time to onsets have to be
interpreted with caution since estimations of time to onset are based on prediction models,
which explain only 60% of the age of onset variance®. Specifically, the current unadjusted
SCA prediction model does not take into account familial factors contributing to the
individual’s age of onset. Our adjusted model includes these factors. We observed the largest
adjustment effects for subjects with a SARA score of 2-2.5. Although already close to the
threshold of SARA=3, these subjects would still be up to 10 years before their estimated onset

according to the unadjusted model*®

(Figure 1). This estimate thus seems implausible given
the natural progression of 0.8-2.1 SARA points per year in the SCAs studied here*’. In
summary, our adjusted model leads to a closer capture of the SARA scores to estimated time

=0 and

to disease onset, and to more plausible averages of time to onsets for MCSARAP&2
MCSARASS (Table 1). Prospective cohort studies of larger pre-clinical SCA populations are

certainly warranted to further validate this adjusted formula.
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Limitations

This study has some limitations. The small sample size does not allow to exclude the
possibility that non-significant findings might be just due to a lack of power. For example,
step length variability in tandem walking on a mattress is marginally not significant (p=0.09)

in the distinction between MCSARAP&2=0

and nMC, although the same parameter is significant
for tandem on the ground (Figure 3B). This seems to be in particular relevant for more
complex motor tasks, which can show also increased variability in healthy controls. On the
other hand, if significant results are observed even in such small groups, this indicates that
these effects are robustly present in the cohort. Another limitation of our study is its cross-
sectional nature. However, the current data serve as baseline for an ongoing prospective
longitudinal study. Here we will also investigate the preclinical course for specific SCA
subtypes. In the current study, subjects shared the same mutational SCA mechanism (CAG
repeat expansion), but differed in their genotype (SCA 1,2,3.,6), thus representing clinically
and biologically distinct SCA types, which are characterized by heterogeneous patterns of
disease progression and distinct determinants on motor deterioration*’. Our current study,
however, was primarily designed to investigate early changes in posture and gait across

specific SCA types, allowing to find SCA-general markers of early motor changes in the

preclinical phase across SCAs.

Conclusions

The results of this study provide evidence for (1) quantitative measures of preclinical motor
changes in SCA across specific types, which allow (2) to discriminate subjects even on a
single-subject basis in complex motor tasks and (3) which enable the quantification of disease
progression in the preclinical phase. Thus, this study provides the basis for future
observational studies investigating the characteristics and evolution of the preclinical phase of

SCAs and also for both pharmaceutical and rehabilitative intervention trials.
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Table 1 Description of subject populations.

Groups # Age Gend SARA SARApg&g INAS Estimated disease onset ~ SCA type
zt’:’je (years) er (years) #(1,2,3,6)
(f/m) eT2DOMA¢ eT2DOGAS
SCARARL:S 9 40.5+13.3 4/5 5.1£1.3 2.1+1.6 3.3%2 n.a. n.a. (5,1,2,1)
[20-68] [3-8] [0-4] [1-8]
MC SARA<3 14 42£13.3 6/8 121409 0.21+04  0.7+0.7 9.5 6.07 (5.2.3.4)
[24-65] [0-2.5] [0-1] [0-2] [0.4-20.3] [0.9-15]
MC SARApg=0 8 44.9+15.3 5/3 0.5+0.46 0 0.8+0.8 8.25 7.6 (3,0,1.4)
[24-65] [0-1] [0-0] [0-2] [0.4-12] [1.6-15]
nMC 8 43.8+16.3 4/4 0.5620.7 0 0.5+0.5 n.a. n.a. n.a.
[20-60] [0-2] [0-0] [0-1]
HC 23 40.5%13 11712 0.33%0.5 0 n.a. n.a. n.a. n.a
[20-66] [0-2] [0-0]

#: Number of subjects in each group. SCASARA3E : patients with SCA 1,2,3 or 6 in the early clinical
stage of the disease with a SARA score of 3-8; MCSRAS: pre_clinical mutation carriers of SCA 1,23
and 6 with a SARA score of <3; MCS*R4r&e=0; quberoup of the pre-clinical mutation carrier group, all
with a SARAposwreagait subscore=0 and SARA total score <1, HC: healthy controls, nMC: subgroup of
healthy, age-matched controls consisting of first degree relatives of SCA patients tested negative for
the mutation. n.a,, not applicable. Ataxia symptoms were clinically assessed using the scale for the
assessment and rating of ataxia (SARA). SARA covers a range from O (no ataxia) to 40 (most severe
ataxia). The SARA score includes eight items: three items rating gait and posture, one item for speech
disturbances and four items for limb-kinetic functions. The three items rating gait and posture are
summarized in the gait&posture subscore (SARA¢,). Given are mean values and standard deviation.
INAS: Inventory of Non-Ataxia Symptoms?’ (see supplement for details of scores). eT2DOCAG;
genetically estimated timespan (years) to clinical disease onset, according to 2, eTZDOSQ,G :
genetically estimated time to clinical disease onset, adjusted by parental disease of onset (see equation
1). SCA(1,2,3,6): Number of subjects with spinocerebellar ataxia type 1,2,3,6 Given are averages,
standard deviations () and ranges []. The groups MCS*R*A<3 and HC differed significantly in SARA
scores (p=0.002). In contrast, the MC3*R4r4e=0and nMC groups did not differ in SARA score (p=0.97),
INAS score (p=0.5) or age (p=0.98), and in both groups none of the subjects showed clinical gait and

posture abnormalities. For individual INAS scores, see Supplement 3.
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Figure Legends
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Figure 1. Relationships between estimated time to disease onset and the SARA scores in the

MCsARA<3

cohort, with time to disease onset calculated by the unadjusted model ?® (A) and the

parentally adjusted model (B)(see equation 1). The adjusted model modifies the estimated

onset in particular for those subjects with >10 years to disease onset and incipient clinical

signs (SARA>1). The black lines denote linear fits of the data; the averaged changes per year

are indicated by the symbol (A). The p-value indicates a significant correlation between

durations to estimated disease onset and SARA score.
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B Tandem walk

C Romberg - Body Sway
T 40 Patient SCA 1 40 Subject HC1
*RB *RB
é « RB closed eyes « RB closed eyes
g8 B o RB Soisdoes 20 o RB 000
@
o &
o § 20 -20
2
Qo 0 50 45 0 50

Body sway - medio-lateral [mm]

Figure 2. Snapshots of a healthy subject performing Romberg test (A) and tandem walk (B)
on a 3cm thick mattress. (C) Tllustrating of the body sway determined by the path of the cog
(centre of gravity) for the different Romberg conditions. Both an exemplary SCA patient from
the SCASARA3% oroup and a healthy control subject show an increased body sway in the
conditions with closed eyes and in particular with closed eyes on a mattress, yet increases are

larger in the patient.
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Figure 3. Group results from quantitative movement analysis for the different Romberg
stance conditions (A) and tandem walking conditions (B). Stars indicate significant
differences between groups (*= p<0.05, **= Bonferroni-corrected significance levels, see
methods). Group descriptions: HC, healthy controls ; nMC, healthy subgroup of blood-related

non-mutation carriers; MCSARAP&e=0

, pre-clinical mutation carriers without clinical signs in
posture and gait ; MCSARASS pre-clinical mutation carriers with SARA score <3; SCA, SCA
patients with SARA 3-8 ; CV: coefficient of variation (see methods). (C) Left panel: results

from the output of the logistic regression model for the feature set [age, body sway in

RBcloscd eyes

matiress - variability in step cycle time for tandem walk]. The model output interpreted as

degree of ataxic movement characteristics differed significantly between groups nMC and
MCSARAP&e=0 (5—() 006). Right panel: Analysing model outputs in relation to the estimated
duration to disease onset revealed that all mutation carriers with an estimated duration to
disease onset < 10 years show a model output greater than all nMC subjects. Only the two
mutation carriers with duration to disease onset > 10 years reduce the specificity of the

categorization.
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Motor features in relation to estimated disease onset - unadjusted model

A

g 60 o Mg SARAS £ 60 £,60 &
D 40 D 40 240 o 4 ®
z s Al 4 A =0.18/Year X .- Ty
=0.1/Year )
2 2 £ 20 °s 220 ® (N
%) o ® 7} L .o o @
- .- >
g o---~JWh-0° :;:‘ E X% g A =0.36/Year
0-20 -10 0 0-20 -10 0 0-20 -10 0
Years to estimated disease onset™"°
B " £
.g: 0.1 g 0.1 . ®
[V -
S oos . =008 ,
2 8
» 0.06 ;“ 0.06 pr
> .. -‘"..,.--. 5 ®
Q 004 /} %5 0.04 3
& v o q@® E e
T 002 £0.02
(1 he]
= (=
3

15 10 5 0

15 10 5 0

: . CAG
Years to estimated disease onset yar

Motor features in relation to estimated disease onset - adjusted model

C

@ 60 $ 60 g 60
£ E s A =1.51Year
@ 40 @ 40 @ 40 ..'\__.
‘% % A = 0.46/Year % & P
220 A =0.3/Year a g 20 e g2 .- “e0® ©
o ..efg =0.026
g e oV ¥ I ;; d
% 0 5 o0 %6 10 5 o %% 10 5 o0
Years to estimated disease onset(p:f,\,G
D

. 01 s 0.1

=3 A =0.00086/Year = 5]

& 3 A =0.0032/Year @

% 0.08 ® -~ 0.08

Q (] o®

7 0.06 % 0.06 .2

(20} = .

0% .0¢°

3 o0 %00 ° 2 b i

£ 004 e £004 4 . &

3 : Do = e p=0.0078

= L 5

& 0.02 - ©0.02

S
15 10 -5 0 -15 10 -5 0

Figure 4 Relationship between

s . CAG
Years to estimated disease onset par

estimated time to disease onset and motor features for the pre-

clinical mutation carriers MCSARA<3_ Shown are relationships for estimates of onset according
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to the unadjusted model * (A,B) and according to the adjusted model (C, D). Each circle
represents one subject. (A+C) Relationships between estimated time to onset and body sway
in the different Romberg (RB) conditions. (B+D) Relationship between estimated time to
onset and step length variability in tandem gait conditions with and without mattress. The
black lines represent a linear fit of the data; the average changes per year are indicated by the

symbol (A). A steeper increase of change can be seen in the most complex stance and gait

closed eyes

tasks, respectively, namely RB_ . iress

and tandem gait on a mattress. P-values indicate
significant correlations between durations to estimated disease onset and movement

parameters.
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Supplemental Material

Supplement 1: Technical details and additional analyses of
the quantitative movement assessment

a) Technical details

Motor performance was determined by quantitative movement analysis using a VICON MX
motion capture system with 10 cameras. The three-dimensional movement trajectories of the
subjects were recorded at a sampling rate of 120 HZ, using 41 reflecting markers. The marker
and angle trajectories were smoothed with a Savitzky-Golay polynomial filter (order 4 and
with a window size of 41 sampling points). Gait cycles were automatically determined from
the trajectories by detection of heel-strike events, based on the vertical components of the heel
marker positions. Results of the automatic detection were verified manually using a stick
figure animation in order to correct for different types of foot placement. Subjects were

performing all stance and gait tasks barefoot.

b) General relation between clinical phenotype and movement parameters

Cerebellar ataxia presents with a lack of control in coordinatively demanding movements, in
particular of stance and gait, which is specifically characterized on a movement analysis level

I. To unravel first

by an increased variability in spatial and temporal movement parameters
pre-clinical changes in SCAs, we thus employed a battery of coordinatively demanding stance

and gait tasks, predicting that motor abnormalities might unravel in particular with increasing

motor demands, and in particular in measures of motor variability.
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¢) Further details on the condition “tandem walk on the mattress” and exclusion of

subjects unable to perform this task

In the mattress conditions, the underground consisted of a 3cm thick soft plastic mattress
(AIREX™). Three subjects from the SCASARA>® aroup were unable to perform the tandem
walk on the mattress, i.e. they showed a very high number of mis-steps as well as several
interruptions of the gait trial. These patients were excluded from the analysis of this specific

task, including the analysis of this task within the multi-variate analysis.

d) Analyses of the influence of gait asymmetry, speed differences, and gender

Step variability measures were calculated based on all left and right steps jointly, i.e. we did
not calculate the variance of each the left and the right steps first and then combine the results.
To ensure that variability measures are not dominated from asymmetry, we tested for group
differences (HC, nMC, MCSARAP&E=0 NCSARASS and SCASARAI®) on spatial and temporal step
asymmetry in gait and tandem gait by the non-parametric Kruskal-Wallis—test (using the
definition of gait asymmetry from %). We found no group differences in asymmetry in either
condition (p>0.18). Thus, putative differences in asymmetry cannot explain our group

findings.

Furthermore, to control for the possibility that gait variability measures might be influenced
by gait speed®, we tested for speed differences. We tested for group differences (groups HC,
nMC, MCPARAP&E=D NCSARASS and SCASARASS) on speed in gait and tandem gait by the non-
parametric Kruskal-Wallis test. In normal gait, we found no group difference (p>0.48). In

contrast, Kruskal-Wallis test yielded a significant effect in speed for tandem and tandem on a
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mattress (p<0.003). Post-hoc analysis revealed a decreased speed of the SCA patient group
(SCASARAS) for both tasks (p<0.01), but, importantly, no differences in speed between all
pre-clinical mutation carrier groups (nMC, MCSARAP&E=0"and MCSARASS  respectively) versus
healthy controls (p>0.21). Thus, putative differences in gait speed cannot explain our group

findings.

Also gender effects cannot explain our group findings. We did not find any gender effects in

groups SCA, MCS*RA<3 and HC for all Tandem and Romberg conditions.

e) Analysis of the influence of sensory abnormalities

The INAS scores (see supplement 3) revealed for 5 out of 14 preclinical mutation carriers
(MCSARASS) abnormalities in the sensory item, i.e. the item on reductions in vibration sense.
To control for the possibility that our gait and stance results might be due to an sensory
impairment in the preclinical mutation carriers, namely a deficit in afferent peripheral or
spinal tracts, rather than a primary cerebellar deficit, we tested for differences in measures for
stance and tandem gait between the subgroup with vibration deficits vs. the subgroup without
vibration deficits (i.e. group with INAS sensory item =1 versus group with INAS sensory
item=0). We found no group differences for body sway (Romberg conditions) or spatio-
temporal gait variability (tandem gait) (p>0.28). This makes it less likely that our results in

the preclinical mutation carrier group are mainly due to afferent deficits.

45



Supplement 2: Step cycle timing variability in relation to

estimated disease onset
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Figure Supplement 2 Relationship between estimated time to onset and step cyle timing
variability in tandem gait conditions with and without mattress for the pre-clinical
mutation carriers MCSARA<3, Shown are the relationships of step cyle timing variability with
both types of disease onset estimates: the disease onset estimate according to the unadjusted
model (upper row), and the disease onset estimate according to the adjusted model (lower
row). Each circle represents one subject. The black lines represent a linear fit of the data. A
steeper increase of change can be seen in the most complex stance gait task, namely tandem
gait on a mattress, in particular for the adjusted model of estimated disease onset (p=0.1 for

the adjusted model).
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Supplement 3: Inventory of Non-Ataxia Symptoms (INAS)

A systematic clinical characterization of non-ataxia signs was performed by means of the
Inventory of Non-Ataxia Signs (INAS) *. The INAS has 30 items comprising of 29 items
related to 16 symptoms and one open question (item # 30 “other abnormal clinical findings or
reported abnormalities”). In line with previous studies applying the INAS* 5, only the
presence or absence (but not the degree) of the respective INAS sign was noted in this study.
The number of INAS signs was counted in each patient, yielding the semi-quantitative INAS
count, a dimensionless value with a range from O (absence of non-ataxia symptoms) to 16

(most severe extra-cerebellar involvement).

Supplement 3, Table 1: Grouping of the 16 variables from the INAS form

variable  # | symptom item of the INAS inventory
INAS count

1 Areflexia 1,2,3

2 Hyperreflexia 1,2,3

3 Extensor plantar 4

4 Spasticity 5

5 Paresis 6

6 Muscle atrophy 7

7 Fasciculations 8

8 Myoclonus 9

9 Rigidity 10

10 Chorea/dyskinesia 11

11 Dystonia 12

12 Resting tremor 13

13 Sensory symptoms 14

14 Urinary dysfunction 28

15 Cognitive dysfunction 29

16 Brainstem oculomotor signs 20, 21, 22
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Supplement 3, Table 2: Detailed listing of non-ataxia symptoms for the individual

subjects of the group MCSARAS3 and its subgroup MCSARAP&z=0.

