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1. Affidavit
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MUNCHEN MIMIRS

Eidesstattliche Versicherung

von

Anna Huppert

Ich erklare hiermit an Eides statt, dass ich die vorliegende Dissertation mit dem Titel:

Evaluation klinischer und morphologischer Merkmale bei zerebellaren Syndromen mittels
MRT-Bildgebung und Mobilitdtsparametern

selbstandig verfasst, mich aulier der angegebenen keiner weiteren Hilfsmittel bedient und alle Er-
kenntnisse, die aus dem Schrifttum ganz oder annahernd ibernommen sind, als solche kenntlich
gemacht und nach ihrer Herkunft unter Bezeichnung der Fundstelle einzeln nachgewiesen habe.

Ich erklare des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder in ahnlicher Form
bei einer anderen Stelle zur Erlangung eines akademischen Grades eingereicht wurde.

Miinchen, den 10.07.2024

Anna Huppert
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2. Abkiirzungsverzeichnis

ABC-d
DBN
FES-I
FGA
MoCA
MRT
PET
SAOA
SARA
SCA
SF-12
SPECT
TUG
ZNS

Activities-specific Balance Confidence Scale
Downbeatnystagmus

Falls Efficacy Scale-International

Functional Gait Assessment Score

Montreal Cognitive Assessment
Magnetresonanztomographie
Positronenemissionstomographie

Sporadic adult-onset ataxia

Scale for the assessment and rating of ataxia
Spinozerebellare Ataxie

Short-Form Health Survey (SF-12)

Single Photon Emission Computed Tomography
Timed up and Go Test

Zentrales Nervensystem
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3. Publikationsliste

Die vorliegende kumulative Dissertation umfasst zwei bereits publizierte Arbeiten:

Conrad J.*, Huppert A.*, Ruehl R. M., Wuehr M., Schniepp R., Eulenburg P. (2023)
Disability in cerebellar ataxia syndromes is linked to cortical degeneration. J. Neu-
rol., 270: 5449-5460. https://doi.org/10.1007/s00415-023-11859-z

*geteilte Erstautorenschaft

Schniepp R., Huppert A., Decker J., Schenkel F., Dieterich M., Brandt T., Wuehr M.
(2023). Multimodal mobility assessment predicts fall frequency and severity in cer-
ebellar ataxia. The Cerebellum, 22: 85-95. https://doi.org/10.1007/s12311-021-01365-
1

Weitere bereits publizierte Arbeiten, an denen als Koautorin mitgewirkt wurde:

Wuehr M., Huppert A., Schenkel F., Decker J., Jahn K., Schniepp R. (2020). Independ-
ent domains of daily mobility in patients with neurological gait disorders. J. Neu-
rol., 267 (Suppl 1): S292-300.x https://doi.org/10.1007/s00415-020-09893-2

Schniepp R., Huppert A., Decker J., Schenkel F., Schlick C., n Rasoul A., Dieterich M.,
Brandt T., Jahn K., Wuehr M. (2021). Fall prediction in neurological gait disorders:
differential contributions from clinical, gait analysis, and daily-life mobility moni-
torin. J. Neurol., 268: 3421-3434. https://doi.org/10.1007/s00415-021-10504-x

Schnabel L., Wuehr M., Huppert A., Bardins S., Brandt T., Huppert D. (2022). Age-
dependent perturbation of the perceptual and postural vertical by visual roll vec-
tion and susceptibility to motion sickness in children. J. Neurol., 269: 5724-5730.
https://doi.org/10.1007/s00415-022-11017-x
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4. Beitrag zu den Veroffentlichungen

Grundlage der vorliegenden kumulativen Doktorarbeit sind zwei Publikationen, die sich
mit klinischen und morphologischen Merkmalen zerebelldrer Syndrome mittels MRT-
Bildgebung und Mobilitatsparametern beschaftigen.

4.1 Beitrag zur Publikation "Disability in cerebellar ataxia
syndromes is linked to cortical degeneration™

Die Arbeit ,Disability in cerebellar ataxia syndromes is linked to cortical degeneration®
wurde am 22. Juli 2023 online im “Journal of Neurology” verdffentlicht und liegt mittler-
weile auch in gedruckter Version vor. In der Studie wurden die syndrombezogenen, Kkli-
nisch relevanten Beeintrachtigungen von 30 Patienten mit Kleinhirndegeneration unter-
schiedlicher Atiologie - DBN, SCA, SAOA - charakterisiert und miteinander korreliert. Bei
allen Patienten sowie einer Kontrollgruppe von 29 gesunden, alters- und geschlechts-
gleichen Kontrollpersonen ohne neurologische Erkrankungen in der Anamnese wurde
eine hochauflésende, strukturelle MRT-Bildgebung auf einem 3-T-MRT-Scanner unter
Verwendung voxel- und oberflachenbasierter Morphometrie durchgefiihrt, um die struk-
turellen Veranderungen im Kleinhirn bei den drei verschiedenen Gruppen von Klein-
hirnerkrankungen untereinander sowie mit gesunden Kontrollprobanden vergleichen zu
kénnen. Anschlieliend wurden die objektivierten strukturellen Veranderungen im Zere-
bellum und Kortex mit den Ergebnissen aus den klinischen Untersuchungen und Mes-
sungen - standardisierte Anamnese inklusive Erhebung des Mobilitats- und Sturzstatus,
Komorbiditaten, subjektives Stabilitdtsempfinden mittels FES-I, basale kognitive Leis-
tungsfahigkeit mittels MoCA, Bewertung des Schweregrades der Ataxiesymptomatik mit-
tels SARA-Score, Gangleistung, neurologischer und somatischer Status und Neuroor-
thoptik - korreliert, um mittels dieser Methoden Zusammenhange zwischen morphologi-
schen Befunden in der Bildgebung und der funktionellen Beeintrachtigung der Patienten
herstellen zu kénnen.

Die Zusammenarbeit zwischen der Doktorandin Frau Anna Huppert und Herrn Dr. med.
Julian Conrad entstand durch das gemeinsame Forschungsgebiet der Untersuchung
von Bildgebungsdaten und klinischer Evaluation bei Patienten mit Kleinhirnerkrankun-
gen. Beide Autoren leisteten einen gleichwertigen Beitrag zu der Arbeit ,,Disability in ce-
rebellar ataxia syndromes is linked to cortical degeneration®. Die Doktorandin fuhrte
selbststandig die Patientenrekrutierung im Deutschen Schwindel- und Gleichgewichts-
zentrum sowie die gesamte klinische und MRT-Datenerhebung durch und wertete die
klinischen Ergebnisse vollstandig statistisch aus. Herr Dr. med. Julian Conrad fiihrte die
statistische Analyse der Daten aus der strukturellen Bildgebung durch. Die Interpretation
der Ergebnisse erfolgte zum Uberwiegenden Teil durch die Doktorandin. Das Manuskript
wurde in Zusammenarbeit mit Herrn Dr. med. Julian Conrad erstellt, wobei Frau Anna
Huppert den Bereich Einleitung, Methoden und Diskussion und Herr Dr. med. Julian
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Conrad Ergebnisse und Diskussion verfasste. SchlieRlich folgte eine gemeinsame Uber-
arbeitung und Zusammenfuhrung nach Rucksprache mit dem Betreuer sowie den Ko-
Autoren bis zur finalen Version. Aus diesem Grund handelt es sich bei dieser Veroffent-
lichung um eine geteilte Erstautorenschaft.

4.2 Beitrag zur Publikation "Multimodal mobility assessment
predicts fall frequency and severity in cerebellar ataxia"

Die Arbeit ,Multimodal mobility assessment predicts fall frequency and severity in cere-
bellar ataxia“ wurde am 4. Februar 2022 im Journal , The Cerebellum® online und im Jahr
2023 gedruckt veroffentlicht. Schniepp et al. untersuchten Auftreten, Schweregrad und
Folgen von Stlirzen bei 93 Patienten mit erblichen, sporadischen und sekundaren For-
men zerebellarer Ataxien in einem prospektiven Zeitraum von 6 Monaten. Mithilfe mul-
tivariater logistischer Regressionsanalysen wurde evaluiert, inwiefern eine multimodale
klinische und funktionelle Beurteilung sowie Mobilitdtsmessungen, die sowohl als Gan-
ganalyse im Labor als auch mittels Inertialsensoren im Alltag durchgefuhrt wurden, den
Sturzstatus, die Sturzhaufigkeit und den Schweregrad von Stlirzen im Lebensumfeld der
Patienten vorhersagen kénnen.

Die Doktorandin Frau Anna Huppert flhrte einen grof3en Teil der Datenerhebung sowie
statistischen Auswertung selbststandig durch. Anschlieend folgten die Interpretation
der erhobenen Daten und die kritische Auseinandersetzung mit dem Entwurf und dem
Manuskript im Austausch mit dem Erstautor und den weiteren Ko-Autoren.
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5. Einleitung

5.1 Zerebellare Ataxiesyndrome

5.1.1 Klinische Einfuhrung

Ohne die dem griechischen Wort &tagia urspriinglich zugrundeliegende konkret mora-
lisch-militérische Bedeutungskomponente von Zuchtlosigkeit und Insubordination wird in
der allgemeinen Begrifflichkeit von Ataxie als einer Unordnung der neurologische Be-
deutungsinhalt unmittelbar erkennbar (Klockgether 2010). Bezogen auf die komplexen
koordinativen zerebellaren Funktionen, also die Sicherstellung geordneter Bewegungs-
ablaufe, meint Ataxie durch Lasionen in fir jene Funktionen essentiellen neuronalen
Strukturen verursachte Beeintrachtigungen von Statik und Motorik. Klinisch wird mit die-
sem Begriff Ubergeordnet eine Gruppe von Bewegungsstérungen bezeichnet, die neben
dem haufigen zerebellaren Ursprung beispielsweise auch durch spinale und primar fron-
tale Lasionen bedingt sein kénnen (Berlit 2020).

Die bekannten klinischen Symptome der Ataxie sind Gangstérungen, Standunsicherheit,
dyskoordinative Bewegungen der Gliedmafen, Dysmetrie, Dysdiadochokinese, Dys-
arthrophonie, Dysphagie und okulomotorische Symptome wie sakkadierte Blickfolge und
pathologische Nystagmusformen wie Blickrichtungs- oder Downbeatnystagmus, wobei
die motorisch- muskularen Parameter der ausfihrenden Muskelgruppen wie Trophik,
Kraft und Tonus unauffallig erhalten sind. Die symptomatologischen Facetten ergeben
sich aus der jeweiligen Lokalisation des pathologisch veranderten neuronalen morpho-
logischen Substrats (Berlit 2020; Jacobi und Minnerop 2021).

Neben den zentralen Stérungen der Koordination kdnnen auf der Grundlage eines sehr
breiten Spektrums ataktischer Syndrome im Verlauf weitere, tUber die Kernsymptomatik
der Ataxie hinausgehende nicht-zerebellare Symptome hinzukommen. Dazu gehoéren
kognitive Defizite bis hin zu demenziellen Syndromen, Uberdies Hirnnervensymptome,
Polyneuropathien, extrapyramidale und pyramidale Zeichen wie Spastizitat, Tremor, Ri-
gor und Dystonie, die auf neurodegenerative Prozesse multipler Hirnregionen aufderhalb
des Cerebellums, wie Cortex, Hirnstamm und Rickenmark, sowie auf Lasionen korti-
kospinaler Projektionen zurtickzuflhren sind (Berlit 2020; Jacobi und Minnerop 2021).

5.1.2 Nosologie und Klassifikation

Zerebellare Ataxien sind eine sehr heterogene Gruppe, die sowohl Erkrankungen gene-
tischen Ursprungs als auch non-hereditédre Formen einschlie3t. Nach aktuellen atiologie-
basierten Klassifikationen lassen sich Ataxien in drei grofde Gruppen unterteilen: durch
exogene oder endogene Faktoren erworbene, sekundare Ataxien ohne genetische Ur-
sachen, hereditare Ataxien und nicht hereditare, degenerative Ataxien (Klockgether
2010).
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Bei den erblichen Formen der Ataxien wird ein autosomal-dominanter Erbgang von ei-
nem autosomal-rezessiven unterschieden. Die spinozerebellaren Ataxieformen werden
ebenso autosomal-dominant vererbt wie die episodischen Ataxien. In die Gruppe der
autosomal-rezessiv vererbten Ataxieformen gehoéren unter anderem die Friedreich-Ata-
xie, die Ataxia teleangiectatica und weitere seltene Ataxieformen wie die Refsum-Krank-
heit und die Abetaliproteindmie. Daneben gibt es eine X-chromosomal vererbte Form
beim Fragilen X-Tremor-Ataxie-Syndrom (Diener et al. 2018).

Nosologisch werden die hereditaren Formen der Ataxien in der Internationalen Klassifi-
kation von Krankheiten der Weltgesundheitsorganisation unter die ,Vorwiegend das
Zentralnervensystem betreffende Systematrophien® subsumiert, wahrend die nicht erbli-
chen Formen in ,Symptomatische Ataxien“ bei den jeweiligen Grunderkrankungen wie
beispielsweise alkoholische oder durch andere neurotoxische Substanzen verursachte
Kleinhirndegenerationen, paraneoplastische Syndrome, durch Malnutrition oder -ab-
sorption ausgeldste Vitaminmangelsyndrome, Wernicke-Enzephalopathie (Vitamin B1),
funikulare Myelose und Enzephalopathie (Vitamin B12), Zdliakie (Vitamin E) eingeordnet
werden. Die gleiche klassifikatorische Kategorie gilt fur ataktische Syndrome im Rahmen
oder als Folge von ZNS-Infektionen, beispielsweise durch Varizellen, Epstein-Barr-Virus,
Treponema pallidum verursacht oder auch die Creuzfeldt-Jakob-Erkrankung (ICD-10-
GM-2023: ICD-10-GM - icd-code.de 2023).

Eine weitere nicht erbliche Ataxieform ist die als sporadische Ataxie des Erwachsenen-
alters (SAOA) bezeichnete Manifestation, bei der weder eine klare genetische Charak-
terisierung moglich ist noch sekundare atiologierelevante Faktoren gefunden werden
kénnen. Sie wird als Ausdruck degenerativer zerebellarer Prozesse gesehen. Ebenfalls
als degenerative Ataxieform wird der zerebellare Typ der Multisystematrophie eingeord-
net, bei der neben der zerebellaren Ataxie auch weitere Symptome wie Parkinson-Zei-
chen, Pyramidenbahnzeichen und autonome Funktionsstérungen auftreten kébnnen (Die-
ner et al. 2018).

Gleichfalls Ausdruck eines zerebellaren degenerativen Prozesses, der haufig mit einer
Ataxiesymptomatik einhergeht, ist das DBN-Syndrom, der haufigste erworbene Fixa-
tionsnystagmus und in seiner syndromalen Ausgestaltung eine Kombination aus visuel-
ler und vestibulo-zerebellarer Ataxie, die sich in einer Fallneigung nach hinten, Vorbei-
zeigen nach oben bei Zielbewegungen und Stérung der vertikalen Blickfolge manifes-
tiert. Das klinische Syndrom des DBN wird Uberdies bei vaskular-zerebellaren Lasionen,
vestibularer Migrane, Intoxikationen, multipler Sklerose, Vitamin-B12 Mangel und auch
den hereditaren Ataxieformen beobachtet (Strupp et al. 2022).

5.1.3 Epidemiologie

Epidemiologische Daten Uber die Gesamtgruppe der Ataxien gibt es nachvollziehbar
aufgrund des breiten atiologischen Spektrums von erblichen, nicht erblichen und erwor-
benen Ataxien nicht.
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Auf der Grundlage weltweiter Erhebungen wurde die globale Pravalenz spinozerebella-
rer Ataxien zwischen 1-6/100 000 veranschlagt (Brooker et al. 2021). Generell ist von
einer hohen Pravalenzvarianz auszugehen (Ruano et al. 2014). Weitere Studien zur
Haufigkeit der autosomal-dominant vererbten zerebellaren Ataxien fanden eine Pra-
valenz von 2,7/100 000 und bei der autosomal-rezessiv vererbten Form von 3,3/100 000
(Salman 2018). Die Heterogenitat im Hinblick auf die Pravalenz spinozerebellarer Ata-
xien und die regionale Verteilung der Subtypen wurde in einer Literaturtbersicht tber
die Jahre 1995-2017 wiederum bestatigt (Mattei et al. 2023). Zur Epidemiologie der
SAOA wurden in Ubereinstimmung mit klinischen Erfahrungen in regionalen européi-
schen Untersuchungen Pravalenzwerte von 6,9-8,4/100 000, also deutlich héher als bei
den hereditaren Formen, berichtet (Klockgether 2012).