This table shows that mainly hyperreflexia and sensory system abnormalities are found in the

pre-clinical SCA mutation carriers. However, as shown by Supplement 3, Table 3, these two

non-ataxia features are also frequently altered in non-mutation carriers, indicating that they

are unspecific findings that can be found in both preclinical SCA mutation carriers as well as

healthy controls. mc, preclinical mutation carrier (individual subject), MCSARAP&E=0 aroup of

pre-clinical mutation carriers without clinical signs in posture and gait ; MCS*RA<3 aroup of

pre-clinical mutation carriers with a total SARA score of <3.

Mutation carriers

MCSARAPEE=0 mcl me2 me3 mced me5 me6 mc7  mc8
MCSARAS3 me9 mcl0 mell mc12 mcl3d  mcld
SCA type 6 6 6 1 1 6 3 1 3 1 3 2 2 1
INAS Symptoms
Areflexia 0 0 0 0 0 0 0 0 0 0 0
Hyperreflexia 0 0 1 i 0 0 0 0 0 0 0
Extensor plantar 0 0 0 0 0 0 0 0 0 0 0
Spasticity 0 0 0 0 0 0 0 0 0 0 0
Paresis 0 0 0 0 0 0 0 0 0 0 0
Muscle atrophy 0 0 0 0 0 0 0 0 0 0 0
Fasciculations 0 0 0 0 0 0 0 0 0 0 0
Myoclonus 0 0 0 0 0 0 0 0 0 0 0
Rigidity 0 0 0 0 0 0 0 0 0 0 0
Chorea/dyskinesia 0 0 0 0 0 0 0 0 0 0 0
Dystonia 0 0 0 0 0 0 0 0 0 0 0
Resting tremor 0 0 0 0 0 0 0 0 0 0 0
Sensory Systems 1 0 0 1 1 0 1 0 0 0 1
Urinary 0 0 0 0 0 0 0 0 0 0 0
dysfunction

6
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Cognitive 0 0 0 0 0 0 0 0 0 0 0 0 0
dysfunction

Brainstem 1 0 0 0 0 0 0 0 0 0 0 0 0
oculomotor signs

Total INAS score 2 0 1 2 1 0 1 0 0 1 0 1 0

Supplement 3, Table 2: Detailed listing of non-ataxia symptoms for the individual
subjects of the group NMC. This table shows that hyperreflexia and sensory system
abnormalities are also a recurrent finding in healthy subjects without SCA mutations (=non-

mutation carriers, NMC).

Non-Mutation nmcl nmc2 nmc3 nmcd nme5 nmcé nmc7  nmc8
carriers

INAS Symptoms

Areflexia 0 0 0 0 0 0 0 0
Hyperreflexia 0 0 1 0 0 0 1 0
Extensor plantar 0 0 0 0 0 0 0 0
Spasticity 0 0 0 0 0 0 0 0
Paresis 0 0 0 0 0 0 0 0
Muscle atrophy 0 0 0 0 0 0 0 0
Fasciculations 0 0 0 0 0 0 0 0
Mpyoclonus 0 0 0 0 0 0 0 0
Rigidity 0 0 0 0 0 0 0 0
Chorea/dyskinesia 0 0 0 0 0 0 0 0
Dystonia 0 0 0 0 0 0 0 0
Resting tremor 0 0 0 0 0 0 0 0
Sensory Systems 1 1 0 0 0 0 0 0
Urinary 0 0 0 0 0 0 0 0
dysfunction

Cognitive 0 0 0 0 0 0 0 0

49



dysfunction

Brainstem 0 0 0 0 0 0 0 0
oculomotor signs

Total INAS score 1 1 1 0 0 0 1 0

Supplement 3, Table 4: Detailed listing of non-ataxia symptoms for individual subjects
of the group SCASARA3S Tn the group with SCA mutations at the early stage of the disease
(SARA score between 3 to 8 points) non-ataxia features increase. They here include not only

sensory abnormalities and hyperreflexia, but also wide range of variable other non-ataxia

symptoms.

Patients scal sca2 sca3 scad sca5 scab sca7 sca8 sca9
SCA type 1 1 3 1 6 1 1 3 2
INAS Symptoms

Areflexia 0 0 0 0 0 0 0 0 1
Hyperreflexia 0 0 0 0 0 1 0 0 0
Extensor plantar 0 0 0 0 0 0 0 0 1
Spasticity 1 0 1 0 0 1 0 0 0
Paresis 0 0 0 0 0 d; 0 0 0
Muscle atrophy 0 1 0 0 0 1 0 1 0
Fasciculations 0 0 0 0 0 1 0 0 0
Myoclonus 0 0 0 0 0 0 1 1 0
Rigidity 0 0 0 0 0 0 0 0 0
Chorea/dyskinesia 0 0 0 0 0 0 0 0 0
Dystonia 0 0 0 0 0 0 0 0 0
Resting tremor 0 0 0 0 0 0 0 0 0
Sensory Systems 1 0 1 1 1 1 1 1 0
Urinary 0 0 0 0 0 1 1 0 1
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dysfunction

Cognitive
dysfunction

Brainstem
oculomotor signs

Total INAS score

3
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Supplement 4: mean, standard deviation and range of CAG

repeats
number Mean Standard deviation Range
of
subjects
Expanded Shorter Expanded Shorter Expanded  Shorter
allele allele allele allele allele allele
SCA1 5 43 29.8 3.6 0.8 [40-47] [29-31]
SCA2 2 38 23 0 0 [38-38] [23-23]
SCA3 3 66 21.3 3.4 7.0 [64-70] [14-28]
SCA6 4 21.25 10.7 0.5 0.95 [21-22] [10-12]

Supplement 4, Table 1. Mean, standard deviation and range of CAG repeats for each
preclinical SCA group (SCA 1, SCA2, SCA3 and SCAG6) investigated in this study. The
size of the expansion is known to be negatively correlated with age at onset in SCAs® . No
descriptive single subject data about individuals® allele sizes and their genotypes are shown,
given that this would allow individual study participants to re-identify themselves and to

recognize her/his own genotype status.

Only the CAG repeats of the respective SCA gene known to be mutated in the family were
investigated, not the CAG repeats in other SCA and non-SCA repeat expansion genes, which

might also influence disease penetrance and disease manifestation®.

10
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Supplement 5: Multi-variate Analysis

Learning Categorization
movement parameters movement parameters
HC ICSARA<3
[ logisticregression ] logistic regression
model . model .
v v
class labels 0/1 Pnmc Pcsarasae-o

Degrees of ataxic movement
characteristics

Supplement 5, Figure 1: Differences in multi-variate analysis combining different
movement features and the factor “age” were determined wusing multi-variate logistic
regression models’ for nMC and MCSARAP&E=0 T oenerate and validate the logistic
regression models, we used a three-step procedure. 1.) Models were established to
discriminate between non-mutation carriers and mutation carriers using feature sets from
groups MCSARASS (here excluding subgroup MCSARAPEE=0) and  SCASARAIE 55 prototypes for
mutation carriers (class label 1) as well as from healthy controls (HC) (here excluding
subgroup nMC) as prototypes for non-mutation carriers (class label 0) . 2.) In the test step we
determined model outputs as the degree of ataxic movement characteristics for the groups
MCSARAP&E=0 and nMC. 3.) We analysed the generated outputs of groups nMC and
MCSARAP&E=0 i regpect to (a) group differences and (b) categorization capabilities by using
them as input into a ROC (receiver operating characteristic) analysis® in order to determine

the accuracy of the identification of pre-clinical mutation carriers MCSARAP&e=0

on a single
subject level. HC, healthy controls (here excluding the nMC group) ; nMC, subgroup of

11
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healthy controls, comprising of blood-related non-mutation carriers from SCA families;
MCSARAP&E=0  pre_clinical SCA mutation carriers without clinical signs in posture and gait ;
[ S pre-clinical SCA mutation carriers with a total SARA score of <3; B K SaRihE

(here excluding the MCSARA&E=0 group), clinically symptomatic SCA mutation carriers with a

SARA score between 3 to 8 ; p, degree of ataxic movement characteristics.

12
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Supplement 6 — Details of genetic analysis

All SCA subtypes studied here share the same genetic mechanism, namely CAG trinucleotide
repeat expansions which are fully penetrant if exceeding a certain CAG repeat threshold of
the respective SCA gene. All SCA mutation carriers studied here carried repeat expansions in

the clearly pathological, fully penetrant range.

CAG repeat length was analysed in DNA extracted from EDTA blood samples. All genetic
analyses were performed at the same lab, namely the Institute of Medical Genetics and
Applied Genomics, University of Tiibingen with established and standardised methods® ', In
the context of the study, genetic tests in all pre-clinical subjects were done anonymously, and
results were not disclosed to the participants or to the investigators that were performing the
assessments (i.e. the SARA and movement recordings). However, independent from this
study, all patients with manifest SCA and also some individuals at risk received genetic
diagnostics for SCA repeats. 100% of the individuals in the the SCASARA® oroup, 14% of the
MCSARASS oroup, and 0% of the nMC group knew their genotype status (carrier vs. non-

carrier).
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2.2 Real-time use of audio-biofeedback can improve postural sway in

patients with degenerative ataxia

This chapter refers to the following study, including the supplementary

information that has been published in the online version:

Fleszar, Z., Mellone, S., Giese, M., Tacconi, C., Becker, C., Schols, L.,
Synofzik, M. and llg, W. (2019), Real-time use of audio-biofeedback can
improve postural sway in patients with degenerative ataxia. Ann Clin Transl
Neurol, 6:285-294. doi:10.1002/acn3.699

2.2.1 Introduction

The quantitative analysis of movements under different conditions has provided
fundamental insights into the role of the cerebellum in motor control. Such
findings have had implications on rehabilitation strategies for patients who suffer
from cerebellar damage. Individualized physiotherapy using whole-body
controlled videogames for cerebellar movement deficits is an example for such
a translational application.?® ' Quantitative movement analysis has also been
shown to be a sensitive method to objectively assess and quantify fine-grained
effects of such treatment strategies in intervention trials.?®®® Analysing
movement patterns has helped to form the scientific consensus that the
underlying contributions of the cerebellum to motor control are based on
computations of internal feed-forward models that predict the sensory
consequences of a motor command and allow for rapid adjustments of ongoing
movements (chapter 1.5). Some studies that have investigated the
consequences of cerebellar damage on motor control observed an increased
reliance of patients on sensory feedback information, possibly as a
compensation strategy for deficient prediction output. However, the processing
of some sensory feedback channels, e.g. proprioception or vestibular
information, can be itself impaired in cerebellar patients, leading to a
predominant dependence on visual cues. These findings suggest that the
augmentation of an external feedback source might help patients to improve
cerebellar movement deficits, such as poor postural control. If proven so, this
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could present a potential assistive strategy for cerebellar patients. To provide
first proof-of-concept evidence for the effectiveness of such an approach, we
used quantitative movement analysis to assess the effects of an augmented
acoustic feedback signal of trunk accelerations that might function as a real-

time corrective tool for cerebellar patients to improve balance.

The study procedures were approved by the ethics committee of the University
of Tubingen (602/2012B0O1).

2.2.2 Original Publication

The reproduction of the following publication was made with the kind permission

of ‘Annals of Clinical and Translational Neurology’ (Copyright 11.01.2019).
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Abstract

Objective: Cerebellar ataxia essentially includes deficient postural control. Tt
remains unclear whether augmented sensory information might help cerebellar
patients, as the cerebellum underlies processing of various sensory modalities
for postural control. Here, we hypothesized that patients with cerebellar degen-
eration can still exploit audio-biofeedback (ABF) of trunk acceleration as a
real-time assistive signal to compensate for deficient postural control. Methods:
Effects on postural sway during stance were assessed in an ABF intervention
group versus a no-ABF disease control group (23 vs. 17 cerebellar patients) in a
clinico-experimental study. A single-session ABF paradigm of standing plus
short exergaming under ABF was applied. Postural sway with eyes open and
eyes closed was quantified prior to ABF, under ABF, and post ABF. Results:
Postural sway in the eyes closed condition was significantly reduced under ABF.
Both benefit of ABF and benefit of vision correlated with the extent of postural
sway at baseline, and both types of sensory benefits correlated with each other.
Patients with strongest postural sway exhibited reduced postural sway also with
eyes open, thus benefitting from both vision and ABF. No changes were
observed in the no-ABF control group. Interpretation: Our findings provide
proof-of-principle evidence that subjects with cerebellar degeneration are still
able to integrate additional sensory modalities to compensate for deficient pos-
tural control: They can use auditory cues functionally similar to vision in the
absence of vision, and additive to vision in the presence of vision (in case of
pronounced postural sway). These findings might inform future assistive strate-
gies for cerebellar ataxia.

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 285
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no madifications or adaptations are made.
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Introduction

The use of augmented sensory modalities (e.g., auditory,
vibro-tactile, or electro-tactile/lingual) has been shown to
reduce postural sway in stance and gait in subjects with
balance deficits due to aging, vestibular loss, Parkinson’s
disease, or Progressive Supranuclear Palsy'® (for reviews,
see 10,11). However, such approaches have not yet been
systematically tested in patients with cerebellar dysfunc-
tion, e.g. degenerative cerebellar ataxia. The effects of aug-
mented sensory information on improving postural
control here seem questionable, as the cerebellum under-
lies processing of various sensory modalities for postural
control, including vestibular,'* proprioceptive,”> and
visual sources'* (for review, see 15). Moreover, the cere-
bellum is involved in multimodal sensory integration, for
example, to provide estimates of body movement based
on proprioceptive or vestibular information."®'” Such
multisensory representations together with motor effer-
ences are suggested to form internal forward models
within the cerebellum, predicting the outcome of motor
actions and subserving the calibration of motor actions
including postural responses'® and the adaptation to
changing environments."”*’

In accordance with these hypotheses on the functional
role of the cerebellum in postural control, patients with
cerebellar dysfunctions show substantially increased postu-
ral sway in different posture conditions like normal stance,
and stance with narrow feet position or on soft ground,”'”
* which becomes particularly pronounced with closed
eyes.”""*® At the same time, these observations also already
indicate that cerebellar patients might still be able use infor-
mation from one sensory modality — here: vision — to partly
compensate for deficits in other sensory modalities.'™®
Further hints for the hypothesis that reweighting of differ-
ent sensory modalities might still be partly preserved in
cerebellar patients comes from a psychophysics study on
the estimation of hand positions which indicates that these
patients might still be able to perform sensory realignment
and short-term reweighting,”’

Based on these first hints, we here hypothesized that
cerebellar patients can still exploit auditory biofeedback
(ABF) signals of trunk acceleration as an assistive signal
to compensate for their deficient processing of proprio-
ceptive and vestibular signals in postural control. This
finding would provide proof-of-principle evidence for the
notion that - despite progressive cerebellar damage - the
brain is still able to act according to the principles of cue
integration and sensory reweighting, namely to improve
postural control by adding/increasing the weight of one
additional sensory cue (here: auditory signals) and change

Z. Fleszar et al.

Methods

Patients

40 consecutive patients with degenerative cerebellar ataxia
were recruited from the Ataxia Clinic of the Center for
Neurology, Tiibingen, Germany, from February 2014 until
May 2016. Patients were included based on following g
inclusion criteria: (1) progressive degenerative cerebellar
ataxia in the absence of any signs of secondary CNS disease;
(2) age between 18 and 75 years; (3) SARA (Scale for the
Assessment and Rating of Ataxia) total score >3, but SARA
gait and stance subscores each <4 (i.e., walking and stand-
ing possible without support),” thus ensuring sufficient
capacity to benefit, but also to complete the tasks. The
exclusion criteria were: (1) clinical signs or mutations
known to cause afferent ataxia (e.g., Friedreich’s ataxia) (2)
severe visual or hearing disturbances, cognitive impair-
ment, predominant nonataxia movement disorders, or
orthopedic constraints. The experimental procedure was
approved by the local ethics committee. All subjects gave
their informed consent prior to participation.

The intervention group receiving ABF comprised of a
consecutive series of n = 23 subjects with cerebellar ataxia
(=ABF group). To control for the effects seen in the ABF
group, we subsequently recruited a consecutive series of
n = 17 subjects with cerebellar ataxia (same inclusion crite-
ria as for the intervention group) who performed the same
tasks as the ABF group, but without auditory feedback in
any of the conditions (= CON group) (for group character-
istics, see Table 1; for detailed patient descriptions, see
Data S1 Patients Description). This block assignment of
two strictly consecutive series of cerebellar ataxia patients
into the ABF and then the CON group was geared to
reduce selection bias. Subjects who received ABF were also
assessed by quantitative vibration testing by a Rydel-Seiffer
tuning fork to determine the degree of possible vibration
sense impairments and their relation to ABF effects,

Table 1. Characteristics of subject groups.