Die statistische Dignitat der Pravalenzdaten sieht sich einer Reihe von Einschrankungen
gegenulber. Trotz relevanter diagnostischer Fortschritte bei der genetischen Charakteri-
sierung, die die diagnostischen Unsicherheiten vor dem Hintergrund der groRen klini-
schen Varianz dieser Erkrankungsformen erheblich reduzierte, ist die hereditare Unter-
gruppe von Ataxien insgesamt eine relativ seltene Erkrankung. Unsicherheiten in der
Abgrenzung gegenuber ataktischen Syndromen sekundarer Genese bestehen jedoch
weiterhin. Die Erkrankungsgruppe zeigt genetisch eine erhebliche Heterogenitat. Die ge-
netische Verifizierung klinisch als typisch erscheinender Stérungsbilder erfolgt in epide-
miologischen Studien mitunter nicht oder ist nicht nachvollziehbar. Darlber hinaus ist
die Varianz des Symptombildes, des Verlaufs, sowie der individuellen Krankheits-
schwere grof3. Diese Konstellation hat zu einer kritischen und relativierenden Bewertung
epidemiologischer Daten fiir erbliche und sporadische Ataxien generell gefiihrt (Ruano
et al. 2014; Brooker et al. 2021).

Dazu kommen in den Studien uneinheitlich definierte Ein- beziehungsweise Ausschluss-
kriterien, abweichende Rekrutierungsstrategien der Studienteilnehmer wie Feldstudien,
klinische Patientenpopulation und Inanspruchnahmepopulation genetischer Abteilun-
gen. DarUber hinaus spielen eine Reihe von unter anderem demographischen Variablen
bei der Studiendurchfiihrung und Teilnehmerauswahl eine Rolle. Hier sind geographi-
sche Situierung, Ethnie, Verwandtschaftsgrad, angeborene Risikofaktoren, Alter bei Er-
krankungsbeginn, sowie Krankheitsdauer und Schwere mit Auswirkungen auf die Gene-
rativitdt und generell Erreichen des fortpflanzungsfahigen Alters zu nennen (Salman
2018). Dass die Pravalenz im Allgemeinen mit dem Alter zuzunehmen scheint, kénnte
auf blande Verlaufsformen wie auch einen spateren Erkrankungsbeginn mit milderen
Verlaufen hinweisen. Auch dieses wird als Hintergrund der weltweit gefundenen hohen
Varianz der genetischen Subtypen und klinischen Erscheinungsformen diskutiert (Erich-
sen et al. 2009).
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5.1.4 Diagnostik

5.1.4.1 Klinik

Typische Erscheinungsbilder ataktischer Syndrome stellen die rein klinische Einordnung
in der Regel nicht vor Probleme. Wie bei vielen Erkrankungen ist die klinische Sympto-
matik flr sich genommen oft ebenso heterogen wie ihre Auswirkungen auf unterschied-
liche Funktionalitdtsbereiche der Betroffenen. Bei Patienten mit unterschiedlichen For-
men zerebellarer Ataxien sind Gangstérungen eine haufige und beeintrachtigende Kom-
plikation und wirken sich erheblich auf die Fahigkeiten der Patienten zur unabhangigen
Lebensflhrung und die Lebensqualitat aus (Buckley et al. 2018). Wesentliche Folge ei-
nes eingeschrankten Gehvermdgens bei zerebellarer Ataxie ist ein erhéhtes Risiko flr
Stirze, welche haufig mit sekundaren Komorbiditaten und dem Verlust der funktionellen
Unabhangigkeit verbunden sind (Schniepp et al. 2016; Schlick et al. 2017). Insofern ist
es naheliegend, die Diagnostik tber die phdnomenologische, klinisch-qualitative Defini-
tion hinaus zu erweitern. Im Fokus sollten dabei also innerhalb der betroffenen Patien-
tengruppe mdgliche risikoerhéhende Faktoren der Gangstérung wie atiologische Zuord-
nung, objektivierte Charakterisierung des individuellen Mobilitadtsvermégens sowie Iden-
tifikation weiterer pradiktiver Variablen, die das Sturzrisiko bedingen, stehen (Aizawa et
al. 2013; Silva et al. 2019). Dass einer auf diese Weise ermittelten Risikogruppe im Hin-
blick auf interventionelle und praventive MalRnahmen zur Verhinderung von Stlirzen und
sturzbedingten Verletzungen besonderes klinisches und therapeutisches Augenmerk zu
widmen ware, erscheint folgerichtig (Fonteyn et al. 2010).

Im Einzelnen umfasst die klinische Diagnostik neben einer unabdingbaren Erhebung der
Medikamentenanamnese eine standardisierte somatisch-neurologische Untersuchung,
in die eine Erhebung der Gehfahigkeit und der funktionellen Mobilitat beispielsweise mit-
tels TUG und FGA eingehen (Podsiadlo und Richardson 1991; Thieme et al. 2009). Be-
sonderes Augenmerk gilt einer differenzierten Anamnese vorausgegangener Sturzereig-
nisse nach Frequenz und Schwere, mithilfe standardisierter Untersuchungsinstrumente
wie der Hopkins-Falls-Grading-Scale (Davalos-Bichara et al. 2013). Weitere anamnesti-
sche Informationen kénnen durch Patientenbefragungen zum subjektiven Stabilitats-
empfinden mittels FES-I und ABC-d gewonnen werden (Greenberg 2012; Powell und
Myers 1995). Kognitive Parameter kdnnen beispielsweise mit dem MoCA-Test, sowie
Parameter zur Lebensqualitat mit dem SF-12 erfasst werden (Fisher und Li 2004; Nas-
reddine et al. 2005). Der SARA-Score beurteilt den Schweregrad der Ataxiesymptome
(Schmitz-Hiubsch et al. 2006). Ein objektivierendes Verfahren der Gehfahigkeit ist die
Ganganalyse im Labor, bei der verschiedene raumlich-zeitliche Gangparameter quanti-
fiziert werden. Um Mobilitatsbeeintrachtigungen im Alltag zu evaluieren, wurden Mess-
techniken entwickelt, mithilfe derer Mobilitatsparameter wie Bewegungsintensitat, Bewe-
gungsumfang und Gehverhalten exemplarisch aufgezeichnet und ausgewertet werden
kénnen (Lord et al. 2011).
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Da insbesondere spinozerebellare Ataxien progrediente Erkrankungen sind, ist die lang-
streckige arztlich-medizinische Verlaufsbegleitung von besonderer Bedeutung, um prog-
nostische Aussagen Uber Progredienz und etwaige Auswirkungen auf die Lebenserwar-
tung treffen zu kénnen (Jacobi et al. 2023). Im Rahmen grof3er Kohortenstudien (z.B.
EuroSCA) wurden mittels inzwischen gut validierter, reliabler und weit verbreiteter Un-
tersuchungsinstrumente wie dem SARA-Score fir unterschiedliche Subtypen variie-
rende Verlaufsformen gefunden (Jacobi et al. 2022). Uberdies zeigten global durchge-
fuhrte epidemiologische Studien abweichende Progredienzgeschwindigkeiten sowohl
bei den einzelnen Subtypen als auch in der geographischen Verteilung (Klockgether
2012). Vor diesem Hintergrund ist nicht nur die Initialdiagnostik bedeutsam, sondemn
gleichfalls eine intermittierende Bewertung der Krankheitsschwere, um am Krankheits-
verlauf orientierte adaquate therapeutische Mallnahmen implementieren zu kénnen.

5.1.4.2 Genetik

Waren Diagnostik und nosologische Klassifikation zerebellarer Ataxien aufgrund hetero-
gener klinischer Erscheinungsbilder und der relativen Seltenheit der Erkrankung nicht
zuletzt im Hinblick auf die Durchflihrung von epidemiologischen und Verlaufs- Studien
wenig valide und reliabel, wurden sie mit der genetischen Differenzierung der heredita-
ren Ataxien auf eine neue Grundlage gestellt (Ruano et al. 2014; Harding 1983). Unter-
schied Harding urspriinglich noch 3 Formen spinozerebellarer Ataxien wurden mit den
in den letzten Jahrzehnten entwickelten Methoden genetischer Sequenzierung bei einer
hohen Forschungsdynamik weiterer Typisierungen inzwischen 48 Subtypen spinozere-
bellarer Ataxien charakterisiert und nach der Reihenfolge ihrer Identifikation der zu-
grunde liegenden Mutation durchnummeriert (Brooker et al. 2021; Scott et al. 2020). Bei
einem vielfaltigen Mutationsspektrum Gber die Gesamtheit spinozerebellarer Ataxien ge-
netischer Atiologie ist als die haufigste Ursache eine Ausdehnung der CAG-Trinukleotid-
Wiederholungen gefunden worden, die einen Polyglutaminabschnitt in Proteinen kodie-
ren. Diese Formen, als SCA 1,2,3,6,7,17 bezeichnet, machen mehr als die Halfte der
bekannten spinozerebellaren Ataxien aus und sind genetisch am besten charakterisiert
(Brooker et al. 2021). Generell konnen die genetisch verursachten SCA-Formen in zwei
grolde Subgruppen eingeteilt werden: Mutationen, die mit Ausdehnung der genannten
Trinukleotid-Wiederholungen einhergehen und solche ohne diese Charakteristik (Klock-
gether et al. 2019).