Number Gender Disease
Group  of subjects F/M Age, y Duration, y ~ SARA
ABF 23 8/15 51.2 (14.5) 13 (9.2) 11(3.1)
CON 17 7110 54.5(11.5) 9.4(6.3) 9.9 (3.3)

Given are mean values and standard deviations. ABF and CON did not
differ in age (P = 0.58), disease duration (P = 0.33), or SARA score
value (P = 0.25). ABF, feedback intervention group; CON, cerebellar

the relatlzvselg w"‘s’lmght of the remaining sensory ataxia control group, controlling for the ABF group. SARA, Scale for
modalities. ™" the Assessment and Rating of Ataxia.
286 © 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Study design overview

The study was designed as a clinico-experimental study aim-
ing to deliver proof-of-principle evidence that cerebellar
patients are able to perform short-term multisensory inte-
gration and profit from ABF as a real-time assistive signal.
We designed a single-session ABF paradigm, which provided
the subjects of the ABF group with acoustic feedback of
trunk acceleration during consecutive stance and exergaming
conditions, allowing to test for improvements in postural
control assessed at stance conditions. Effects were tested
both within the intervention group (pre-post within-group
control design) as well as between the intervention group
and the control group (between-group control design).

Audio biofeedback device

We used a wearable ABF system as established previ-
ously.” It consists of two main components: (1) an iner-
tial sensor node capturing trunk accelerations based on a
3D-accelerometer, -gyroscope, and -magnetometer, and
(2) a smartphone-based application receiving trunk accel-
eration information via Bluetooth™ 2.1
Audio signals are delivered via headphones (see Fig. 1
and Data S2 for technical details). Before the intervention,
subjects familiarized with the ABF signal for 2 min.

connection.

Experimental Procedures

Subjects completed a sequence of quiet stance conditions,
each of them lasting 30 seconds. During stance conditions
subjects stood on a firm surface (=the floor) without foot-
wear, arms loosely hanging down on the lateral sides of
their body (Fig. 1). Feet were placed closely together. Two
types of stance conditions were exploited: (1) standing with
eyes open (EQ) and (2) standing with eyes closed (EC).
The feedback intervention paradigm was structured into
five consecutive phases: (1) PreABF, (2) Training I, (3) Train-
ing II, (4) TestABF, and (5) PostABF (for an overview of the
experimental trial design, see Fig. 2). The stance conditions
EO and EC were provided at the phases PreABF, Training I,
TestABF, and PostABF. PreABF comprised of both stance con-
ditions, each condition performed once, without ABE. These
trials served to assess each subject’s extent of trunk sway at
baseline prior to training. In Training I, subjects completed
each stance condition four times under the presence of ABF.
The order of the two conditions was balanced between
subjects, thus reducing possible order effects. Training II
consisted of an exergaming period, exploring actively the
ABF-sensorimotor mapping. Here, subjects played a Micro-
soft Xbox Kinect® balance game (“Slip Slide”, Ice Age:
Continental Drift, by Activision (R), Santa Monica, CA) for
10 min, controlling an avatar by quick eccentric trunk

Audio-Biofeedback Improves Postural Sway in Ataxia

movements. This period of ABF served to provide subjects
with the opportunity to exploit the acoustic signal during a
full range of active trunk movements, facilitating the mapping
of ABF signals to trunk movements. Such a period of active
movements has been proposed to facilitate an auditory-sen-
sorimotor mapping processes compared to standing alone.*
TestABF was almost identical to Training I; that is, subjects
performed both stance conditions with ABF, and in the same
order as in Training I, but only two stance tasks per condi-
tion. TestABF served as the critical phase to test whether ABF
has led to an effect on postural sway. PostABF comprised of
both stance conditions, each performed once without ABF.
This phase served as a within group control to rule out that
possible effects seen in TestABF might just be due to unspeci-
fic effects, for example, due to prolonged standing, task repe-
tition, or exergaming during the experimental phases.

Quantitative movement analysis

Balance performance was evaluated by quantitative move-
ment analysis using a VICON motion capture system
(Oxford Metrics, UK). For a detailed description of the sys-
tem, recording procedure, and analysis of stance, see 35-37.
The extent of trunk sway was determined by the path length
of the center of gravity (COG) during each stance trial in
[mm/sec]. For exemplary subject results illustrating this
measure, see Fig. 1C and D). For a comparison of this sway
measure with the method of elliptical area fits™ see Data S4.

Statistical analysis

For comparison of both within-group and between-group
differences in trunk sway, we pooled each (1) the trials 1—-
4 of Training I and (2) the two stance trials of TestABF
to an average value. Averaging was performed for the EO
and the EC condition separately. Before pooling, we con-
trolled for significant differences within these trials using
the nonparametric Friedman test ()52, P > 0.2) (for details
of statistical methods and analyses without pooling see
Data S3, confirming the results of the pooled data).

In order to examine whether in particular subjects
with large body sway profit from ABF, we subclassified
subjects according to their individual extent of postural
sway at baseline. Subjects with an individual postural
sway in the top tertile of the whole group in the EO
condition at baseline, that is, with the highest postural
sway (ABF.ges, subgroup; postural sway >13.5 mm/sec,
n=8; CON.gge subgroup; postural sway >11.3 mm/
sec, n = 6), were separated from subjects in the lower
two tertiles, ie. with less individual postural sway
(ABF_gg0, subgroup n =15, CON_4g0, subgroup n = 11,
see Fig. 3H). Statistical analysis was performed using
the software package MATLAB.

@ 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 287
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Figure 1. Experimental equipment for ABF (A + B). Subjects wore the sensor node (black sensor) mounted with a Velcro belt at L4/L5 (A). The sensor
is linked to a smartphone tightly attached with the Velcro belt, which generated the ABF of sensor-recorded trunk acceleration. The ABF is
transmitted to the subject via headphones (B). In parallel, a VICON Motion Capture System was used to quantitatively assess trunk sway across the
experimental trials, with reflective markers being attached to predefined body positions. Shown is an exemplary subject in stance position in the eyes
closed condition. Postural sway in stance tasks (C+D). Shown are the paths of the centre of gravity (COG, projection of the center of mass on the
floor) during stance tasks in anterior-posterior and medio-lateral direction from an exemplary subject of the ABF group (subject ABF,, left) and of
the CON group (subject CON;, right). The ABF subject showed an improvement in postural sway with ABF in the TestABF phase (green) compared to
the trial with no ABF in the PostABF phase (red), while the CON subject without ABF showed no difference in the corresponding trials.

P=0.25), (2) age (ABF: 51.2 4+ 14.5 years; CON:
54,5 £ 11.5 years; r = 0.11,P = 0.584), (3) disease dura-
The disease control group CON did not differ from the tion (ABF: 12.7 £ 9.42 years; CON: 9.06 £ 6.33 years;
ABF group in: (1) ataxia severity as determined by the r=0.13, P=0.328), or (4.) extent of postural sway at
SARA (ABF: 11 + 3.13; CON: 9.85 + 3.33; r=0.22, baseline in either of the two conditions (EC: ABE:

Results

288 © 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association
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PreABF Training | Training I TestABF PostABF
no ABF +ABF +ABF + ABF no ABF
Xbox Gamin
4xEO; 4 xEC 10 minutesg 2xEQ;2xEC
ABF 1xEO;1xEC 1% EQ; 1x EC
4xEC;4xEO 2XxEC;2xEO
no ABF no ABF no ABF no ABF no ABF
Xbox Gaming
4XxEO; 4 xEC 10 minutes 2xEOQ;2xEC
CON | 1xEO;1xEC ( 1xEO; 1x EC
4 xEC;4xEQO 2%EC; 2%EQ

Figure 2. Experimental design: Combined between- and within-group control design with five experimental phases. ABF: feedback intervention
group; CON: control group. Between-group control: Both groups executed the same protocol including stance trials as well as a 10 min
exergame exploration period playing a postural controlled exergame. Only the ABF group received ABF (+ABF). The CON groups performed all the
trials without ABF. Within-group control: Effects of the ABF phases were also tested within the intervention group by comparing the TestABF
phase with the PreABF as well as the PostABF phase. EQ: stance task with eyes open; EC: stance task with eyes closed.

25.8 £ 20.8 mm/sec; CON: 22.2 + 15.9 mm/sec;
r=0.24, P=10.25 EO: ABF: 12.7 £+ 5.5 mm/sec; CON:
11.1 & 5.1 mm/sec; r = 0.22,P = 0.27). This demonstrates
that the serial block assignment led to a good matching
between the two groups.

Benefits of vision

Both groups ABF and CON revealed a significantly
increased postural sway in the EC compared to the EO
condition at baseline (PreABF; r > 0.87, P < 0.0001), at
TestABF (r > 0.76, P < 0.0003) and at PostABF (r > 0.76,
P < 0.0002), indicating a benefit of vision on postural con-
trol (Fig. 3A + F). In both groups, the amount of postural
sway in the EC condition correlated with reduction of sway
by vision in the EO condition: the larger the sway in EC,
the larger the reduction of postural sway by visual informa-
tion in EO (r > 0.59, P < 0.008, Fig. 3 D, red dots).

Benefits of ABF in the eyes closed condition

All subjects were able to complete the tasks and all sub-
jects from the ABF group reported that interacting with

@ 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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the ABF system was well feasible. In the EC condition dif-
ferences in postural sway for the ABF group were found
across phases (Friedman-test, X? = 79.6, P = 0.047,
Fig. 3A). Post-hoc analysis showed a significant reduction
of postural sway in TestABF phase compared with PreABF
phase (TestABF vs. PreABF: r = 041, P = 0.045). Compar-
ison of Training I with PreABF, did not reveal any signifi-
cant reduction in postural sway (Training I vs. PreABF:
r=0.12,P = 0.563), indicating that the Training I phase
alone was not sufficient to yield a training effect.

After the exergaming period in Training phase II, com-
parison of phases with ABF (TestABF) versus without
ABF (PostABF) revealed a significantly smaller postural
sway in the ABF condition compared to the subsequent
condition without ABF (TestABF vs. PostABF: r = (.53,
P = 0.011, Fig. 3A).

In contrast, the CON group did not show any differ-
ences in postural sway across stance phases for any of the
two conditions (EOQ: X?=17.3, P =0.63; EC: X?=21.5,
P = 0.541, see Fig. 3B).

In the ABF group, the difference of postural sway
between TestABF versus PostABF was highly correlated
with the extent of postural sway at PreABF (r = 0.65,
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Figure 3. (A) Postural sway during Romberg stance in the ABF group in the eyes closed condition during the different experimental phases. The
four bars indicate the consecutive experimental phases: PreABF, Training I, TestABF, and PostABF comparing trials with ABF (ABF) and without
ABF (no ABF). (B) Postural sway during Romberg stance in the CON group in the eyes closed condition during the different experimental phases.
(C) Relationship between baseline performance (x-axis) and difference (A) of postural sway between the TestABF and the PostABF phase (y-axis)
for the ABF group in the eyes closed condition; (D) The effects of ABF in the closed eyes condition (in blue) compared to the effects of vision
comparing the differences between conditions EO and EC (in red). (E) Difference in postural sway between eyes closed and eyes open without
ABF (x-axis) in relation to the improvement in postural sway under ABF (TestABF- PostABF) in the closed eye condition (y-axis). Stars indicate
significant differences (*P < 0.05) between different phases. (F) Postural sway during Romberg stance in the ABF group in the eyes open
condition (EO); (G) Postural sway in the ABF.gg+, subgroup in the eyes open condition during the different experimental phases. (H) Relationship
between the PreABF baseline performance (x-axis) and difference (A) of postural sway between the TestABF and the PostABF phase (y-axis) for
the ABF group in the eyes open condition. The red vertical line demarcates the top tertile of postural sway at baseline (>13.5 mm/sec),
categorizing a subgroup ABF.eeq (0 = 8) with increased postural sway.

P =10.001 see Fig. 3C). No such a correlation was
observed in the CON group (r = 0.14, P = 0.65).

Comparing the effects of vision and
acoustic feedback

We next analyzed the relationship between the effects of
vision and of acoustic feedback. The effect of vision on
postural control was determined by comparing PostABF
EO versus PostABF EC; the effect of ABF by comparing
TestABF versus PostABF in the EC condition. Both sen-
sory modalities yielded a similar, functionally almost
equivalent benefit on postural control, as shown by the
large overlap in Figure 3D. This relationship was analyzed
in more detail by a correlation analysis, confirming a pos-
itive correlation between adding vision and adding audi-
tory feedback (Fig. 3E). That is, those subjects benefiting
most from vision (i.e., with the most pronounced differ-
ence between eyes open vs. eyes closed) benefited to a
similar extent from the ABF in the EC conditions
(r=10.53, P=0.03). Neither baseline performance nor
ABF or vision effects were related to tuning fork measures
of vibration sense (see Data S1 and S5 for details).

Benefits of ABF in the eyes open condition

In the EO condition, subjects of the ABF group did not
show a significant group difference in postural sway
between trials with and without ABF (Friedman-test,
X?=12.8, P = 0.734, see Fig. 3F). However, again a signifi-
cant correlation was observed between the extent of pos-
tural sway at baseline (PreABF) and the difference of
postural sway between TestABF versus PostABF in the
ABF group (r = 0.55, P = 0.007). This indicates that, also
in the EO condition, subjects with more pronounced pos-
tural sway benefit from the augmented sensory signal. No
such correlation was observed in the CON group
(r=—0.17, P = 0.52).

To further explore this correlation we performed a sub-
group analysis of the tertile of subjects with the most

pronounced postural sway at baseline (ABF. g0, subgroup,
see Methods). This tertile showed a significant reduction in
postural sway in the TestABF phase compared to both Pre-
ABF and PostABF (Friedman-test, X*=6.75, P = 0.08, Pre-
ABF vs. TestABF: P =0.023, TestABF vs. PostABF:
P = 0.023, see Fig. 3G + H), indicating that these subjects
profit from ABF also in the EO condition. No such change
was seen in the CON group (neither overall CON group
nor CON. g0, subgroup, Friedman-test, X?=0.2, P = 0.97).

Discussion

Here, we provide proof-of-principle evidence that cere-
bellar patients can still exploit augmented sensory infor-
mation to partly compensate for their impairment in
processing proprioceptive and vestibular signals in pos-
tural control. The reductions in postural sway were
observed only in the ABF intervention group after ABF
training, as shown by our combined between-group and
within-group control design. This demonstrates that the
improvements were induced by exploitation of the ABF
and were not merely due to unspecific non-ABF related
factors, for example, exercise effects. Such a disease
control group was missing in most other neurological
conditions where bio-feedback has been
explored.">¢3%10

ABF-induced benefits are particularly
pronounced in cerebellar patients with
large postural sway

If it was indeed the deficient postural control which
drives the integration of ABF, then in particular those
patients with larger postural sway should show larger ben-
efit by ABF. In line with this prediction, we observed that
the larger the extent of body sway prior to ABF, the larger
the ABF benefit (Fig. 3C). Such a correlation was seen
not only in the EC condition (P = 0.001), but also in the
EO condition (P = 0.007). Correspondingly, the subgroup
of patients with the most pronounced sway showed a

@ 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 291
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benefit of ABF on postural control also in the EO condi-
tion (P = 0.02, Fig. 3G).

In contrast, ABF might be of limited benefit for sub-
jects with less postural sway with eyes open. If vision is
available, these only mildly affected subjects do not need
to rely on acoustic signals, but the use of visual signals
suffices to maintain a sufficient level of postural stability.

Preserved sensory integration to
compensate for deficient postural control:
the use of vision and auditory feedback

The process of sensory reweighting in posture control has
been characterized by changing the relative contribution
of the sensory systems depending on their availability and
reliability,”***' thus allowing to constantly adjust sen-
sory integration and subsequent postural control during
the changing conditions of everyday living. According to
this notion, those subjects who benefit most from vision
for stabilizing postural control should rely most on the
augmented sensory input (like auditory cues) - when
visual cues are less reliable or even absent.

Correspondingly, our results show a correlation between
the benefit by ABF in EC and the benefit by vision in EO,
and both types of benefits correlate with the amount of
postural sway at baseline. This observation supports the
hypothesis that, in the absence of vision, cerebellar patients
can use auditory cues functionally similar to vision to com-
pensate for deficient postural control. That is, the more sev-
ere the damage to processing of proprioceptive and
vestibular signals, as indicated by an increased degree of
postural sway, the more the patients integrate and reweight
one of these two additional sensory modalities.