Die Diagnose einer spinozerebellaren Ataxie ist dann zu stellen, wenn ein charakteristi-
sches klinisches Symptombild auftritt, eine positive Familienanamnese eruiert, eine an-
dere Atiologie ausgeschlossen werden kann und ein SCA-Genotyp gefunden wird
(Klockgether et al. 2019). Erganzende diagnostische Mal3nhahmen wie Bildgebung, Mes-
sung der Nervenleitgeschwindigkeiten und kognitive Leistungsdiagnostik konnen einer-
seits Begleitsymptome ermitteln, andererseits erworbene oder andere sekundare Ata-
xieformen identifizieren.
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5.1.4.3 Bildgebung

Paraklinische Befunde wie die Bildgebung sind unter Umstanden nicht nur fir die diag-
nostische Zuordnung klinischer Syndrome bedeutsam, sondern ermdglichen auch, ein
nicht auf einen ausschlief3lich zerebellaren Ursprung zurickzufiihrendes Symptombild
diagnostisch abzusichern und einer zerebralen Lokalisation zuzuordnen. Neuroanatomi-
sche Untersuchungen haben in Modellen von Haltungs- und Bewegungskontrolle sowie
der Initiation willkurlicher Bewegungen die systemische Organisation mittels Netzwerken
auf sensorischer, muskularer, spinaler, im Hirnstamm lokalisierter nuklearer sowie sup-
raspinaler Ebene formuliert (MacKinnon 2018). Im Einzelnen wurden durch Tracer- und
Bildgebungsstudien eine Vielzahl motorischer Projektionen zwischen Zerebellum-Tha-
lamus-motorischem Kortex, sowie vom Zerebellum zu prafrontalen, zingularen, parieta-
len, temporalen und okzipitalen Kortexregionen beschrieben (Pisano et al. 2021; Xue et
al. 2021). Diese neuronale Vernetzung ist als Hintergrund mitunter zu beobachtender
neuropsychologischer Symptome bei Ataxiesyndromen anzunehmen (Klinke et al. 2010;
van Overwalle et al. 2019).

Mit bildgebenden Verfahren wie der funktionellen Magnetresonanztomographie wurde
es auch mdglich, im Tiermodell gefundene Loci und Mechanismen supraspinaler Bewe-
gungskontrolle in Hirnstamm und Kleinhirn am Menschen nachzuvollziehen (Jahn et al.
2008). Die Identifizierung von Aktivierungs- und Deaktivierungsmustern in definierten
Hirnstrukturen bei imaginierten motorischen Funktionen von Probanden flihrte zu Mo-
dellen einer hierarchischen Organisation zerebraler Strukturen von Stand und Gang, wo-
bei der Einfluss zerebellarer motorischer Zentren mit dem Automatisierungsgrad von Be-
wegungen (Laufen, Gehen, Stehen) korrelierte (Jahn et al. 2004). Mittels der Anwendung
an gesunden Probanden evaluierter funktioneller Bildgebung bei Patienten mit Ataxie
konnten nicht nur Ataxieformen unterschiedlicher Atiologie morphologisch genauer cha-
rakterisiert werden, sondern auch der Schweregrad eines ataktischen Syndroms mit ei-
nem morphologischen Substrat korreliert werden (D'Agata et al. 2011; Hernandez-Cas-
tillo et al. 2016; Dohlinger et al. 2008). Auf diese Weise konnte das pathophysiologische
Verstandnis klinischer Symptome wie Gangstérungen vertieft werden. Defiziten wie kog-
nitiven Stérungen, die auch bei Berlicksichtigung zerebellarer Funktionalitat in multiplen
neuronalen Netzwerken auf Uiber ausschlieBlich zerebellare Lokalisation hinausgehende
Lasionen hinwiesen, konnte bei genetisch definierten spinozerebellaren Ataxieformen
wie der SCA 7 ein morphologisches, hier kortikales Korrelat zugeordnet werden (Her-
nandez-Castillo et al. 2016; Schmahmann 2019).

Das Auftreten von Gangstérungen ist diagnostisch haufig als Beginn der klinisch rele-
vanten Ataxiesymptomatik anzusehen, auch wenn Koordinationstests bei Risikoperso-
nen fir die Erkrankung wie Verwandte 1. Grades von SCA 1,2,3,6-Mutationstragern
ohne noch manifeste klinische Ataxiesymptome bereits schlechter ausfallen als bei
Nicht-Mutationstragern. Desgleichen wurden auch andere neurologische Symptome wie
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Blickrichtungsnystagmus, Muskelkrampfe und sensible Defizite bei dieser Personen-
gruppe haufiger gefunden (Jacobi et al. 2013). Magnetresonanztomographiestudien an
Risikopatienten wiesen vorauslaufenden Substanzverlust in Kleinhirn und Hirnstamm
nach, der progredient mit zeitlicher Anndherung an die explizite klinische Manifestation
der Ataxie zunimmt (Jacobi et al. 2013).

Daneben zeigen auch die genetisch differenzierten Subtypen spinozerebellarer Ataxien
abweichende Pradilektionsregionen des Substanzverlusts. So wurden Volumenverluste
im Zerebellum und Hirnstamm bei SCA 1,2,3,6,17 gefunden, Volumenverluste der wei-
Ren und grauen Substanz in Kleinhirn und Hirnstamm bei SCA 1,2,3; bei SCA 3 und 6
in Ruckenmark, Basalganglien und Vermis des Kleinhirns, in SCA 6 und 17 hingegen im
Caudatum (Brooker et al. 2021). Mittels funktioneller Bildgebungstechniken wie PET und
SPECT und Metabolisierungsstudien konnten weitere Biomarker fur einige der spinoze-
rebellaren Ataxieformen identifiziert werden (Brooker et al. 2021). Da die differenzialdi-
agnostische Zuordnung der SCA-Unterformen primar mittels genetischer Diagnostik er-
folgt, haben Biomarker derzeit vor allem ihren Stellenwert in der Verlaufspradiktion, d.h.
insbesondere flr die Konversion von einem asymptomatischen Stadium in manifeste
klinische Symptomatologie, sowie bei der Beurteilung einer etwaigen symptomatologi-
schen Progression (Brooker et al. 2021).

5.2 Hinfuhrung zu der den Publikationen zugrundeliegenden
Fragestellung

Zerebellare degenerative Erkrankungen sind im quantitativen Vergleich zu denen des
Cortex, beispielsweise des gesamten Komplexes dementieller Syndrome, erheblich sel-
tener. Da kausale Therapien flr samtliche Erscheinungsbilder und Subtypen nicht zur
Verfligung stehen, sind differentielle Diagnostik und Klassifikation bei der Variabilitat von
Klinik und Verlauf im Hinblick auf das erforderliche multimodale Vorgehen bei schwer-
punktmafig auf supportive und symptomatische Interventionen beschrankte Therapie-
optionen besonders bedeutsam (llg et al. 2014; Klockgether et al. 2019). Eine moglichst
frihzeitig gestellte Diagnose gerade vor Eintritt irreversibler degenerativer Prozesse bei
klinisch manifester Ataxie kann sich auf die Wirksamkeit der verfigbaren Therapiean-
satze positiv auswirken (Salman 2018).