Thus, the correlation between the benefit of vision and
auditory cues also indicates that a similar mechanism
might underlie the integration of vision and auditory
cues. This supports the hypothesis that indeed sensory
reweighting might be the mechanism underlying the
effects observed here (although other functional mecha-
nisms might also add to the improvements observed here,
e.g. cognitive alert mechanisms based on the auditory sig-
nal; for a discussion of sensor augmentation mechanisms
see 10). Our results moreover show that cerebellar
patients can use auditory cues and vision not only in sub-
stitution, but also in combination to yield a more stable
postural control. In the EO condition, the ABF. 440, sub-
group showed a benefit from both types of sensory infor-
mation, namely visual information (TestABF EQO wvs.
TestABF EC:P = 0.03) and ABF (TestABF vs. PostABF in
EO:P = 0.02, Fig. 3G). These results suggest that even
these patients with pronounced impairments in postural
control are capable to exploit the integration of both sen-
sory signals.

Z. Fleszar et al.

These findings substantially extend the existing classical
clinical observation that patients with sensory ataxia
(e.g. Friedreich’s Ataxia) - and partly also with cerebellar
ataxia - profit from visual information in the Romberg
test.”?%*2 Moreover, on the level of functional mecha-
nisms, our results deliver additional pieces of evidence for
the hypothesis that the process of sensory integration and
reweighting is not necessarily dependent on the integrity
of the cerebellum, thus corroborating findings from an
earlier psychophysics study on the estimation of hand
positions.

Preserved sensory reweighting on a short
time-scale

Our protocol used a short-term familiarization program
of less than one hour, demonstrating that cerebellar
patients are able to exploit sensory information and to
perform sensor reweighting even on a rapid time scale.
Such rapid reweighting might enable cerebellar patients to
profit from ABF as a real-time assistive signal in everyday
life, for example, when walking in rooms with mixed light
zones and poor visibility which is known to facilitate
falls.*?

Limitations of the Study

Our short-term protocol does not allow to test for reten-
tion and carry-over of effects after removing ABF as a
potential rehabilitation device, which would require
longer multisession protocols (e.g., see 8). In addition,
although we used a short exergaming period for familiar-
ization, the focus of this study was not to examine the
facilitation of training effects by sensor augmentation (for
review, see 44). These limitations point to interesting
directions for further research.

Conclusion and outlook

Our findings provide proof-of-principle evidence that —
despite intricate cerebellar damage — patients with degen-
erative cerebellar ataxia still have a preserved capacity to
exploit ABF as a real-time assistive signal to compensate
for deficient postural control. In fact, they seem to be able
to use auditory cues functionally similar to vision in the
absence of vision, and additive to vision in case of pro-
nounced postural sway. Future studies are warranted to
transfer these proof-of-principle results to balance control
also during walking and possibly also to other bio-feed-
back signals being more suitable for daily application (e.g.
vibro-tactile feedback” or bone conduction).

Finally, follow-up studies testing the feasibility and effec-
tiveness of sensory augmentation on walking and in longer

292 © 2018 The Authars. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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clinical trials are required to confirm the clinical effective-
ness of this translational work, ideally performed in a mul-
ticenter health-care setting and utilizing additional patient
reported and functional outcomes. These examinations
might inform future assistive strategies for balance control
in cerebellar patients,
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S1 - Detailed patient characteristics

Table 1 Detailed patient characteristics of the acoustic biofeedback group (ABF group).
Given are averages or mean values and standard deviations. Ataxia symptoms were clinically
assessed using SARA '; ISCA: idiopathic sporadic cerebellar ataxia; ADCA: autosomal
dominant ataxia; SCA 1-14: spinocerebellar ataxia type 1,2,3,6, 14; SYNE1: Autosomal
recessive cerebellar ataxia type |, AOA2: Ataxia with oculomotor apraxia type 2. VIB:

Vibration sense as determined by clinical assessment with a Rydel-Seiffer tuning fork (RSTF)
2

PatID Gﬁ;‘:ner Diagnosis Age, Y g:::aat?:n, ” SARA NIE
ABF1 M SYNE1 31 10 13 7/8
ABF2 M ISCA 69 10 6 4/8
ABF3 F SCA3 55 14 8.5 6/8
ABF4 M ISCA 59 3 135 7/8
ABF5 M ISCA 54 4 14 7/8
ABF6 M ISCA 52 11 15.5 7/8
ABF7 M ISCA 38 6 6.5 7/8
ABF8 M ISCA 30 9 13 6/8
ABF9 M AOA2 27 1 45 5/8
ABF10 F SYNE1 22 4 9.5 5/8
ABF11 F ISCA 74 10 12 3/8
ABF12 M ISCA 48 6 11 5/8
ABF13 M ADCA 47 34 10.5 5/8
ABF14 M ADCA 45 25 14.5 5/8
ABF15 F ISCA 55 14 8 6/8
ABF16 F SCA6 56 20 15.5 7/8
ABF17 F ISCA 66 6 8.5 5/8
ABF18 F SCA2 57 19 15 8/8
ABF19 M ADCA 53 13 12 5/8
ABF20 M ADCA 54 24 12.5 4/8
ABF21 M ISCA 73 5 9 3/8
ABF22 M SCAl1 69 g 9.5 4/8
ABF23 F SCA28 43 33 10 7/8
8/15 51.2 (14.5) 13(9.2) 11 (3.1) 5.6(1.4)/8
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Table 2 Detailed patient characteristics of control group (CON group). Ataxia symptoms
were clinically assessed using SARA '; ISCA: idiopathic sporadic cerebellar ataxia; ADCA:
autosomal dominant ataxia. SCA 1-14: spinocerebellar ataxia type 1,2,3,6, 14.SYNE1:
Autosomal recessive cerebellar ataxia type I, AOA2: Ataxia with oculomotor apraxia type 2.

Pat ID AENCer ol siess Age,y Disease SARA
F/M Duration, y
CON1 F ISCA 50 15 11
CON2 F SCA6 63 15 7
CON3 M ISCA 61 10 9.5
CON4 M ISCA 50 11 9
CONS F ISCA 63 1 7.5
CON6 F ISCA 68 2 55
CON? M ISCA 70 2 7.5
CONS M SCAl 41 10 4
CON9 M ADCA 46 1 8
CON10 M ISCA 48 12 14
CON11 M SYNE1 33 12 14.5
CON12 F SCA3 42 7 16.5
CON13 M ISCA 47 3 8.5
CON14 M ADCA 73 18 10.5
CON15 M SCA14 58 23 12
CON16 F SCAG 53 2 9.5
CON17 F ADCA 57 6 13
7/10 54.5(11.5) 9.4(6.3)  9.9(3.3)
1. Schmitz-Hiibsch T, du Montcel ST, Baliko L, et al. Scale for the assessment and rating of

ataxia: development of a new clinical scale. Neurology. 2006 Jun 13;66(11):1717-20.
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2 Martina IS, van Koningsveld R, Schmitz P, van der Meche FG, van Doorn PA. Measuring
vibration threshold with a graduated tuning fork in normal aging and in patients with
polyneuropathy. European Inflammatory Neuropathy Cause and Treatment (INCAT) group. J Neurol
Neurosurg Psychiatry. 1998 Nov;65(5):743-7.
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S2-Audio biofeedback device

The wearable ABF system’ consists of two main components: (i) an inertial sensor
node (EXL-s1 by EXEL, Bologna, Italy) capturing trunk accelerations based on a 3D-
accelerometer, -gyroscope, and -magnetometer, and (ii) a smartphone (Galaxy SlII by
Samsung, Seoul)-based application receiving this trunk acceleration information via
Bluetooth™ 2.1 connection.The sensor unit was attached on subjects’ lower back at

L5 near the center of body mass.

Signals are sampled at 100Hz. The smartphone application processes the information
sent by the sensor unit and modulates a continuous stereo sound in pitch, volume and
balance, mapping the acceleration and bi-dimensional position (which is estimated
based on the acceleration) of the user. The sound (sampling frequency 22050 Hz) was
provided to the subjects via headphones (511 by AKG Acoustics, Vienna). Subjects
were instructed to maintain a stereo, low-volume (9% of the volume range) and pure
tone (f=400 Hz) with perfect balance (50% right and left earphone, respectively)
indicating that their postural sway was within a stable reference region. The reference
region is considered to represent an area in which subtle sway and small accelerations
permanently appear, even in healthy individuals '. These reference regions were
determined on an individual basis before the experiment with subjects standing 20

seconds with feet in a comfortable distance without relevant sway.

When subjects exceeded the reference region during the experimental trials, the
volume was modulated by means of a sigmoid function, while frequency modulation
following a linear law. Accelerations in medio-lateral direction lead to an increased
volume in the corresponding headphone side (up to 100% of the volume range) while

decreasing in the opposite side (down to 0%). Excessive sway in anterior-posterior
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direction increased volume equally for both headphones sides (up to 100% of the
volume range). Outside the reference region frequency decreased down to =150 Hz
when subjects leaned backwards and increased up to f=1000 Hz when subjects leaned

forwards.

1; Chiari L, Dozza M, Cappello A, Horak FB, Macellari V, Giansanti D. Audio-biofeedback for
balance improvement: an accelerometry-based system. IEEE Trans Biomed Eng. 2005
Dec;52(12):2108-11.
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S3-Statistics

Statistical Methods

Repeated measurement analyses were performed using the non-parametric Friedman
test (x2,p-values) to determine within-group differences in sway between stance trials
at PreABF , Training I, TestABF and PostABF. When the Friedman test yielded a
significant effect (p<0.1), post hoc analysis was p erformed using a Wilcoxon signed-
rank test (p-values) for pair-wise comparisons between stance trials. Effect sizes of the
Wilcoxon signed-rank test are given by r-values, which can be calculated for subject
groups n>15. Befween-group differences (ABF group vs. CON group) in postural sway
were determined by the non-parametric Kruskal-Wallis-test. When the Kruskal-Wallis-
test yielded a significant effect (p<0.1), post-hoc analysis was performed using a Mann-
Whitney U-test for comparison between groups. Spearman rho was used to examine
the correlation between the benefit of ABF (i.e. the difference in postural sway TestABF

- PostABF) with the amount of postural sway prior to training (PreABF).

Statistical analysis without pooling

In order to confirm the results of analysis of the pooled data, we also performed
analyses without pooling stance trails over phases, Instead, the last trials of the
Training | phase (i.e. the fourth trial of Training /) and of the TestABF phase (i.e. the

second trial of TestABF) were taken for statistical analysis.

Eves closed condition (EC)

» Differences in body sway for the ABF group were found across phases

(Friedman-test, X°=9.3, p=0.025).
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» Post-hoc analysis showed a significant reduction of postural sway in TestABF
phase compared with PreABF phase (TestABF versus PreABF: p=0.03).
* Inthe PostABF phase without ABF, trunk sway in the EC condition significantly

increased again compared to TestABF (TestABF vs. PostABF: p = 0.005),

Eyes open condition (EO)

In consistency with the analysis of the pooled data, single trial analysis revealed no
with-in group difference in postural comparing trials with and without ABF for the

whole group (Friedmann Test p=0.43).

Subgroup analysis of the upper tertile of patients with the largest postural sway at
baseline (ABFes% subgroup, see Methods) shows a reduced postural sway in TestABF
compared to PreABF and PostABF, respectively (Figure 4B) (Friedman-test, X2=8.85,
p=0.03, PreABF vs. TestABF: p = 0.023, TestABF vs. PostABF: p = 0.007), indicating

that these patients profit significantly from ABF even in the EO condition.

A - ABF group: Eyes closed B 25W;C‘LBF>667°/Q group: Eyes open

=)

[
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Postural Sway [mm/s]
s 38 2
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Pre Training | Test Post Pre Training | Test Post
Trial 4 Trial 2 Trial 4 Trial 2

noABF ABF  ABF noABF noABF ABF ABF noABF

Figure 1 : Group results of the ABF group from movement analysis quantifying body sway
during Romberg stance (RB) presenting an analysis of single trials from the respective
condition without pooling. The four bars indicate the consecutive experimental phases:
PreABF, Training I, TestABF and PostABF comparing trials with ABF (ABF) and without ABF
(no ABF). Inthe Training | and the TestABF phase, only the last trials were analyzed, i.e. only
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the 4th trial in Training | and only the 2™ trial in TestABF. A: Group results of AFB group in the
eyes closed condition. B: Group results of the ABF.sese. subgroup in the eyes open condition.

Stars indicate significant differences (*:p<0.05) between different phases.
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S4 Movement Analysis

Motor performance was determined by quantitative movement analysis using a VICON
MX motion capture system. The three-dimensional movement trajectories of the
subjects were recorded at a sampling rate of 120Hz. The marker trajectories were pre-
processed using the commercial software provided by VICON. This software fits a
clinically evaluated kinematic model to the marker trajectories and exiracts velocities,

joint angles, and the course of the centre of mass (CoM).

Stance tasks: In stance all conditions, subjects had to stand for 30 seconds in Romberg
position with their feet tightly together and arms outstretched 90° in front of their body.
We determined body sway by measuring the path length of the centre of gravity.

In order analyze this measure also in comparison with other common sway measures,
we compared it with the commonly used measure elliptical area fits'. Figure S4 shows
the comparison of both sway measures. The analysis demonstrates a very strang
correlation between our path-length based measure with this other standard measure
(r =0.8779, p = 2.9028e-38), thus demonstrating that our measure is well compatible
with other standard measures in the field. We now added a diagram to the Supplement
S4 showing both measures for 230 stance trials with open and closes eyes, as well as
with and without ABF.

120 .
f Figure S4 Comparison
100 L 5 | between sway measures
3 * based on the path
1 length of the COG-path
80 - 1 (y-axes) and the
‘ . measure of elliptical
60 - g ke ' Yoo | aren fits (x-axes).

Averagred COG-path length [mm/s]

0 L 1
0 0.5 1 1.5 . 25 3 3.5
¥y 2 4
95% prediction ellipse area [mm”"2] x10
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S5 Relationship of Vibration Sensing on posture control capabilities

We examined the influence of impairments in proprioception on (i) our stance tasks
and (ii) the benefits of ABF. Subjects who received ABF were assessed by quantitative
vibration testing by a Rydel-Seiffer tuning fork (scale 0-8)? to determine the degree of
possible vibration sense impairments and their relation to ABF effects.

No correlations were observed between the results of the vibration test and the postural
sway in either of the two conditions (eyes open and closed). Neither did we find a
significant group difference in vibration test results between the two subgroups with
ABFe6% (large body sway) and ABF s+ in the EO condition.

Baseline performance

No correlation between vibration sense and body sway in EO (r=-0.1, p= 0.64)
No correlation between vibration sense and body sway in EC (r=-0.16, p=0.46)

Benefits from vision

No correlation between vibration sense and benefits from vision (r=-0.12, p=0.56)

Benefits from ABF in EC and EQ

No correlation between vibration sense and benefits from ABF in EC (r=-0.09, p=0.66)
No correlation between vibration sense and benefits from ABF in EO (r=-0.13, p=0.52)

Examining of vibration sense in subgroups ABFss% (small body sway) vs. ABF-ee%
(large body sway)

No group difference (p=0.57) between ABF 5% (vibration sense: 5.8+1.7) and ABF-66%
(vibration sense: 5.5+1.3)

At least from these resulis, no obvious influence of the vibration sense on the benefit
from ABF can be concluded. However, one has to keep in mind that this single clinical
standard test of vibration is still very crude in itself. More dedicated studies specifically
designed to test this question are needed to fully address this question, using a more
fine-grained and comprehensive test battery to fully assess functioning of the
peripheral (and central dorsal column) sensory system, and relate it to benefits from

augmented sensory feedback.
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3 Discussion
3.1 Movement changes in preclinical spinocerebellar ataxia

3.1.1 Detection of subclinical motor changes in spinocerebellar ataxia

before clinical disease onset

The success of future treatment trials in spinocerebellar ataxias will largely
depend on their conduct in well-defined preataxic stages and on the availability
of valid, reliable biomarkers that are sensitive enough to capture the presence,
progression and potential reversibility of earliest disease-specific dysfunctions.
In this study we focused on the detection of motor symptoms, since these are
the unifying features across all SCAs and underly the severity grading of
manifest disease. In accordance with previously reported onset symptoms, we
systematically investigated posture and gait in preataxic mutation carriers of the
most common SCA types, namely SCA1, SCA2, SCA3 and SCAG, as well as
affected subjects with manifest SCA at early stages and age- and gender-
matched healthy controls. Spatiotemporal motor features were used to analyse
movement patterns during walking and Romberg stance tasks of increasing
balance demand. Our findings demonstrate increased body sway in preataxic
mutation carriers under different Romberg conditions compared to healthy
controls. This is in line with the results of a study investigating postural stability
in preclinical SCA2 mutation carriers using stabilometry.** The authors reported
higher oscillation frequencies in the mutation carriers for the standing conditions
‘feet together and ‘tandem’ position compared to healthy controls.
Abnormalities were detected in a range of up to 15 years to estimated disease
onset, indicating postural instability to be one of the earliest detectable motor
dysfunctions in SCA2.

In our work, we also detected differences in spatiotemporal variability measures
between healthy controls and preataxic mutation carriers during tandem walking
(both on firm surface and on a mattress), but not during straight walking at
preferred pace. A study by Rochester and colleagues, on the contrary, reported
abnormalities during straight walking in preclinical SCA6 mutation carriers.”

However, an overall higher prevalence of clinically detectable gait ataxia
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symptoms in their enrolled mutation carriers might explain these contrasting

results.

Studies on movement analysis in preataxic SCA mutation carriers face inherent
challenges in defining the threshold between preataxic and manifest ataxia
stages.”® % 9 126 More recent studies have agreed on the validated cut-off
value of 3 on the SARA scale to determine clinically present ataxia.
Consequently, mutation carriers are often classified as ‘preclinical’ or
‘presymptomatic’, although showing mild abnormalities on clinical examination
that result in SARA scores below 3. In fact, some studies reported significant
differences in SARA scores between healthy controls and preataxic mutation
carriers, such as our own study.® % However, not all studies disclosed this
information and some did not clinically examine healthy controls, leaving it
unanswered whether controls and ‘preclinical’ mutation carriers were
distinguishable by clinical assessments.”® *> A promising aspect of quantitative
movement analysis, nevertheless, lies in its application during disease stages
when clinical scales fail to detect any abnormalities. To test for this notion, we
performed a sub-group analysis for mutation carriers who were completely
normal on the posture and gait subitems of the SARA score (MCSARAPEG=0)
Compared to an adjusted healthy control group which consisted of mutation-
negative family members of SCA patients (nMC), the MC3**4P49=0 group differed
in body sway and spatiotemporal features for the most challenging motor tasks
(Romberg stance with eyes closed on a mattress and tandem walking on firm
surface and on a mattress). Furthermore, our multivariate analysis allowed to
increase the discriminatory power between MCSARAP49=0 and nMC for selected
motor features whilst controlling for age. Using logistic regression, we computed
a classifier fed by this feature set that discriminated healthy controls and
mutation carriers up to 10 years away from estimated disease onset with a
100% sensitivity. This is of specific interest, since outcome measures serving in
treatment trials potentially applied at preataxic disease stages need to be
sensitive enough to detect changes not only on a group level, but also on a

single-subject level. Additionally, such a classifier might also be of particular use
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for the stratification of patient eligibility, as trials will face challenges in defining

the optimal point of treatment initiation.

Future work will be required to reproduce our findings and possibly detect motor
changes at even earlier stages. In accordance with our results and studies
investigating movement changes in preclinical subjects of other
neurodegenerative conditions, e.g. Parkinson’s disease or Fragile X-associated
tremor-ataxia syndrome, complex motor tasks will be most promising in
unravelling earliest movement changes.'?” 2129 gych tasks may include more
dynamic assessments, for example turning or gait termination which have been
found to be deficient in cerebellar patients.”™ Walking may be analysed under
different speed conditions, e.g. on a treadmill. In fact, there is a strong body of
evidence suggesting that cerebellar patients critically depend on self-selected
gait velocity in order to minimize variability features and consequently increase
stability.® '*! Analyses of upper body metrics during gait might reveal additional
abnormalities in trunk variables. Manifest cerebellar patients have been shown
to exhibit abnormally extensive trunk and head oscillations during gait that
correlated with disease severity and variability measures.”® Furthermore, higher
spatiotemporal variabilities in trunk-thigh coordination were reported and
possibly present a contributing factor to early gait abnormalities in preataxic

individuals.”®

3.1.2 Quantification of the preclinical course of spinocerebellar ataxia

To determine the sensitivity of our motor features to change across the
preataxic course, we performed correlation analyses with the estimated time to
onset. These showed significant results for body sway during Romberg stance
on a mattress with closed eyes and step length variability in tandem walking on
a mattress, indicating a potential suitability of these motor features as
progression markers during the preataxic stage. The latter showed a particularly
steep progression rate, confirming the notion that complex tasks are more
sensitive to change in preataxic mutation carriers. Although mathematical
estimations of the time to onset provide a useful tool to interpret detected

dysfunctions in preataxic stages, conclusions need to be drawn with caution. It
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has been demonstrated that the number of CAG repeats of the pathogenic
allele which underlies the most commonly used prediction model for the age of

25, 132

onset, only accounts for about 60% of its variance. It is believed that a

wide range of familial, population-specific and environmental factors act as
modifiers of the age of onset, such as other (CAG)n-containing genes.”*"* To
take family-specific factors into consideration, we calculated an adjustment to
the CAG-based estimated time to onset. This calculation was based on a
corrective difference between the predicted and actual age of onset of the
affected parent. Our adjusted prediction model yielded more plausible time to
onset values for several of our mutation carriers, especially those that already
showed detectable abnormalities on the SARA score. Nevertheless, our
estimation model warrants further prospective longitudinal studies in larger SCA

populations in order to be validated.

Longitudinal studies will also be needed to determine the actual sensitivity to
change over time of our motor features. The only quantitative study to include
longitudinal data during the preataxic course has been performed by Nanetti
and colleagues.® Stance stability was measured in ‘preclinical’ SCA1 mutation
carriers during a longitudinal 4 year follow up design with study visits at
baseline, after 2 and 4 years. For SCA1 carriers with a range of up to 7 years to
onset, postural instability differed significantly from controls for the most
challenging stance conditions. It gradually increased over the study course,
yielding statistical significance at the 4-year follow up visit compared to baseline
performance. Although these results appear promising, it needs to be taken into
account that several of the included subjects scored >3 on the SARA over the
course of the follow up period and therefore, strictly speaking, did not qualify as
‘preclinical’. Considering the small sample size, these subjects certainly drove
the increased degree of postural instability on a group level and it remains
unclear whether the ‘actual’ preataxic participants experienced progressive
changes in the reported stability index. This addresses a fundamental limitation
of our own study: while some of our movement variables correlated with
estimated time to disease onset, their true responsiveness to change over time

still needs to be established using prospective longitudinal study designs. Apart
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from sufficient sample sizes necessary for such studies, challenges will lie in the
translation of progression markers based on natural history studies to outcome
measures capturing effects of treatment trials. In fact, there may be divergence
in the sensitivities of different movement variables to natural decline and
treatment. This may particularly hold true, if interventions aim to boost
compensatory mechanisms, such as rehabilitation trials. Another limitation may
lie in a non-linear progression of movement changes during the preataxic
phase, as indicated in manifest SCA2 by non-constant clinical progression.136
Further psychometric properties of our motor features would need to be
investigated, such as validity and reliability. Inter-session reliability, for example,
is crucial to ensure that observed changes are indeed due to natural decline or
treatment and not caused by day-to-day variability. Facing the scarcity of
spinocerebellar ataxias, and particularly, individuals at risk for SCAs, it is
desirable for effect sizes of future outcome measures to be as large as possible
to minimize necessary sample sizes in placebo-controlled treatment trials.
Movement variables of gait and stance assessments alone may not provide
sufficient statistical power in preataxic stages. Therefore, composite measures
incorporating additional tasks of different functional domains need to be
explored to reach satisfying effect size calculations. Such tests could include
quantitative measures of ocular movements or motor adaptation tasks, as these
have been repeatedly shown to be abnormal in preataxic mutation carriers of
different SCA types.?® 3 126. 137. 138 |t 5150 remains to be elucidated whether
assessments of other modalities, such as MRI, electrophysiological studies or

fluid biomarkers, will provide potential candidates for such composite measures.

A further limitation of our study includes the analysis of preataxic mutation
carriers across different SCA types, namely SCA1, SCA2, SCA3, and SCAG.
Although cerebellar degeneration and, consequently, ataxia represent a unifying
feature, these conditions are distinct in their molecular and pathophysiological
signatures that affect different collateral brain regions. The involvement of other
parts of the central nervous system ultimately affects movement patterns, e.g.
an impairment of the pyramidal tract results in increased muscle tone and

spastic movement features. Due to small sampling, an isolated analysis of each
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preataxic SCA type was not possible, but this warrants further investigations in

the future.

3.1.3 Conclusion

In our exploratory, cross-sectional study, we provide evidence for the notion that
motor features of complex stance and gait tasks are able to discriminate
between healthy controls and preataxic SCA mutation carriers, even in absence
of clinically detectable abnormalities and on a single-subject level. Furthermore,
our correlation analyses demonstrate that detected movement changes
increase with proximity to estimated disease onset, thus, enabling a
quantification of disease progression in the preataxic stage of the most common
SCA types. Further studies, including longitudinal data, are necessary to
establish the psychometric properties of these motor features prior to their

application as outcome measures in intervention trials.

3.2 The benefit of audio-biofeedback in cerebellar ataxia

3.2.1 Audio-biofeedback-induced effects on postural sway in cerebellar

ataxia

In our controlled intervention study, we show that patients with cerebellar
degeneration can benefit from augmented audio-biofeedback (ABF) of trunk
accelerations in postural control. Using quantitative movement analysis, we
observed that the ABF group exhibited significantly reduced postural sway
when receiving ABF in the eyes closed (EC) condition after the short ABF
training phase. By contrast, our disease-control group did not show any
differences between stance trials for both conditions. Based on the discrepancy
between our ABF group and control group, we can verify that the observed
reduction in postural sway was not merely due to ABF-unrelated factors, such
as task repetition resulting in motor learning. This contrasts the design of most
studies investigating the impact of augmented bio-feedback in neurological
patients, as they did not include disease-control groups.®*'** Our analysis

revealed that the extent of postural sway at baseline (PreABF) was significantly
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associated with the reduction of sway under ABF after the training phase
(TestABF). This correlation proved to be statistically significant for both eyes
open (EO) and eyes closed (EC) conditions, indicating that deficient balance
control is the driving factor behind the exploitation of the ABF signal. Indeed,
our subgroup analysis demonstrated that the patients with the greatest sway at
PreABF improved even under the EO condition in the TestABF trial. Contrary,
milder affected subjects did not noticeably benefit from ABF during the EO
condition at any point, suggesting that for these patients, vision presents a

sufficiently strong cue to maintain balance.

Both ABF and control groups benefitted from vision during standing, as
indicated by reduced body sway in the EO conditions compared to the EC
conditions. Similar to the ABF conditions, the benefit of visual information on
postural sway correlated with the extent of sway in the EC condition at baseline.
Furthermore, the benefits of both sensory modalities correlated with each other,
i.e. the more subjects improved their body sway by vision, the more they
benefitted from ABF. Interestingly, the degrees of sway reduction induced by
ABF and vision in the same individual were very similar. An explanation for this
observation points to a similar mechanism by which visual and auditory

information are integrated for postural control (see 3.2.2).

3.2.2 Preserved integration of augmented sensory information in

cerebellar ataxia

Our results demonstrate that those patients who depended most on visual
information to maintain balance, were more likely to exploit the augmented
sensory channel (ABF) when vision became unavailable. In addition to this
association between the induced benefits of vision and ABF, both sensory gains
correlated with the extent of postural sway at baseline. This led to our
assumption that those patients who are more severely affected by stance
imbalance i) depend more on vision to maintain balance, ii) are more willing to
rely on ABF in the absence of vision, and iii) are able to exploit ABF in addition
to vision to optimize postural control. Thus, depending on the degree of postural

instability (i.e. cerebellar dysfunction), ABF not only functions as a sensory
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substitution when vision becomes unavailable, but also as a supplementation to
vision. Models of postural control indicate that the integrity of sensory
information (particularly proprioceptive, vestibular and visual) and its processing
in the CNS play a crucial role for balance maintenance.'® '** The role of the
cerebellum in such perceptual processes has only recently gained scientific
interest with subsequent conceptualization attempts. Nonetheless, a growing
body of evidence suggests that the cerebellum is involved in processing and
integrating multimodal sensory information, possibly to generate body
estimations for predictive motor control (on the role of the cerebellum in
predictive motor control, see chapter 1.5). Supportive of this notion is, inter alia,
a study by Brooks et Cullen which showed that proprioceptive and vestibular

information is relayed to single cerebellar neurons.'®

It has been suggested
that cerebellar feedforward control not only relates to movements, but also to
sensory consequences of a motor command. Psychophysical studies
demonstrated that perception, e.g. proprioception or force perception, depends
on the integrity of the cerebellum during active but not passive limb
movements.'®® ' An explanation for this observation is that the acuity of
perception during self-induced movements is enhanced by internal predictions.
Simultaneously, these experiments suggest that the cerebellum might be less
important for feedback-guided motor control. In fact, reactive movements based
on feedback control appear to be more normal in cerebellar patients than
movements that require predictions, such as adaptations to novel conditions.
This theory has been experimentally supported in various studies involving
different motor effector levels, mainly during arm reaching and standing tasks,

but also in speech.'¢48

The hypothesis that an increased reliance on sensory feedback might present a
compensation strategy for cerebellar patients, is also supported by our data.
The fact that our patients in both ABF and control group showed significantly
increased body sway in eyes closed compared to eyes open conditions, points
to an enhanced reliance on vision for postural control. But why do cerebellar
patients rely more on vision? A reason might be that the processing of

proprioceptive and vestibular signals for balance control relies more on an intact
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cerebellum than in the case of visual or auditory cues. Our correlation analysis
supports this notion, as it revealed that the greater patients swayed at baseline,
i.e. the more deficient their processing of vestibular and proprioceptive cues
was, the more they relied on vision and ABF during standing. This is in line with
a previous study by Bunn and colleagues who demonstrated that patients with
SCAG6 seem to be particularly sensitive to visual distortions during balance
control compared to proprioceptive or vestibular stimulation.™® The visually
induced balance perturbations correlated with disease severity, indicating an
increasing gain of the visual channel during disease progression. The notion
that visual motor control is less reliant on cerebellar activity is further supported
by the results of an fMRI study investigating brain activity during a tool-use
motor task.’™ Participants were assessed during two different conditions in
which the reliability of either visual or somatosensory feedback was selectively
reduced. Functional brain imaging data showed that reduced visual reliability
resulted in expanded cerebellar activity, whereas decreased somatosensory
reliability was characterised by absent activity of the cerebellum, but increased
frontal, parietal and temporo-occipital brain regions. The use of the ABF signal
during motor control possibly activates similar brain regions, which would
support the thesis that i) auditory and visual feedback are integrated similarly for
postural control and that ii) this process may be cerebellum-independent. In
fact, findings from an electroencephalogram (EEG) study indicate that ABF use
during postural tasks increases cortical activation, especially in the temporo-
parietal area during eyes closed conditions and in the temporo-occipital area

when eyes are open.™"

According to the principle of cue optimization, our cerebellar patients were able
to upregulate the contribution of one sensory modality (here: vision and ABF)
for motor control to compensate for the variance of another channel (here:
proprioceptive and vestibular cues). Furthermore, our patients were able to
reweight the contributions of vision and ABF to a surprisingly similar extent, as
indicated by comparable effects of vision and ABF on body sway. This indicates
that the process of sensory reweighting may occur independently of cerebellar
integrity. In fact, it has been previously proposed that it rather relies on other
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brain regions, particularly the posterior parietal cortex that is known for
multimodal integration.'? "> Although this notion has been mainly studied for
arm reaching tasks, there is evidence that cerebellar patients can shift their

relative sensory reliance during balance control.'?®

While sensory reweighting represents a plausible explanation for our results, it
needs to be pointed out that the fundamental functionality of biofeedback
systems is controversially discussed in the literature.’™* One theory, for
example, states that increased cognitive attention may underly improved motor
performance during feedback conditions. Sham trials, in which erroneous or
meaningless ‘feedback’ information is augmented, might be useful to further

explore this hypothesis.