Neben der molekulargenetischen Diagnostik zur Abgrenzung hereditarer von sporadi-
schen Ataxieformen ist die zerebrale Bildgebung ein weiterer wichtiger diagnostischer
Baustein. Mit Hilfe dieser apparativen Methode kénnen sowohl Schwerpunkte strukturel-
ler Veranderungen im Zerebellum identifiziert als auch extrazerebellare, namentlich kor-
tikale degenerative Prozesse, lokalisiert werden, auf die Uber die zerebellare Sympto-
matik hinausgehende Symptome bei den verschiedenen Ataxieformen wie kognitive Ein-
schrankungen oder pyramidale und extrapyramidale Zeichen zurlckfihrbar sind. Insbe-
sondere dem Zusammenhang klinischer Messungen der funktionellen und kognitiven
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Beeintrachtigungen bei chronischer Kleinhirndegeneration mit strukturellen Veranderun-
gen des gesamten Gehirns wird in der Publikation ,Disability in cerebellar ataxia syn-
drome is linked to cortical degeneration nachgegangen. Eine derartige Fragestellung
wurde bisher zwar fur einzelne genetisch definierte Ataxieformen evaluiert. Ziel unseres
Forschungsvorhabens war es, diese Fragestellung bei weiteren zerebellaren degenera-
tiven Prozessen wie DBN-Syndrom, SAOA neben SCA zu untersuchen. Vor dem Hin-
tergrund die rein zerebelldare Lokalisation Uberschreitender Symptommanifestationen
wurde der Frage nachgegangen, inwieweit weitere zerebrale Regionen, insbesondere
kortikale, in die Verursachung des klinischen Symptombildes involviert sind.

Dass komplexe Stérungen wie Ataxien nicht nur in der klinischen Evaluation messbare
Auffalligkeiten aufweisen, sondern auch in ubiquitdren Alltagssituationen, die Mobilitat
erfordern, ist naheliegend. Den Einfluss auf Lebensqualitdt und Einschrankungen bei
Alltagsverrichtungen zu objektivieren und vor dem Hintergrund der limitierten therapeu-
tischen Moglichkeiten Risikopatienten und -konstellationen zu identifizieren, ist fur Ak-
zentsetzungen in der Betreuung, unter Umstanden auch bei praventiven Rahmeninter-
ventionen, essentiell. Vor diesem Hintergrund sind Stirze flr Personen mit Mobilitats-
einschrankungen ein generell gefahrliches und mit einem hohen Verletzungsrisiko be-
haftetes Geschehen. Daher ist eine pradiktive Charakterisierung von Patienten, die auf-
grund ihrer Symptomkonstellation einem besonders hohen Mall an Risiko zu stlrzen
ausgesetzt sind, bedeutsam. Mittels einer multimodalen Mobilitatsbewertung, in die
Sturzstatus, sowie Haufigkeit und Schweregrad des jeweiligen Sturzgeschehens einge-
hen, war es das Ziel der Arbeit ,Multimodal mobility assessment predicts fall frequency
and severity in cerebellar ataxia“, ein Evaluationsinstrument zu entwickeln, mit dem mit-
tels klinischer Bewertung und instrumentengestutzter Mobilitatsmessungen eine Risi-
koprognose und die Implementierung entsprechender Praventionskautelen erméglicht
werden.
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6. Zusammenfassung

Im Rahmen des Promotionsvorhabens wurden klinische und morphologische Merkmale
bei zerebellaren Syndromen mittels MRT-Bildgebung und Mobilitatsparametern unter-
sucht.

In der in Erstautorenschaft verfassten Arbeit ,Disability in cerebellar ataxia syndromes is
linked to cortical degeneration® wurde die Fragestellung aufgegriffen, inwieweit sich
Symptomatologie und strukturelle Veranderungen des gesamten Zerebrums bei Patien-
ten mit chronischer Kleinhirndegeneration aufeinander beziehen lassen. In die Studie
eingeschlossen wurden 30 Patienten mit Kleinhirndegeneration, die aus drei atiologisch
unterschiedlichen Syndromgruppen rekrutiert wurden: Spinozerebellare Ataxien mit den
Subtypen SCA2, SCA3, SCA6 und SCA28 (n=9), Sporadische Ataxien im Erwachse-
nenalter (n=7), sowie Patienten mit einem DBN-Syndrom (n=14). Ziel der Studie war es
zu klaren, inwieweit regional differentielle Volumendefizite bei den genannten drei Pati-
entengruppen mittels voxelbasierter und oberflachenbasierter Morphometrie zu identifi-
zieren sind und wie diese mit funktionellen Beeintrachtigungen im motorischen und ves-
tibuldaren System in Zusammenhang stehen. Damit verbunden war die Frage, wie sich
eine Kleinhirndegeneration Uber Netzwerkveranderungen auf kortikale Strukturen aus-
wirken kann.

Die im Rahmen der Studie untersuchten Patienten und alters- und geschlechtsgleichen
Kontrollprobanden wurden in der Ambulanz des Deutschen Schwindel- und Gleichge-
wichtszentrums der LMU Minchen rekrutiert und klinisch sowie mittels MRT-Bildgebung
untersucht.

Die Evaluation des klinischen Status umfasste eine ausfuhrliche krankheitsbezogene
Anamnese, die Erhebung etwaiger Komorbiditaten, den retrospektiv ermittelten Sturz-
status, Informationen Uber die subjektiv bewertete Stabilitat und Mobilitat im Alltag (FES-
1), eine orientierende Objektivierung der kognitiven Leistungsfahigkeit (MoCA), sowie
eine Einschatzung des Schweregrades der Ataxiesymptome mit Hilfe des SARA-Scores.
Darlber hinaus wurden zur Validierung der in der Selbstbeurteilung gemachten Anga-
ben zur Mobilitat im Labor eine quantitative Messung verschiedener Gangparameter und
standardisierte neuro-orthoptische Untersuchungen durchgefiihrt.

Des Weiteren erhielten alle Patienten und Kontrollprobanden eine hochauflésende struk-
turelle MRT-Bildgebung. Mittels der voxelbasierten Morphometrie konnten graue und
weille Substanz einer volumetrischen Analyse unterzogen werden. Mithilfe oberflachen-
basierter Analysen konnte zwischen kortikaler Atrophie und Veranderungen der kortika-
len Oberflache, die auf tiefer liegende degenerative Prozesse der weilden Substanz zu-
rickfUhrbar waren, differenziert werden.

Zur klinischen Charakterisierung wurden verschiedene Variablen wie Krankheitsdauer,
SARA-Score, FES-I, MoCA und individuelle Ganggeschwindigkeit miteinander korreliert.
Konvergierend mit klinischer Plausibilitdt ergaben sich negative Korrelationen zwischen
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SARA- und MoCA-Score, sowie der individuellen Gehgeschwindigkeit und der FES-,
Uberdies eine positive Korrelation zwischen MoCA-Score und bevorzugter Gangge-
schwindigkeit.

Mittels struktureller MRT-Bildgebung konnte eine Volumenreduktion der grauen Sub-
stanz im Kleinhirn bei SCA und SAOA gegenlber gesunden Kontrollen nachgewiesen
werden. Die regionale Reduktion zeigte zwischen den Erkrankungsgruppen SCA, SAOA
und DBN-Syndrom abweichende Lokalisationsschwerpunkte. Im Hinblick auf den SARA-
Score als wesentlichster Parameter fur den Schweregrad der Ataxie ergab sich eine ne-
gative Korrelation mit Substanzreduktionen im Kleinhirn, den Basalganglien, sowie dem
prafrontalen und pramotorischen Kortex, desgleichen zu Clustern in der weilden Sub-
stanz von Kleinhirn, Hirnstamm und kortikospinalem Trakt. Auch fir die anderen Klini-
schen Parameter lief3en sich Assoziationen volumetrischer Reduktion mit dem Auspra-
gungsgrad der Stérung nachweisen.

Der Volumenverlust bei Patienten mit SCA und SAOA war vor allem in den Kleinhirnhe-
mispharen lokalisiert, weniger im Vermis. DarUber hinaus lief3en sich auch extrazere-
bellare Atrophiemuster bei SCA und SAOA nachweisen, die neben dem Gesamtschwe-
regrad der Ataxie ebenfalls fur funktionelle Fertigkeiten wie Ganggeschwindigkeit, Kog-
nition und Vertikalitatswahrnehmung bedeutsam sind. Auch fiir Patienten mit DBN-Syn-
drom lieRen sich Pradilektionslokalisationen von Volumenverlusten in Flocculus, Nodu-
lus und Uvula nachweisen ohne Beteiligung weiterer Kleinhirnregionen oder extrazere-
bellarer Strukturen. Das klinisch bedeutsamste Beeintrachtigungsereignis ,Sturz® war
mit dem Ausmal} der Volumenreduktion im Hirnstamm korreliert.