3.2.3 Outlook on future assistive strategies

To our knowledge, this is the first study providing proof-of-principle evidence for
the notion that patients with degenerative cerebellar ataxia are able to exploit
real-time augmented auditory bio-feedback to improve postural stability.
Investigations on effects induced by augmented sensory input or bio-feedback
are scarce in cerebellar patients and lack the necessary study designs to allow
for meaningful conclusions.'® %> 1 One study investigated the effects of
tongue electrotactile biofeedback of head motion on postural control in patients
with degenerative cerebellar ataxia during a two-week rehabilitation program.'*®
Although the feedback device seemed promising due to its practicality in daily
life and reductions in postural sway were observed after the rehabilitation
program, it is not possible to attribute the benefits to the biofeedback, given the
absence of a control group. Instead, the observed effects may be merely a
result of the high-intensity training. Interestingly, sway reduction was seen only
in the eyes closed condition, but not during the eyes open task. However, pure
sensory reweighting cannot explain these results, as benefits were still present
after a 4-week retention phase. This points to a more likely mechanism by
which the application of the electrotactile feedback boosted the exploitation of
compensatory strategies when vision was absent. Similarly, two other studies

tested the effects of a rehabilitation program combined with non-invasive focal
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mechanical vibrations (NIFMV) in an adult and infant patient group with
degenerative ataxia.’ '°® NIFMV has been vaguely hypothesized to facilitate
neuroplasticity and ultimately improve movement patterns by increasing
proprioceptive input to the CNS. However, the induced muscle vibrations are
not linked to a meaningful biological process (such as body movement) and
instead, result in a constant stimulation of a sensory channel (here:
proprioception). Effects were analysed on a variety of functional scores, such as
the SARA, and spatiotemporal gait parameters. Although some benefits were
reported, conclusions about the efficacy of the NIFMV device cannot be drawn
due to the lack of control groups. Despite their methodological flaws, these
studies point to the potential application of feedback devices in ameliorating
rehabilitation benefits. As the short-term design of our study did expectedly not
result in any retention effects, the notion that ABF potentially facilitates postural
training warrants placebo-controlled multi-session trials in the future. Our ABF
device was designed and tested only for static standing. More dynamic
assessments that include walking and reflect more realistic daily life scenarios,
require feedback devices that are able to capture and translate far more
complex movement patterns into meaningful signals. Such feedback systems
would need to minimize their interference with inherent senses, especially vision
and hearing, when applied in real-life. Vibrotactile feedback, for example,
represents a promising candidate for walking conditions and should be further

explored in cerebellar patients for its benefits."®’

3.2.4 Conclusion

In this controlled study we demonstrated that the exploitation of augmented
auditory bio-feedback of trunk accelerations can improve postural control in
patients with degenerative cerebellar ataxia. ABF-induced reduction of body
sway i) correlated with the severity of postural instability at baseline, ii) occurred
in the absence of vision, and iii) in most affected participants also in addition to
vision. Patients relied on ABF to a functionally similar extent as on vision,
indicating a cerebellar-independent underlying sensory integration process for

visual and auditory cues in postural control. Further research is necessary to

90



test the benefit of feedback devices in more complex conditions, such as

walking and in rehabilitation.
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4 Summary

Degenerative ataxias are a heterogenous group of movement disorders defined
by progressive ataxia due to a degeneration of the cerebellum and its
associated tracts, often of genetic origin. Disease-modifying drugs are still
lacking for degenerative ataxias, thus highlighting the need for paving the way
for both interventional drug trials and for innovative neurorehabilitation
approaches. Detailed quantitative movement analysis might hereby help to
detect and grade cerebellar dysfunction, possibly even at the preataxic stages
of the disease, thus helping to chart a promising window for early treatment
interventions before clinical disease onset. Moreover, it might help to gain new
insights into the functional role of the cerebellum in motor control and related
sensory integration mechanisms, which might be used to inform future
neurorehabilitation strategies. Correspondingly, we here hypothesized (1) that
quantitative movement analysis allows to reveal early movement changes when
clinical signs are still absent and to capture motor progression in subjects at the
preataxic stage of spinocerebellar ataxia (SCA) (study #1). Moreover, we
hypothesized (2) that quantitative movement analysis allows to identify the
effects of a biofeedback intervention in patients with degenerative ataxia, where
they might be able to exploit real-time acoustic bio-feedback signals (ABF) of

trunk acceleration to compensate for impaired postural control (study #2).

Study 1: 46 participants (14 preataxic SCA mutation carriers [SCAs 1,2,3,6], 9
SCA patients at an early symptomatic stage; and 23 healthy controls) were
analysed by quantitative movement analysis during stance and walking tasks of
increasing complexity. We identified motor features that (i) differentiated
between preataxic mutation carriers and healthy controls, even in absence of
clinical signs and (ii) correlated with repeat expansion-based estimated time to
disease onset. These results demonstrate that quantitative movement analysis
in combination with tasks of rising difficulty levels allows to detect subclinical
motor changes in spinocerebellar ataxia before clinical manifestation, which

may enable the quantification of disease progression in the preclinical phase.
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Study 2: Quantitative movement analysis was used to investigate the effects on
postural sway during stance in a short-term ABF intervention group versus a no-
ABF disease control group (23 and 17 cerebellar patients, respectively).
Postural sway under the conditions ‘eyes open’ and ‘eyes closed’ was
measured prior to ABF, under ABF, and post ABF. Our analysis revealed a
significant reduction of body sway under ABF in the ‘eyes closed’ condition.
Patients who had the largest extent of postural sway at baseline even improved
their stability in the ‘eyes open’ condition under ABF. Correlations were found
between the degree of postural sway at baseline and the benefits of both ABF
and vision, and moreover, between the benefits of both sensory modalities (i.e.
ABF and vision). The no-ABF control group did not exhibit any changes in sway
across stance trials. These results provide proof-of-principle evidence that
despite cerebellar degeneration, patients are still able to improve dysfunctional
postural control by integrating augmented sensory cues: In absence of vision,
the reliance on added auditory cues can be exploited to a similar extent as
vision. In case of strong postural sway, augmented auditory information can be
exploited also in combination with vision. These findings indicate promising
compensatory strategies of cerebellar patients to maintain balance and might

inform future assistive approaches.

5 German Summary

Bei den degenerativen Ataxien handelt es sich um eine heterogene Gruppe von
Bewegungsstorungen, die durch eine Degeneration des Kleinhirns und
assoziierten Nervenbahnen hervorgerufen werden. Die Ursache ist oftmals
genetischen Ursprungs. Da bislang keine effektiven Therapien verfugbar sind,
besteht die dringende Notwendigkeit die erforderlichen Voraussetzungen fur
Medikamentenstudien und neuartige Rehabilitationsansatze zu schaffen.
Quantitative = Bewegungsanalysen kdnnen dabei helfen, zerebellare
Funktionsstérungen zu erkennen und nach ihrem Schweregrad einzustufen,
moglicherweise sogar in pra-ataktischen Krankheitsstadien. Damit konnte der
Behandlungszeitpunkt in Zukunft vor Manifestation der Erkrankung beginnen.

Daruber hinaus ermdglichen quantitative Bewegungsanalysen neue Einblicke in
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die funktionelle Rolle des Kleinhirns in motorischer Kontrolle, sowie in ihre
zugrundliegenden sensorischen Integrationsmechanismen. Diese konnten flr
kinftige innovative Rehabilitationsstrategien von Nutzen sein. Basierend auf
diesen Annahmen haben wir die Hypothese aufgestellt, dass (1) quantitative
Bewegungsanalyse in der Lage ist, fruhe Bewegungsveranderungen vor
klinischer Krankheitsmanifestation aufzudecken und das Fortschreiten der
motorischen Veranderungen in Personen zu erfassen, die sich im
praataktischen Stadium der spinozerebellaren Ataxien (SCA) befinden (Studie
#1). Des Weiteren haben wir vermutet, dass (2) quantitative Bewegungsanalyse
ermdglicht die Effekte einer Audio-Bio-Feedback (ABF) Intervention zu
erfassen, bei der Patienten mit degenerativen Ataxien mdglicherweise ein
akustisches Signal nutzen koénnen, das in Echtzeit Beschleunigungen des
Korperstamms rickmeldet, um ihre fehlerhafte posturale Kontrolle zu

kompensieren (Studie #2).

Studie 1: 46 Teilnehmer (14 praataktische SCA Mutationstrager [SCA1, 2, 3,
6], 9 SCA Patienten, die sich in einem frihen Krankheitsstadium befanden, und
23 gesunde Kontrollen) wurden mittels quantitativer Bewegungsanalyse
wahrend Stand- und Ganguntersuchungen von zunehmendem
Schwierigkeitsgrad analysiert. Wir konnten Bewegungsmalde identifizieren, die
(i) sogar in Abwesenheit von klinischen Zeichen einer Ataxie zwischen
praataktischen Mutationstragern und gesunden Kontrollen unterschieden und
(ii)) mit der Anzahl der Jahre bis zum geschatzten Krankheitsbeginn korrelierten.
Diese Ergebnisse zeigen, dass die quantitative Analyse von Bewegungen
wahrend motorischer Aufgaben mit steigender Komplexitat, subklinische
Bewegungsauffalligkeiten vor Krankheitseintritt in spinozerebellaren Ataxien
erfassen kann. Kunftig wird dies moglicherweise zu einer Quantifizierung der

praataktischen Krankheitsprozesse bei SCAs beitragen.

Studie 2: Mittels quantitativer Bewegungsanalyse wurde der Einfluss von
kurzzeitig eingesetztem ABF auf posturales Schwanken in einer
Interventionsgruppe bestehend aus zerebellaren Patienten untersucht und mit

einer ,Nicht-ABF‘, Gruppe verglichen (jeweils 23 und 17 zerebellare Patienten).
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Korperschwankungen wurden unter den Bedingungen ,Augen offen’ und ,Augen
geschlossen‘ vor, wahrend und nach dem Einsatz von ABF gemessen. In
unserer Auswertung konnten wir eine Reduktion der Kérperschwankungen flr
die Bedingung ,Augen geschlossen‘ wahrend der ABF Applizierung entdecken.
Diejenigen Patienten, die das groRte Schwanken in der Ausgangsuntersuchung
aufwiesen, profitierten von ABF sogar in der ,Augen offen’ Bedingung. Der
Nutzen von ABF korreliete mit dem Nutzen von Sicht, und die
Schwankungsverringerungen, die durch beide sensorische Modalitaten
induziert wurden, korrelierten mit dem Ausmal} von posturaler Instabilitat in der
Ausganguntersuchung. Die ,Nicht-ABF* Kontrollgruppe zeigte keine
Veranderungen im Schwankungsausmald Uber alle Stehuntersuchungen
hinweg. Diese Studie liefert einen Grundsatzbeweis dafir, dass Patienten trotz
zerebellarer Degeneration in der Lage sind, ein kunstlich hinzugefigtes
sensorisches Signal zu integrieren, um ihre mangelhafte Standkontrolle zu
verbessern. In der Abwesenheit von visuellem Input kann auf das neue auditive
Signal zu einem funktionell ahnlichen Ausmal} wie bei Sicht zurlickgegriffen
werden. Bei ausgepragterer posturaler Instabilitat kann das auditive Signal
sogar in Kombination mit visueller Information ausgenutzt werden. Diese
Ergebnisse weisen auf vielversprechende Kompensationsstrategien von
zerebellaren Patienten bei der Erhaltung von posturaler Kontrolle hin und

kénnten zur Entwicklung von kinftigen HilfsmalRnahmen genutzt werden.

95



10.

11.

12.

References

van Gaalen J, van de Warrenburg BP. Republished: A practical approach
to late-onset cerebellar ataxia: putting the disorder with lack of order into
order. Postgraduate medical journal. 2012;88(1041):407-17.

Synofzik M, Schols L, Riess O. Hereditare Ataxien. medizinische genetik.
2013;25(2):235-48.

Paulson HL. The spinocerebellar ataxias. Journal of neuro-
ophthalmology : the official journal of the North American Neuro-
Ophthalmology Society. 2009;29(3):227-37.

Schols L, Amoiridis G, Buttner T, Przuntek H, Epplen JT, Riess O.
Autosomal dominant cerebellar ataxia: phenotypic differences in
genetically defined subtypes? Annals of neurology. 1997;42(6):924-32.

Durr A. Autosomal dominant cerebellar ataxias: polyglutamine
expansions and beyond. The Lancet Neurology. 2010;9(9):885-94.

Schols L, Bauer P, Schmidt T, Schulte T, Riess O. Autosomal dominant
cerebellar ataxias: clinical features, genetics, and pathogenesis. The
Lancet Neurology. 2004;3(5):291-304.

Jacobi H, du Montcel ST, Bauer P, Giunti P, Cook A, Labrum R, et al.
Long-term disease progression in spinocerebellar ataxia types 1, 2, 3,
and 6: a longitudinal cohort study. The Lancet Neurology.
2015;14(11):1101-8.

Paulsen JS, Long JD, Johnson HJ, Aylward EH, Ross CA, Williams JK,
et al. Clinical and Biomarker Changes in Premanifest Huntington Disease
Show Trial Feasibility: A Decade of the PREDICT-HD Study. Frontiers in
aging neuroscience. 2014;6:78.

Jacobi H, Reetz K, du Montcel ST, Bauer P, Mariotti C, Nanetti L, et al.
Biological and clinical characteristics of individuals at risk for
spinocerebellar ataxia types 1, 2, 3, and 6 in the longitudinal RISCA
study: analysis of baseline data. The Lancet Neurology. 2013;12(7):650-
8.

Velazquez-Perez L, Rodriguez-Labrada R, Cruz-Rivas EM, Fernandez-
Ruiz J, Vaca-Palomares |, Lilia-Campins J, et al. Comprehensive study
of early features in spinocerebellar ataxia 2: delineating the prodromal
stage of the disease. Cerebellum. 2014;13(5):568-79.

Maas RP, van Gaalen J, Klockgether T, van de Warrenburg BP. The
preclinical stage of spinocerebellar ataxias. Neurology. 2015;85(1):96-
103.

Schmitz-Hubsch T, du Montcel ST, Baliko L, Berciano J, Boesch S,
Depondt C, et al. Scale for the assessment and rating of ataxia:
development of a new clinical scale. Neurology. 2006;66(11):1717-20.

96



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

97

Globas C, du Montcel ST, Baliko L, Boesch S, Depondt C, DiDonato S,
et al. Early symptoms in spinocerebellar ataxia type 1, 2, 3, and 6. Mov
Disord. 2008;23(15):2232-8.

Luo L, Wang J, Lo RY, Figueroa KP, Pulst SM, Kuo PH, et al. The Initial
Symptom and Motor Progression in Spinocerebellar Ataxias. Cerebellum.
2017;16(3):615-22.

Montes-Brown J, Machado A, Estevez M, Carricarte C, Velazquez-Perez
L. Autonomic dysfunction in presymptomatic spinocerebellar ataxia type-
2. Acta neurologica Scandinavica. 2012;125(1):24-9.

Velazquez-Perez L, Rodriguez-Labrada R, Canales-Ochoa N, Montero
JM, Sanchez-Cruz G, Aguilera-Rodriguez R, et al. Progression of early
features of spinocerebellar ataxia type 2 in individuals at risk: a
longitudinal study. The Lancet Neurology. 2014;13(5):482-9.

Rodriguez-Labrada R, Velazquez-Perez L, Ochoa NC, Polo LG, Valencia
RH, Cruz GS, et al. Subtle rapid eye movement sleep abnormalities in
presymptomatic spinocerebellar ataxia type 2 gene carriers. Mov Disord.
2011;26(2):347-50.

Velazquez-Perez L, Rodriguez-Labrada R, Canales-Ochoa N, Sanchez-
Cruz G, Fernandez-Ruiz J, Montero JM, et al. Progression markers of
Spinocerebellar ataxia 2. A twenty years neurophysiological follow up
study. J Neurol Sci. 2010;290(1-2):22-6.

Velazquez-Perez L, Seifried C, Abele M, Wirjatijasa F, Rodriguez-
Labrada R, Santos-Falcon N, et al. Saccade velocity is reduced in
presymptomatic spinocerebellar ataxia type 2. Clinical neurophysiology :
official journal of the International Federation of Clinical Neurophysiology.
2009;120(3):632-5.

Ragno M, Perretti AC, Castaldo |, Scarcella M, Acciarri S, Manganelli F,
et al. Multimodal electrophysiologic follow-up study in 3 mutated but
presymptomatic members of a spinocerebellar ataxia type 1 (SCA1)
family. Neurological sciences : official journal of the Italian Neurological
Society and of the Italian Society of Clinical Neurophysiology.
2005;26(2):67-71.

Horton LC, Frosch MP, Vangel MG, Weigel-DiFranco C, Berson EL,
Schmahmann JD. Spinocerebellar ataxia type 7: clinical course,
phenotype-genotype correlations, and neuropathology. Cerebellum.
2013;12(2):176-93.

Farrar MA, Vucic S, Nicholson G, Kiernan MC. Motor cortical dysfunction
develops in spinocerebellar ataxia type 3. Clinical neurophysiology :
official journal of the International Federation of Clinical Neurophysiology.
2016;127(11):3418-24.

Raposo M, Vasconcelos J, Bettencourt C, Kay T, Coutinho P, Lima M.
Nystagmus as an early ocular alteration in Machado-Joseph disease
(MJD/SCA3). BMC neurology. 2014;14:17.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Storey E. Presymptomatic features of spinocerebellar ataxias. The
Lancet Neurology. 2013;12(7):625-6.

Tezenas du Montcel S, Durr A, Rakowicz M, Nanetti L, Charles P, Sulek
A, et al. Prediction of the age at onset in spinocerebellar ataxia type 1, 2,
3 and 6. Journal of medical genetics. 2014;51(7):479-86.

Xing W, Wang XY, Liao XX, Liao WH, Shen L. Spin labeling artery
method perfusion MRI study of SPG4 and SCA3/MJD. Magnetic
resonance imaging. 2014;32(10):1330-4.

Reetz K, Rodriguez-Labrada R, Dogan |, Mirzazade S, Romanzetti S,
Schulz JB, et al. Brain atrophy measures in preclinical and manifest
spinocerebellar ataxia type 2. Annals of clinical and translational
neurology. 2018;5(2):128-37.

Rezende TJR, de Paiva JLR, Martinez ARM, Lopes-Cendes |, Pedroso
JL, Barsottini OGP, et al. Structural signature of SCA3: From
presymptomatic to late disease stages. Annals of neurology.
2018;84(3):401-8.

Yen TC, Lu CS, Tzen KY, Wey SP, Chou YH, Weng YH, et al.
Decreased dopamine transporter binding in Machado-Joseph disease.

Journal of nuclear medicine : official publication, Society of Nuclear
Medicine. 2000;41(6):994-8.

Miyaue N, Tada S, Ando R, Iwaki H, Yabe H, Nishikawa N, et al. DAT
SPECT may have diagnostic value in prodromal SCA2 patients with
parkinsonism. Parkinsonism & related disorders. 2017;44:137-41.

Inagaki A, lida A, Matsubara M, Inagaki H. Positron emission
tomography and magnetic resonance imaging in spinocerebellar ataxia
type 2: a study of symptomatic and asymptomatic individuals. European
journal of neurology. 2005;12(9):725-8.

Soong BW, Liu RS. Positron emission tomography in asymptomatic gene
carriers of Machado-Joseph disease. Journal of neurology,
neurosurgery, and psychiatry. 1998;64(4):499-504.

Mascalchi M, Tosetti M, Plasmati R, Bianchi MC, Tessa C, Salvi F, et al.
Proton magnetic resonance spectroscopy in an ltalian family with
spinocerebellar ataxia type 1. Annals of neurology. 1998;43(2):244-52.

Klaes A, Reckziegel E, Franca MC, Jr., Rezende TJ, Vedolin LM, Jardim
LB, et al. MR Imaging in Spinocerebellar Ataxias: A Systematic Review.
AJNR American journal of neuroradiology. 2016;37(8):1405-12.

Velazquez Perez L, Sanchez Cruz G, Canales Ochoa N, Rodriguez
Labrada R, Rodriguez Diaz J, Aimaguer Mederos L, et al.
Electrophysiological features in patients and presymptomatic relatives
with spinocerebellar ataxia type 2. J Neurol Sci. 2007;263(1-2):158-64.

Velazquez-Perez L, Rodriguez-Labrada R, Torres-Vega R, Medrano
Montero J, Vazquez-Mojena Y, Auburger G, et al. Abnormal corticospinal
tract function and motor cortex excitability in non-ataxic SCA2 mutation

98



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

99

carriers: A TMS study. Clinical neurophysiology : official journal of the
International Federation of Clinical Neurophysiology. 2016;127(8):2713-
9.

Wu C, Chen DB, Feng L, Zhou XX, Zhang JW, You HJ, et al. Oculomotor
deficits in spinocerebellar ataxia type 3: Potential biomarkers of
preclinical detection and disease progression. CNS neuroscience &
therapeutics. 2017;23(4):321-8.

Christova P, Anderson JH, Gomez CM. Impaired eye movements in
presymptomatic spinocerebellar ataxia type 6. Archives of neurology.
2008;65(4):530-6.

McLoughlin HS, Moore LR, Chopra R, Komlo R, McKenzie M,
Blumenstein KG, et al. Oligonucleotide therapy mitigates disease in
spinocerebellar ataxia type 3 mice. Annals of neurology. 2018;84(1):64-
77.

Sudarsky LR. Validation of a neurological-exam-based rating scale
(FARS) for Friedreich's ataxia. Nature clinical practice Neurology.
2007;3(3):138-9.

Trouillas P, Takayanagi T, Hallett M, Currier RD, Subramony SH, Wessel
K, et al. International Cooperative Ataxia Rating Scale for
pharmacological assessment of the cerebellar syndrome. The Ataxia
Neuropharmacology Committee of the World Federation of Neurology. J
Neurol Sci. 1997;145(2):205-11.

Sarro L, Nanetti L, Castaldo A, Mariotti C. Monitoring disease
progression in spinocerebellar ataxias: implications for treatment and
clinical research. Expert review of neurotherapeutics. 2017;17(9):919-31.

llg W, Branscheidt M, Butala A, Celnik P, de Paola L, Horak FB, et al.
Consensus Paper: Neurophysiological Assessments of Ataxias in Daily
Practice. Cerebellum. 2018.

Reetz K, Costa AS, Mirzazade S, Lehmann A, Juzek A, Rakowicz M, et
al. Genotype-specific patterns of atrophy progression are more sensitive
than clinical decline in SCA1, SCA3 and SCAG. Brain. 2013;136(Pt
3):905-17.

Velazquez-Perez L, Rodriguez-Chanfrau J, Garcia-Rodriguez JC,
Sanchez-Cruz G, Aguilera-Rodriguez R, Rodriguez-Labrada R, et al.
Oral zinc sulphate supplementation for six months in SCA2 patients: a
randomized, double-blind, placebo-controlled trial. Neurochemical
research. 2011;36(10):1793-800.

Benussi A, Dell'Era V, Cantoni V, Bonetta E, Grasso R, Manenti R, et al.
Cerebello-spinal tDCS in ataxia: A randomized, double-blind, sham-
controlled, crossover trial. Neurology. 2018;91(12):e1090-e101.

Chang YJ, Chou CC, Huang WT, Lu CS, Wong AM, Hsu MJ. Cycling
regimen induces spinal circuitry plasticity and improves leg muscle



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

coordination in individuals with spinocerebellar ataxia. Arch Phys Med
Rehabil. 2015;96(6):1006-13.

Tsai YA, Liu RS, Lirng JF, Yang BH, Chang CH, Wang YC, et al.
Treatment of Spinocerebellar Ataxia With Mesenchymal Stem Cells: A
Phase I/lla Clinical Study. Cell transplantation. 2017;26(3):503-12.

Egger K, Clemm von Hohenberg C, Schocke MF, Guttmann CR,
Wassermann D, Wigand MC, et al. White matter changes in patients with
friedreich ataxia after treatment with erythropoietin. Journal of
neuroimaging : official journal of the American Society of Neuroimaging.
2014;24(5):504-8.

Sacca F, Puorro G, Brunetti A, Capasso G, Cervo A, Cocozza S, etal. A
randomized controlled pilot trial of lithium in spinocerebellar ataxia type
2. Journal of neurology. 2015;262(1):149-53.

Nachbauer W, Hering S, Seifert M, Steinkellner H, Sturm B, Scheiber-
Mojdehkar B, et al. Effects of erythropoietin on frataxin levels and
mitochondrial function in Friedreich ataxia--a dose-response trial.
Cerebellum. 2011;10(4):763-9.

Mariotti C, Fancellu R, Caldarazzo S, Nanetti L, Di Bella D, Plumari M, et
al. Erythropoietin in Friedreich ataxia: no effect on frataxin in a
randomized controlled trial. Mov Disord. 2012;27(3):446-9.

Strawser C, Schadt K, Hauser L, McCormick A, Wells M, Larkindale J, et
al. Pharmacological therapeutics in Friedreich ataxia: the present state.
Expert review of neurotherapeutics. 2017;17(9):895-907.

Yiu EM, Tai G, Peverill RE, Lee KJ, Croft KD, Mori TA, et al. An open-
label trial in Friedreich ataxia suggests clinical benefit with high-dose

resveratrol, without effect on frataxin levels. Journal of neurology.
2015;262(5):1344-53.

Vorgerd M, Schols L, Hardt C, Ristow M, Epplen JT, Zange J.
Mitochondrial impairment of human muscle in Friedreich ataxia in vivo.
Neuromuscular disorders : NMD. 2000;10(6):430-5.

Drinkard BE, Keyser RE, Paul SM, Arena R, Plehn JF, Yanovski JA, et
al. Exercise capacity and idebenone intervention in children and

adolescents with Friedreich ataxia. Arch Phys Med Rehabil.
2010;91(7):1044-50.

Hallett M, Shahani BT, Young RR. EMG analysis of patients with
cerebellar deficits. Journal of neurology, neurosurgery, and psychiatry.
1975;38(12):1163-9.

Martino G, Ivanenko YP, Serrao M, Ranavolo A, d'Avella A, Draicchio F,
et al. Locomotor patterns in cerebellar ataxia. J Neurophysiol.
2014;112(11):2810-21.

Buckley E, Mazza C, McNeill A. A systematic review of the gait
characteristics associated with Cerebellar Ataxia. Gait Posture.
2017:60:154-63.

100



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

101

Serrao M, Pierelli F, Ranavolo A, Draicchio F, Conte C, Don R, et al. Gait
pattern in inherited cerebellar ataxias. Cerebellum. 2012;11(1):194-211.

llg W, Golla H, Thier P, Giese MA. Specific influences of cerebellar
dysfunctions on gait. Brain. 2007;130(Pt 3):786-98.

Wuehr M, Schniepp R, llmberger J, Brandt T, Jahn K. Speed-dependent
temporospatial gait variability and long-range correlations in cerebellar
ataxia. Gait Posture. 2013;37(2):214-8.

Milne SC, Hocking DR, Georgiou-Karistianis N, Murphy A, Delatycki MB,
Corben LA. Sensitivity of spatiotemporal gait parameters in measuring
disease severity in Friedreich ataxia. Cerebellum. 2014;13(6):677-88.

Serrao M, Chini G, Casali C, Conte C, Rinaldi M, Ranavolo A, et al.
Progression of Gait Ataxia in Patients with Degenerative Cerebellar
Disorders: a 4-Year Follow-Up Study. Cerebellum. 2017;16(3):629-37.

Morton SM, Tseng YW, Zackowski KM, Daline JR, Bastian AJ.
Longitudinal tracking of gait and balance impairments in cerebellar
disease. Mov Disord. 2010;25(12):1944-52.

llg W, Synofzik M, Brotz D, Burkard S, Giese MA, Schols L. Intensive
coordinative training improves motor performance in degenerative
cerebellar disease. Neurology. 2009;73(22):1823-30.

llg W, Brotz D, Burkard S, Giese MA, Schols L, Synofzik M. Long-term
effects of coordinative training in degenerative cerebellar disease. Mov
Disord. 2010;25(13):2239-46.

Fonteyn EM, Heeren A, Engels JJ, Boer JJ, van de Warrenburg BP,
Weerdesteyn V. Gait adaptability training improves obstacle avoidance
and dynamic stability in patients with cerebellar degeneration. Gait
Posture. 2014;40(1):247-51.

Miyai I, Ito M, Hattori N, Mihara M, Hatakenaka M, Yagura H, et al.
Cerebellar ataxia rehabilitation trial in degenerative cerebellar diseases.
Neurorehabilitation and neural repair. 2012;26(5):515-22.

Rochester L, Galna B, Lord S, Mhiripiri D, Eglon G, Chinnery PF. Gait
impairment precedes clinical symptoms in spinocerebellar ataxia type 6.
Mov Disord. 2014;29(2):252-5.

llg W, Giese MA, Gizewski ER, Schoch B, Timmann D. The influence of
focal cerebellar lesions on the control and adaptation of gait. Brain.
2008;131(Pt 11):2913-27.

llg W, Christensen A, Mueller OM, Goericke SL, Giese MA, Timmann D.
Effects of cerebellar lesions on working memory interacting with motor
tasks of different complexities. J Neurophysiol. 2013;110(10):2337-49.

lenaga Y, Mitoma H, Kubota K, Morita S, Mizusawa H. Dynamic
imbalance in gait ataxia. Characteristics of plantar pressure
measurements. J Neurol Sci. 2006;246(1-2):53-7.



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Chini G, Ranavolo A, Draicchio F, Casali C, Conte C, Martino G, et al.
Local Stability of the Trunk in Patients with Degenerative Cerebellar
Ataxia During Walking. Cerebellum. 2017;16(1):26-33.

Conte C, Pierelli F, Casali C, Ranavolo A, Draicchio F, Martino G, et al.
Upper body kinematics in patients with cerebellar ataxia. Cerebellum.
2014;13(6):689-97.

Gouelle A, Megrot F, Presedo A, Husson |, Yelnik A, Pennecot GF. The
gait variability index: a new way to quantify fluctuation magnitude of
spatiotemporal parameters during gait. Gait Posture. 2013;38(3):461-5.

Im SJ, Kim YH, Kim KH, Han JW, Yoon SJ, Park JH. The effect of a task-
specific locomotor training strategy on gait stability in patients with
cerebellar disease: a feasibility study. Disability and rehabilitation.
2017;39(10):1002-8.

Caliandro P, Serrao M, Padua L, Silvestri G, lacovelli C, Simbolotti C, et
al. Prefrontal cortex as a compensatory network in ataxic gait: a
correlation study between cortical activity and gait parameters.
Restorative neurology and neuroscience. 2015;33(2):177-87.

Caliandro P, lacovelli C, Conte C, Simbolotti C, Rossini PM, Padua L, et
al. Trunk-lower limb coordination pattern during gait in patients with
ataxia. Gait Posture. 2017;57:252-7.

Morton SM, Bastian AJ. Relative contributions of balance and voluntary
leg-coordination deficits to cerebellar gait ataxia. J Neurophysiol.
2003;89(4):1844-56.

Morton SM, Bastian AJ. Mechanisms of cerebellar gait ataxia.
Cerebellum. 2007;6(1):79-86.

Schniepp R, Wuehr M, Schlick C, Huth S, Pradhan C, Dieterich M, et al.
Increased gait variability is associated with the history of falls in patients
with cerebellar ataxia. Journal of neurology. 2014;261(1):213-23.

Geerse DJ, Coolen BH, Roerdink M. Kinematic Validation of a Multi-
Kinect v2 Instrumented 10-Meter Walkway for Quantitative Gait
Assessments. PLoS One. 2015;10(10):e0139913.

Muller B, lig W, Giese MA, Ludolph N. Validation of enhanced kinect
sensor based motion capturing for gait assessment. PLoS One.
2017;12(4):e0175813.

Ding WL, Zheng YZ, Su YP, Li XL. Kinect-based virtual rehabilitation and
evaluation system for upper limb disorders: A case study. Journal of back
and musculoskeletal rehabilitation. 2018;31(4):611-21.

Klenk J, Srulijes K, Schatton C, Schwickert L, Maetzler W, Becker C, et
al. Ambulatory Activity Components Deteriorate Differently across
Neurodegenerative Diseases: A Cross-Sectional Sensor-Based Study.
Neuro-degenerative diseases. 2016;16(5-6):317-23.

102



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

103

Subramony SH, Kedar S, Murray E, Protas E, Xu H, Ashizawa T, et al.
Objective home-based gait assessment in spinocerebellar ataxia. J
Neurol Sci. 2012;313(1-2):95-8.

Salarian A, Horak FB, Zampieri C, Carlson-Kuhta P, Nutt JG, Aminian K.
iTUG, a sensitive and reliable measure of mobility. IEEE transactions on
neural systems and rehabilitation engineering : a publication of the IEEE
Engineering in Medicine and Biology Society. 2010;18(3):303-10.

Kavanagh JJ, Menz HB. Accelerometry: a technique for quantifying
movement patterns during walking. Gait Posture. 2008;28(1):1-15.

Mancini M, Salarian A, Carlson-Kuhta P, Zampieri C, King L, Chiari L, et
al. ISway: a sensitive, valid and reliable measure of postural control. J
Neuroeng Rehabil. 2012;9:59.

Smith BA, Carlson-Kuhta P, Horak FB. Consistency in Administration
and Response for the Backward Push and Release Test: A Clinical
Assessment of Postural Responses. Physiotherapy research
international : the journal for researchers and clinicians in physical
therapy. 2016;21(1):36-46.

Martinez-Manzanera O, Lawerman TF, Blok HJ, Lunsing RJ, Brandsma
R, Sival DA, et al. Instrumented finger-to-nose test classification in
children with ataxia or developmental coordination disorder and controls.
Clinical biomechanics (Bristol, Avon). 2018;60:51-9.

Van de Warrenburg BP, Bakker M, Kremer BP, Bloem BR, Allum JH.
Trunk sway in patients with spinocerebellar ataxia. Mov Disord.
2005;20(8):1006-13.

Velazquez-Perez L, Sanchez-Cruz G, Rodriguez-Labrada R, Velazquez-
Manresa M, Hechavarria-Pupo R, Almaguer-Mederos LE. Postural
Instability in Prodromal Spinocerebellar Ataxia Type 2: Insights into
Cerebellar Involvement Before Onset of Permanent Ataxia. Cerebellum.
2017;16(1):279-81.