In der in Koautorenschaft verfassten Publikation ,Multimodal mobility assessment pre-
dicts fall frequency and severity in cerebellar ataxia“ wurde die pradiktive Validitat der
multimodalen klinischen Beurteilung und quantitativer Mobilitdtsmessungen in Labor und
Alltag zur Einschatzung des Sturzrisikos an 93 Patienten mit sporadischen, erblichen
und sekundaren Formen von zerebellaren Ataxien erhoben. Die Untersuchung umfasste
eine multimodale klinische und funktionelle Sturzrisikobewertung, eine Ganguntersu-
chung im Labor, sowie eine zweiwdchige in vivo Mobilitatsmessung im Lebensumfeld
mittels Aktivitatssensoren. Sturzstatus, Sturzhaufigkeit und Sturzschweregrad waren die
Ausgangsparameter fur die Einschatzung des pradiktiven Potenzials der durchgefihrten
Mobilitatsmessungen. Circa 2/3 der Patienten berichteten aus dem Untersuchungszeit-
raum Uber einen oder mehrere Stilirze, ca. 2/3 aus dieser Gruppe Uber schwere sturzbe-
dingte Verletzungen. Auf der Basis des SARA-Scores und der Bewertung der funktionel-
len Mobilitdtsbeeintrachtigung waren die ataktischen Gangstérungen als leicht bis mit-
telschwer zu klassifizieren. Im Hinblick auf Pradiktion von Sturzstatus und Sturzhaufig-
keit zeigte der retrospektiv erhobene Sturzstatus die hdchste Dignitat, die Schwere der
ataktischen Symptomatik pradizierte vor allem die Sturzschwere. Die Ergebnisse pladie-
ren fur ein stufenweises Vorgehen in der Evaluation des Sturzrisikos bei zerebellaren
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Ataxien. Auf der Grundlage einer sorgfaltigen Anamneseerhebung bezlglich der retro-
spektiven Sturzparameter kann geklart werden, welche Untergruppe von Patienten be-
sonders sturzgefahrdet ist und von weiteren differentiellen Gang- und Mobilitatsuntersu-
chungen mit der Perspektive zielfuhrender Interventionen profitieren kénnte.
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7. Abstract (English)

In the dissertation project, clinical and morphological features in cerebellar syndromes
were investigated using MRI imaging and mobility parameters.

In the paper "Disability in cerebellar ataxia syndromes is linked to cortical degeneration”,
which was written in first authorship, the question was addressed how far symptomato-
logy and structural changes of the whole cerebrum can be related to each other in pati-
ents with chronic cerebellar degeneration. The study included 30 patients with cerebellar
degeneration recruited from three aetiologically distinct syndrome groups: Spinocerebel-
lar ataxias with SCA2, SCA3, SCA6, and SCA28 subtypes (n=9), sporadic adult-onset
ataxias (n=7), and patients with downbeat nystagmus syndrome (n=14). The aim of the
study was to clarify to what extent regionally differential volume deficits can be identified
in the above three patient groups using voxel-based and surface-based morphometry
and how these are related to functional impairments in the motor and vestibular systems.
A associated question was how cerebellar degeneration may affect cortical structures
via network changes.

The patients and age- and sex-matched controls investigated in the study were recruited
at the German Center for Vertigo and Balance Disorders of the LMU Munich and exa-
mined clinically and by MRI imaging.

The evaluation of the clinical status included a detailed disease-related medical history,
the identification of comorbidities, the retrospectively determined fall status, information
on the subjectively estimated stability and mobility in everyday life (FES-I), an objective
evaluation of the cognitive performance (MoCA), and an assessment of the severity of
ataxia symptoms by using the SARA score. In addition, quantitative measurement of
various gait parameters and standardized neuroorthoptic examinations were performed
in laboratory to validate the mobility information provided in the self-assessment.

Furthermore, all patients and controls underwent high-resolution structural MRI imaging.
Using voxel-based morphometry, gray and white matter volume could be analyzed. U-
sing surface-based analyses, it was possible to differentiate between cortical atrophy
and cortical surface changes attributed to deeper white matter degenerative processes.

For clinical characterization, several variables such as disease duration, SARA score,
FES-I, MoCA, and preferred walking speed were correlated. Converging with clinical
plausibility, negative correlations were found between SARA and MoCA score, as well
as preferred walking speed and FES-I, and a positive correlation between MoCA score
and preferred walking speed.

Structural MRI imaging demonstrated cerebellar gray matter volume reduction in SCA
and SAOA compared with healthy controls. The regional reduction showed different lo-
calization foci between the disease groups SCA, SAOA and DBN. Regarding the SARA
score as the most important parameter for the severity of ataxia, there was a negative
correlation with substance reductions in the cerebellum, basal ganglia, and prefrontal
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and premotor cortex, as well as with clusters in the white matter of the cerebellum, brains-
tem, and corticospinal tract. Associations of volumetric reduction with the disease se-
verity could also be detected for the other clinical parameters.

Volume loss in patients with SCA and SAOA was mainly localized in the cerebellar he-
mispheres, but less in the vermis. In addition, extracerebellar atrophy patterns could also
be detected in SCA and SAOA, which are also significant for functional skills such as
walking speed, cognition, and vertical perception, besides the overall severity of ataxia.
Also for patients with DBN, predilection localizations of volume loss in the flocculus,
nodulus, and uvula could be found without involvement of other cerebellar regions or
extracerebellar structures. The clinically most significant impairment outcome "fall" was
correlated with the extent of volume reduction in the brainstem.

In the co-authored publication "Multimodal mobility assessment predicts fall frequency
and severity in cerebellar ataxia" the predictive validity of multimodal clinical assessment
and quantitative in- and off-laboratory mobility measurements to evaluate fall risk was
assessed in 93 patients with sporadic, hereditary, and secondary forms of cerebellar
ataxia. The study included a multimodal clinical and functional fall risk assessment, an
in-laboratory gait examination, and a two-week in vivo mobility measurement using acti-
vity sensors. Fall status, fall frequency, and fall severity were the outcome parameters
to assess the predictive potential of the performed mobility measurements. Approxi-
mately 2/3 of the patients reported one or more falls during the study period, and appro-
ximately 2/3 of this group reported severe fall-related injuries. Based on the SARA score
and the assessment of functional mobility impairment, ataxic gait disorders were classi-
fied as mild to moderate. With respect to prediction of fall status and fall frequency, the
retrospectively assessed fall status showed the highest dignity, and the severity of ataxic
symptoms mainly predicted fall severity. The results argue for a stepwise approach in
the evaluation of fall risk in cerebellar ataxias. On the basis of a careful medical history
regarding retrospective fall parameters, it can be determined which subgroup of patients
is particularly at risk for falls and could benefit from further differential gait and mobility
assessments with the perspective of goal-directed interventions.



8 Paper |

22

8.

Paper |

Journal of Meurodogy (2023) 27054495460
nttpsfidolorg0.1007/50041 5-0023-1 1855-2

ORIGINAL COMMUNICATION -‘

Disability in cerebellar ataxia syndromes is linked to cortical
degeneration

Julian Conrad™*** - Anna Huppert" - Ria Maxine Ruehl™* - Max Wuehr® - Roman Schniepp™* -
Peter zu Eulenburg®**

Recelved: 1 May 20723 f Revisedt: 38 June 2023 / Aocephed: 39 June 2023  Publshed onfine 22 luly 3023
& The Authors) 2023

Abstract

Objective 'We aimed to relate clinical measures of disability in chronic cerebellar degeneration to structural whole-brain
changes using voxel-based and surface-based morphometry (v ard shi). We were particularly interested in remote e flects
of cerebellar degeneration in the cerebral cortex.

Methods We mcruited 30 patients with cerebellar degeneration of different astiologies {downbeat mystagmus syndrome,
DBEMN n= 14, spinocerebe llar ataxia, 8CA #="9, sporadic adult late-onset ataxia, SAO0A #=T). All patients were thoroughly
characterised in the motor, cognitive, vestibular and ocular-motor domains. Viws and shen wene used to evaluate structural
differences between cerebellar degenemtion patients and a group of healthy age- and pender-matched volunteers. Linear
regression models were used to cormelate functional measumes of disease progression and postural stability with whole brain
volumeiry.

Results Patients with SCA and SAQA showed widespread volume loss in the cerebellar hemispheres and less prominenthy
in the vermis. Patients with DBEN showed a distinct pattern of grey matter volome (GMY ) loss that was restricted to the
vestibular and ocular-motor representations in lobules IX, X and V—VI1. Falls were associated with brainstem white mat-
ter volume. VBM and SBM linear regmession models revealed associations between severity of ataxic symptoms, cognitive
performance and prefarmed gait velocity. This included extra-cerebellar (sub-)jcortical hubs of the motor and locomotion
network (putamen, caudate, thalamuos, primary motor coriex, prefrontal cortex) and multisensory areas involved in spatial
navigation and cognition.

Conclusion Functionzl dizability in muoltiple domains was associated with structural changes in the cerebral cortex.
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Introduction Methods
Patients with chronic cerebellar degeneration typically pre-  Patlents

sent with dy scoordinated limb move ments, impairments of
ait stability, vestibular/ocular-motor symptoms, dysarthria
and dysphagia. *MNon-cerbellar™ symptomes, such a5 nearop-
athy, ex trapyramidal, pyramidal signs and copnitive impair
ments, are also present in both hereditary, penetically con-
firmed ataxias, and sporadic adoli-onset ataxias (SA04) [15,
27, 38). The=e phenomenclogical findings are supported by
tracer and neurnimaging studies on the interconmections of
cerebellar and cerebral cortices [2, 353, 37, 43]. Dense con-
nections involve the cerebello-thalamo-cortical motor path-
ways but are also found with prefrontal, cingulate, parietal,
temporal and occipital coriex [8, 27, 28, 43]. It is increas-
ingly mcognised that most patients with chronic cerebel-
lar degeneration develop neuropsy chological symptoms [ 1,
14, 41]. Functional comnectivity MR (fcMRI) has revealed
network alterations, which involve cerebellar and cerebral
cortical areas in BCAZ [18, 26]. Also, other S3CA sobtypes
such as 3CA3 or 3CA6 show patterns of nenrnde penera-
tion, which extend beyond the cerebellum and brainstem
[16, 29, 32, 40]. The findings of extensive depeneration ane
also supporied by neuropathological post- mortem findings
in BCA2 and &[5, T]. Given the strong evidence for intensive
cerebello- cerebral interactions, it ssems plausible that high-
reslution structural imaging in cerebellar ataxia could also
detect structural brain chanpes in distant areas of the cerebral
cortex [22, 31]. Using fcMRI, the disruption of cerebello-
cerebral metworks can be detected. In addition, voxel-based-
{vbm) and surface-based morphomeiny (sbm) could provide
direct in ¥ivo evidence for cerebral volume loss in chronic
cerebellar depgenaeration, i.e. a distinction between fone-
tional alteration due to cerebellar network dysfunction and
manifest cortical structural changes. Companed to SCA and
SA0A | the symptomatology is rather restricted in patients
with downbeat nystagmus syndrome (DBMN) which report
mainly oscillopsia and gait unsteadiness [31]. DBN phe-
nomenology and its underly ing stroctural correlates are thus
putatively restricted to cerebellar mgions of eye movement
control and sensory imtegration [10, 12].

In the current study, we aimed to evaluate (i) a possi-
ble difierential pattern of volume loss in patients with DBN
syndrome, SAOA and SCA, (ii) the exient and pattern of
distant wolumetric changes in the cerebral cortex and suob-
cortex and (iii) the association of structural degenemtion
with functional disability in the motor and vestibular system
and locomotion.

‘We studied 30 patients with cerebellar depeneration of dif-
ferent aetiologies that wem referred to the (Ferman Cemter
for Vertige and Balance Disorders of the Munich university
hospital, LMU Munich betwean 2018 and 2020, OF those, 14
patients had downbeat mystapmus syndrome (DBN), seven
patients had sporadic adult-onset ataxia (SA0A ) and nine
patients had spimocerebellar ataxia (SCA2: n=16; SCA3, 6,
28: n=1 each). Genetic testing was performed in patients
with spinocerebellar ataxia to confirm the diagnosis in
advance (pathological CAG repeat expansions wemre found
in the ATXMZ pene in SCAZ, in the ATXMN3 gene in SCA3,
in the CACMA LA gene in SCAG, and a pathological variant
in the AFG3L2 gene in SCA2E). Each patient received a
full setiological workup which included CSF analysis and
antibody testing. In the setting of a tertiary specialised centse
for vertigo and ocular-motor disorders, most of the time, this
workup was completed before patients came to our attention.
Patients with cerebellar degeneration with insidious onset
and/or additional =igns of peripheral neuropathy and wvesti-
bulopathy were tested for RFC1 pene mutations. In our sam-
ple, none of the patients weme GAD-antibody positive and
no patients presented with the triad of cerebe llar syndrome.,
peripheral neuropathy and vestibulopathy. There was no case
of RRC1 gene mutation. Patients weme classified as SA0A or
DBEMN after exclusion of inflammatory, metabolic, vascular,
maorpholegical, paraneoplastic, antoimmunological, familial
cerebellar ataxia and tow ic/pharmacological ssticlogies.

Controls

A group of 29 healthy age- and pender matched healthy con-
trols (HC) with no history of acoie or chronic neurslogical
disease received the identical imaging protocol for group
COMMPArisons.

Clinical and fall-risk assessment

An assessment of the ambulatory status, disease duration
and comorbidities was carried out with all participants in a
standardised interview. Falls were assessed retrospectively
containing information on fall status (yes or no), and sob-
jective stability was examined by the Falls Efficacy Scale-
Intermational (FES-I) [44]. The cognitive performance was
measured with an established screening tool {Montreal
cognitive assessment, MoCA ), the global severity of ataxic
symptoms with the scale for the assessment and rating of
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ataxia (SARA) [23, 30]. Gait performance was characterised
by preferred walking speed assessed on a pre ssume-sensitive
gait carpet (GAITRie, CIR System, Sparta, NI, USA).

A standardised physical and meurclogical examination
was carried oot with each participant. Furthermore, all
patients received standardised neuro-orthoptic testing (spon-
taneons eye position and movements (mystagmus), static
otolith function using the subjective visual wertical (SW V),
optokinetic mystagmus, westibulo-ocular reflex (VOR ), sac-
cades, smooth purspit). For the 5V, a mean deviation
of > +2.5% over s ven binocular measurements was consid-
ered pathological.

Symptomatic medication details were recorded for all
cerebellar depenemtion patients. In addition to profes-
sional physiotherapy (usually one 1-h session per week],
all patienis were instructed to compleie a daily exercise and
balance training programme. All patients received identi-
cal recommendations for professional and self-supervised
physiotherapy.

Imaging

All patients and HC received high-resolution structural MR-
imaging on a clinical 3 T MR scanner (T 1 MPRAGE, 0.75
mm’® isotropic, 320 slices, TR 2060 ms, TE 2.17 ms, Mag-
netom Skyra, Siemens Healthcare, Edangen, Germany).

Vomel-based morphometry (VBM)

‘Wi used the CATI2 toolbax version 1739 (Gaser & Dahnke,
Department of Psychiatry, University of Jena, Jena, Ger
mamy; httpwww._neuro uni-jena_de/cat) within Statistical
Parametric Mapping SPM 12, version 7771 (hitps:/fwaw.
filiom.ocl.ac. ukfspm; Wellcome Department of Cognitive
Meurdlogy), using Matlab B2019% (Mathworks) for data
quality estimation, preprocessing, and analysis of the data
after standard preprocessing, applying a & mm (Gaussian
smoothing kernel. The moduolated grey matter (GM) and
white matter (W) imapes weme used for the volumetric
analysis.

Surface-based analyses (SBM)

The CAT 12 toolbox contains a fully implemented and vali
dated processing pipeline for SBEM [13]. We analysed dis-
tinct parameiers of the cortical peometrical surface, such
a5 cortical thickness (CT), sulcal depth (50), the fractal
dimension {FD) and gyrification indices {GI), to evaluake
the complexity of the cortical surface based on the absolute
mean curvature approach [17]. This allowed us to differen-
tiate between cortical atrophy and chanpes of the cortical

surface that are due to reshaping of the coriex in espon=e to
underlying white matter degeneration or the combination of
both. For this porpose, the T1-weighted images unde rwent
tissue segmentation toestimate while matter distance. Local
maxima are projected to other grey matter voxels using a
neighbour melationship, described by the distance to the
white matter which equal cortical thickness. Partial volume
correction, sulcal blurring and sulcal asymmetries without
meconstruction of the sulci were applied. Topological comec-
tion is based on spherical harmonics. For the analysis, spher-
ical mapping of the cortical surface is ncluded [2, 46]. An
adapted volume-based diffeomorphic DART EL algorithm
was then applied to the surface for spherical registration.
Central cortical surface s were created for both hemispheres
separately. Surface reconstructions of the cortical values for
each hemispher were e sampled to the 164 k mesh templaie
space (Freesurfer) after merging and then smoothed with
3 15 mm (cortical thickness), 20 mm (sulcus depth) and
23 mm (fractal dimension and gyrification index) Gaussian
filter respectively.