Nanetti L, Alpini D, Mattei V, Castaldo A, Mongelli A, Brenna G, et al.
Stance instability in preclinical SCA1 mutation carriers: A 4-year
prospective posturography study. Gait Posture. 2017;57:11-4.

Synofzik M, llg W. Motor training in degenerative spinocerebellar
disease: ataxia-specific improvements by intensive physiotherapy and
exergames. BioMed research international. 2014;2014:583507.

Holmes G. The Croonian Lectures on the clinical symptoms of cerebellar
disease and their interpretation. Lecture Il. 1922. Cerebellum.
2007;6(2):148-53; discussion 1.

Dichgans J. Clinical symptoms of cerebellar dysfunction and their
topodiagnostical significance. Human neurobiology. 1984;2(4):269-79.

Bostan AC, Dum RP, Strick PL. Cerebellar networks with the cerebral
cortex and basal ganglia. Trends in cognitive sciences. 2013;17(5):241-
54.



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Gao JH, Parsons LM, Bower JM, Xiong J, Li J, Fox PT. Cerebellum
implicated in sensory acquisition and discrimination rather than motor
control. Science. 1996;272(5261):545-7.

Stein JF, Glickstein M. Role of the cerebellum in visual guidance of
movement. Physiological reviews. 1992;72(4):967-1017.

Barmack NH. Central vestibular system: vestibular nuclei and posterior
cerebellum. Brain research bulletin. 2003;60(5-6):511-41.

MacKay WA, Murphy JT. Cerebellar modulation of reflex gain. Progress
in neurobiology. 1979;13(4):361-417.

Brooks JX, Cullen KE. Multimodal integration in rostral fastigial nucleus
provides an estimate of body movement. J Neurosci. 2009;29(34):10499-
511.

Shadmehr R, Smith MA, Krakauer JW. Error correction, sensory
prediction, and adaptation in motor control. Annu Rev Neurosci.
2010;33:89-108.

Bastian AJ. Learning to predict the future: the cerebellum adapts
feedforward movement control. Curr Opin Neurobiol. 2006;16(6):645-9.

Cullen KE. The neural encoding of self-motion. Curr Opin Neurobiol.
2011;21(4):587-95.

Wolpert DM, Miall RC, Kawato M. Internal models in the cerebellum.
Trends in cognitive sciences. 1998;2(9):338-47.

Bhanpuri NH, Okamura AM, Bastian AJ. Active force perception depends
on cerebellar function. J Neurophysiol. 2012;107(6):1612-20.

Synofzik M, Lindner A, Thier P. The cerebellum updates predictions
about the visual consequences of one's behavior. Curr Biol.
2008;18(11):814-8.

Bastian AJ, Martin TA, Keating JG, Thach WT. Cerebellar ataxia:
abnormal control of interaction torques across multiple joints. J
Neurophysiol. 1996;76(1):492-509.

Schlerf JE, Xu J, Klemfuss NM, Griffiths TL, Ivry RB. Individuals with
cerebellar degeneration show similar adaptation deficits with large and
small visuomotor errors. J Neurophysiol. 2013;109(4):1164-73.

Diener HC, Dichgans J, Bacher M, Gompf B. Quantification of postural
sway in normals and patients with cerebellar diseases.
Electroencephalography and clinical neurophysiology. 1984;57(2):134-
42.

Nowak DA, Hermsdorfer J, Rost K, Timmann D, Topka H. Predictive and
reactive finger force control during catching in cerebellar degeneration.
Cerebellum. 2004;3(4):227-35.

Izawa J, Criscimagna-Hemminger SE, Shadmehr R. Cerebellar
contributions to reach adaptation and learning sensory consequences of
action. J Neurosci. 2012;32(12):4230-9.

104



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

105

Therrien AS, Bastian AJ. Cerebellar damage impairs internal predictions
for sensory and motor function. Curr Opin Neurobiol. 2015;33:127-33.

Therrien AS, Bastian AJ. The cerebellum as a movement sensor.
Neuroscience letters. 2018.

Asslander L, Peterka RJ. Sensory reweighting dynamics following
removal and addition of visual and proprioceptive cues. J Neurophysiol.
2016;116(2):272-85.

Wolpert DM, Ghahramani Z. Computational principles of movement
neuroscience. Nat Neurosci. 2000;3 Suppl:1212-7.

Peterka RJ. Sensorimotor integration in human postural control. J
Neurophysiol. 2002;88(3):1097-118.

Henriques DY, Filippopulos F, Straube A, Eggert T. The cerebellum is
not necessary for visually driven recalibration of hand proprioception.
Neuropsychologia. 2014;64:195-204.

Block HJ, Bastian AJ. Cerebellar involvement in motor but not sensory
adaptation. Neuropsychologia. 2012;50(8):1766-75.

Bronstein AM, Hood JD, Gresty MA, Panagi C. Visual control of balance
in cerebellar and parkinsonian syndromes. Brain. 1990;113 ( Pt 3):767-
79.

Horak FB, Diener HC. Cerebellar control of postural scaling and central
set in stance. J Neurophysiol. 1994;72(2):479-93.

Schatton C, Synofzik M, Fleszar Z, Giese MA, Schols L, lig W.
Individualized exergame training improves postural control in advanced
degenerative spinocerebellar ataxia: A rater-blinded, intra-individually
controlled trial. Parkinsonism & related disorders. 2017;39:80-4.

Velazquez-Perez L, Diaz R, Perez-Gonzalez R, Canales N, Rodriguez-
Labrada R, Medrano J, et al. Motor decline in clinically presymptomatic
spinocerebellar ataxia type 2 gene carriers. PLoS One. 2009;4(4):e5398.

Mirelman A, Gurevich T, Giladi N, Bar-Shira A, Orr-Urtreger A, Hausdorff
JM. Gait alterations in healthy carriers of the LRRK2 G2019S mutation.
Annals of neurology. 2011;69(1):193-7.

O'Keefe JA, Robertson-Dick E, Dunn EJ, Li Y, Deng Y, Fiutko AN, et al.
Characterization and Early Detection of Balance Deficits in Fragile X
Premutation Carriers With and Without Fragile X-Associated
Tremor/Ataxia Syndrome (FXTAS). Cerebellum. 2015;14(6):650-62.

O'Keefe JA, Robertson-Dick EE, Hall DA, Berry-Kravis E. Gait and
Functional Mobility Deficits in Fragile X-Associated Tremor/Ataxia
Syndrome. Cerebellum. 2016;15(4):475-82.

Conte C, Serrao M, Casali C, Ranavolo A, Silvia M, Draicchio F, et al.
Planned gait termination in cerebellar ataxias. Cerebellum.
2012;11(4):896-904.



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Schniepp R, Wuehr M, Neuhaeusser M, Kamenova M, Dimitriadis K,
Klopstock T, et al. Locomotion speed determines gait variability in
cerebellar ataxia and vestibular failure. Mov Disord. 2012;27(1):125-31.

Pulst SM, Santos N, Wang D, Yang H, Huynh D, Velazquez L, et al.
Spinocerebellar ataxia type 2: polyQ repeat variation in the CACNA1A
calcium channel modifies age of onset. Brain. 2005;128(Pt 10):2297-303.

Tezenas du Montcel S, Durr A, Bauer P, Figueroa KP, Ichikawa Y,
Brussino A, et al. Modulation of the age at onset in spinocerebellar ataxia
by CAG tracts in various genes. Brain. 2014;137(Pt 9):2444-55.

de Mattos EP, Leotti VB, Soong BW, Raposo M, Lima M, Vasconcelos J,
et al. Age at onset prediction in spinocerebellar ataxia type 3 changes
according to population of origin. European journal of neurology.
2019;26(1):113-20.

Figueroa KP, Coon H, Santos N, Velazquez L, Mederos LA, Pulst SM.
Genetic analysis of age at onset variation in spinocerebellar ataxia type
2. Neurology Genetics. 2017;3(3):e155.

Monte TL, Reckziegel EDR, Augustin MC, Locks-Coelho LD, Santos
ASP, Furtado GV, et al. The progression rate of spinocerebellar ataxia
type 2 changes with stage of disease. Orphanet journal of rare diseases.
2018;13(1):20.

van Gaalen J, Maas R, lppel EF, Elting MW, van Spaendonck-Zwarts
KY, Vermeer S, et al. Abnormal eyeblink conditioning is an early marker
of cerebellar dysfunction in preclinical SCA3 mutation carriers. Exp Brain
Res. 2018.

Rodriguez-Labrada R, Velazquez-Perez L, Auburger G, Ziemann U,
Canales-Ochoa N, Medrano-Montero J, et al. Spinocerebellar ataxia type
2: Measures of saccade changes improve power for clinical trials. Mov
Disord. 2016;31(4):570-8.

Dozza M, Chiari L, Horak FB. Audio-biofeedback improves balance in
patients with bilateral vestibular loss. Arch Phys Med Rehabil.
2005;86(7):1401-3.

Mirelman A, Herman T, Nicolai S, Zijlstra A, Zijistra W, Becker C, et al.
Audio-biofeedback training for posture and balance in patients with
Parkinson's disease. J Neuroeng Rehabil. 2011;8:35.

Franco C, Fleury A, Gumery PY, Diot B, Demongeot J, Vuillerme N.
iBalance-ABF: a smartphone-based audio-biofeedback balance system.
IEEE Trans Biomed Eng. 2013;60(1):211-5.

Dozza M, Horak FB, Chiari L. Auditory biofeedback substitutes for loss of
sensory information in maintaining stance. Exp Brain Res.
2007;178(1):37-48.

Cakrt O, Vyhnalek M, Slaby K, Funda T, Vuillerme N, Kolar P, et al.
Balance rehabilitation therapy by tongue electrotactile biofeedback in

106



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

107

patients with degenerative cerebellar disease. NeuroRehabilitation.
2012;31(4):429-34.

van der Kooij H, Jacobs R, Koopman B, Grootenboer H. A multisensory
integration model of human stance control. Biological cybernetics.
1999;80(5):299-308.

Bhanpuri NH, Okamura AM, Bastian AJ. Predictive modeling by the
cerebellum improves proprioception. J Neurosci. 2013;33(36):14301-6.

Parrell B, Agnew Z, Nagarajan S, Houde J, Ivry RB. Impaired
Feedforward Control and Enhanced Feedback Control of Speech in
Patients with Cerebellar Degeneration. J Neurosci. 2017;37(38):9249-58.

Morton SM, Bastian AJ. Cerebellar contributions to locomotor
adaptations during splitbelt treadmill walking. J Neurosci.
2006;26(36):9107-16.

Bhanpuri NH, Okamura AM, Bastian AJ. Predicting and correcting ataxia
using a model of cerebellar function. Brain. 2014;137(Pt 7):1931-44.

Bunn LM, Marsden JF, Voyce DC, Giunti P, Day BL. Sensorimotor
processing for balance in spinocerebellar ataxia type 6. Mov Disord.
2015;30(9):1259-66.

Mizelle JC, Oparah A, Wheaton LA. Reliability of Visual and
Somatosensory Feedback in Skilled Movement: The Role of the
Cerebellum. Brain topography. 2015.

Pirini M, Mancini M, Farella E, Chiari L. EEG correlates of postural audio-
biofeedback. Hum Mov Sci. 2011;30(2):249-61.

Andersen RA, Snyder LH, Bradley DC, Xing J. Multimodal representation
of space in the posterior parietal cortex and its use in planning
movements. Annu Rev Neurosci. 1997;20:303-30.

Block H, Bastian A, Celnik P. Virtual lesion of angular gyrus disrupts the
relationship between visuoproprioceptive weighting and realignment.
Journal of cognitive neuroscience. 2013;25(4):636-48.

Sienko KH, Whitney SL, Carender WJ, Wall C. The role of sensory
augmentation for people with vestibular deficits: Real-time balance aid
and/or rehabilitation device? Journal of vestibular research : equilibrium
& orientation. 2017;27(1):63-76.

Leonardi L, Aceto MG, Marcotulli C, Arcuria G, Serrao M, Pierelli F, et al.
A wearable proprioceptive stabilizer for rehabilitation of limb and gait
ataxia in hereditary cerebellar ataxias: a pilot open-labeled study.
Neurological sciences : official journal of the Italian Neurological Society
and of the Italian Society of Clinical Neurophysiology. 2017;38(3):459-63.

Schirinzi T, Romano A, Favetta M, Sancesario A, Burattini R, Summa S,
et al. Non-invasive Focal Mechanical Vibrations Delivered by Wearable
Devices: An Open-Label Pilot Study in Childhood Ataxia. Front Neurol.
2018;9:849.



157. Horak FB, Dozza M, Peterka R, Chiari L, Wall C, 3rd. Vibrotactile
biofeedback improves tandem gait in patients with unilateral vestibular
loss. Annals of the New York Academy of Sciences. 2009;1164:279-81.

108



7 Statement on contributions

7.1 Publication 2.1.2

Zofia Fleszar contributed to the conceptualization, design and organization of
the study and to the recruitment of the study participants. She was solely
responsible for patient assessment, the acquisition and first processing of the
clinical and movement analysis raw data, and contributed to the statistical
analysis of the data. Furthermore, she critically revised the manuscript. Winfried
llg and Matthis Synofzik supervised the design and execution of the study and
provided the theoretical study concepts. Winfried llg performed the primary
statistical analysis of the data and wrote the first draft of the manuscript. Matthis
Synofzik led the recruitment of the subjects for study inclusion, contributed to
the acquisition and interpretation of the data, and wrote the first draft of the
manuscript together with Winfried Ilg. Cornelia Schatton helped with the
acquisition of the movement analysis data, whereas Holger Hengel contributed
to the acquisition of the clinical data. Florian Harmuth and Peter Bauer were
responsible for the genetic analysis of study participants at risk for SCA
mutations and reviewed the manuscript. Dagmar Timmann contributed patients
and reviewed both the data and the manuscript. Martin Giese contributed to the
organization of the study, reviewed the data and the manuscript. Ludger Schoéls
provided critical thoughts on the conceptualization of the study, interpretation of

the data and the manuscript.

7.2 Publication 2.2.2

Zofia Fleszar planned the design and organization of the study and contributed
to its underlying conceptual framework. Furthermore, she was solely
responsible for the assessment of the patients, and the acquisition and first
processing of the raw data. She contributed to patient recruitment, the statistical
analysis and interpretation of the data and wrote the first draft of the manuscript.
Both Matthis Synofzik and Winfried llg supervised the conceptualization and
organization of the study. Winfried llg performed advanced statistical analysis of
the data, while Matthis Synofzik provided critical thoughts on interpretation of
the data. Both Winfried llg and Matthis Synofzik drafted the final version of the

109



manuscript. Sabato Mellone and Carlo Tacconi designed, developed and
implemented the ABF application that was used in the study and contributed the
manuscript. Martin Giese, Ludger Schols and Clemens Becker provided input to

the interpretation of the data and revised the manuscript.

110



8 Acknowledgments

After a long, demanding, but no less exciting journey resulting in my
dissertation, | would like to thank those who carried me through it. My gratitude
extends particularly to my supervisors, Dr Winfried llg and Prof Dr Matthis
Synofzik. Without their help and organizational talent throughout my research
projects, | would not have made it to this point. Despite having different
scientific roots, their unifying enthusiasm for neuroscience enhanced stimulating
discussions on underlying concepts of my work and shaped by own fascination
for this field. | would also like to thank Prof Dr Ludger Schols and Prof Dr Martin
Giese for providing me with both critical thoughts and encouragement.
Receiving insights into their work allowed me to critically reflect on my own
studies and to widen my scientific horizon. Cornelia Schatton patiently helped
me to familiarize with the motion lab. In case of technical difficulties with the
motion analysis system, Bjorn Muller and Nicolas Ludolph never shied away
from helping, even if it meant making the long way to the lab. Dr Carlo Tacconi
and Dr Sabato Mellone kindly provided their custom-developed audio-
biofeedback application and technical support, thus, enabling our exciting ABF
experiments. Furthermore, | would like to thank Prof Dr Peter Bauer and Florian
Harmuth for the contributions in carrying out the genetic analyses. | thank the

IZKF Promotionskolleg Tubingen for the financial and advisory support.

Finally, my research would not have been possible without the patients and
individuals who were willing to participate in the studies. Undergoing movement
analysis requires time, effort and patience and | am deeply thankful to all my
participants who often had to make their own long journeys to Tubingen from

various parts of Germany.

Trying to make sense of the data during long hours in the motion lab and behind
the desk not only required scientific advice, but also emotional support. | thank
all my friends, flatmates and family members who patiently supported me in

various ways and deserve a happy end to this journey.

111