Statistical analysis

Group comparison and commonalities of cerebellar
degeneration

Patients with SCA , SA0A or DEN wemr compared to the
HC in an ANOYA mode]l with group as a factor. Total
intracranial volume (TIV) was modelled as a covariae of
no interest for the volumetric analyses. Group level ¢ sta-
tistics were performed for all possible pairs of between-

ETOUPS COMPArison.

Association of dinical deficits with chronic cerebellar
degeneration

All patients were included in a linear regression mode] using
TIV and apge as covariates of no interest. Yariables of inter-
est were the SARA FES-I, MoCA score and the pmeferred
£ait velocity.

Specific clinical deficits, such as a history of falls, gaze-
evoked nystapmus, and pathological tilts of the 5YV (as
dichotomous wariables), wem evaluated using two-sample
t tests.

Correction for multiple comparisons
All imaging results from the ANOYA r tests and linear
megression models underwent extensive non-parametric

permutation testing (threshold-free cluster enhancement
TFCE) with 10000 permutations [34]. The resulis wem

£) Springer
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cormected for multiple comparisons on the closter level
using famil ywise error (FWE) correction. Results below
a threshold of p< 005 wemre considered robust apainst false
positives.

Clinical variables of interest

Distribution, frequency and cormelations between the clini-
cal variables of interest were analysed using 5PSS (version
26.0.0.1; IBM Corp. 2019, Armonk, NY). Descriptive sta-
tistics are reported as mean + 50 or median +1QR whem
applicable. First sympioms were recorded as those that led
to neurological consultation. If momre than one symptom
was present, al] symptoms at the time of presentation wene
mrecorded. Falls were defined as falling to the ground or to
a lower level. An analysis of variance (AMNOYA) was used
to compare mean values of metric and categorial variables
between the three patient groups. Tukey post hoc analysis
was performed to identify significant differences between
the groups.

Table 1 Demographic and clinical dat

Patient consent and data availability

The study was performed in accordance with the 1964 Dec-
laration of Helsinki (latest applicable revision Fortaleza
2013) and approved by the institotional eview board of
LMU, Monich, Germany (no. 33307). All patients gave
informed written consent to participate in the study. The
structural imaging patient data is not publicly available due
to European Privacy l=ws and lack of consent for data shar-
ing by the patients.

Results
Demographic and clinlkcal data

Patients with DBEN presented with vertigo (T9% vs. 29%
and 22%) and ocular-motor symptoms (43% vs. 14%, 05),
wheneas gait instability was one of the first symptoms
{ 100%: wa. 29% in patients with DBN) in SCA and SA0A .
A melevant proportion of patients with SA0QA and SCA
meported falls (7 1% and 39% respectively). SARA scoms
wermne significantly higher in patients with SCA and SA0A
compared to patients with DEN (mean 11 points in the

Ciroup FA0A SCA DEN HC All ANDVA P
F{3:47)
Demographic
n () Ti34) 9(54) 14 (10rd) 21 {(13/8) 51 (31/0)
Ape (years; B+l13 A+ 17* a5+ 11* SB+21%%* T+19 43 0.010
me=am + S0
Ciroup SADA A DEN All ANONA P
F2,a9)
Clinical characteristics
First sympinms
(imit disonder (%) 100 100 - Tid
Balance: disorder (%) 43 11 14 n7
Dionlar- molon‘dowhls vision (%) 14 0 43 1%
Vertigo (%) ) e ™ 433
Spearch disorder (%) 14 a 0 157
At (%) ) 44 [i] 243
Falls at dissaw onst (r) Tl B » 63
Diisense dumation (years; medimn, IQR ) [ 5] 5+6 [ =3 [ ]
MOCA soore (median, IR} 26sd T+d T+3 26+3
SARA soore (mean + 50) 11+d* 10+ 6* 5+ B+5 .l 0006
FES scome (mean-+ 50 T+12 31 +10 28+T 31+10 2 s
Prefered gait velocity {m's; mean+ S0 1.1+02 0903 10+03 10+0.3 0.8 ns
SYY tilits {°, mean + 30 19+39 11x19 19+14 21+20 L ns

*5ignificant differ=noe in the Tukey post hoc comparison (DBEN compassd io SADA and SCA)
*¥Healthy suhjecix wen ape-matched o each oxmehellar degeneotion group for the imaging analysis
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SA0A group and 10 points in the SCA group vs. 5 in the
DBN group (p=>0.006). Balance confidence as assessed
by the FES-I was lower in patients with SA0A and SCA
compared to those with DBMN (mean scores: 37 and 31 vs.
28). Only one patient had clinical signs of corticospimal
tract irvolvement (spasticity, pathological reflexes, setiol-
opy: SCAZE). Preferred gait velocity showed no significant
differences amongst the three patient groups. Cognitive
function and static oftolith fuonction (5%% ) weme similar
across all three diagnosis groups and mildly impaired in
maost patients (Table 1).

Amongst the group of patients with DBM, four patients
were already treaied with 4-aminogeyridine when the study
was performed, three of them reponted a subjective improve-
ment of symptoms, and one stopped the medication becauss
no improvement was noted. In five other patients_ 4-amino-
pyridine treatment was started during the study period, in
two patients we initiated treatment with acetyl-o-leucine.

From the 5A0A patient group, one patient was success-
fully treated with acetyl-pe-leucine, three patients showe.d
no improvement of symptoms under both acety |- pi- e ucine
and 4-aminopyridine therapy.

Of the patients with 3CA, four patients with SCAZ and
one patient with SCAZE responded well to acetylor-len-
cine; one patient with 3CA 6 did not improve with either
acetylo-leucine or 4-aminopyridine therapy.

Partial correlations

‘W used partial comelations to evaluate associations hetween
the variables of interest (disease duration, SARA score,
FES-1 score, tilts of the 5YV, MoCA scomes, gait velocity )
using TTV and age as covariates of no intemst (Table 7).
Here, disease duration as an independent factor was not cor-
melated with amy of the variables. We found negative cor-
melations between the variables SARA scores and MoCA
scores (degrees of freedom: 26, r: —0.5, p 0.UD0T), the self-
determined ambulation speed (df 26, r — 0469, p 0012),
and the subjective fall efficacy {dff 26, r 0.646, p<0.0001).
A positive cormelation was found between the MoC A scom
and the preferned ambulation speed (4 36, r 0595, p 0001

Imaging

Structural whale brain changes in DBN, SCA and SAOA
compared toHC

Vouel-based morphometry (VBM) Grey matfer  volume
(GM V] in the cerebellum GMY was reduced in the cerebel-
lar cortex in SCA and SAQA compared to the HC. A mome
prominent GMY reduction in SCA was found in the cerebel-
lar hemispheres {lobules ¥, VI, Crus I, V11, and V1) com-
pared to the midline structures (Fig. 1A). In patients with
SA0A  GMY mductions were more mestricted to the motor
{lobule T¥%1) and midline cembellar structures (lobules
X, vermal ¥-¥1I, ocolar—motor vermis (OMY ) (Fig- 1C).

Table 2 Partial comrelations of

e veriabi of et et Symptom duration | SARA WA SVV 6t mun. FESI
TIV mmid ape as oowvariates in all
eehellar patients (n= 30, 24 Sympiom duration
degrees af froe dom) r 100 _oms 008 —0249  —00%0 0073
P 0976 0.664 0.201 0799 071
ZARA
r —0.006 100 —0500 0335 —0.48 0646
P 0.976 0.007 0.081 0012 <0.0001
MaCA
r 0.086 —0.50 M 0017 0595 —0.777
" 0,664 0.007 0,554 0001 0.154
VY tilt
r —0240 031 0117 1000 0.130 0311
F 0.201 0.081 0554 0.510 0.108
Prefermed walking speed
r —00% —0.4 0.595 0.130 1000 _o.218
" 0.799 0012 0.001 0.510 0.249
PES.I
. 0.073 Gié -0 0.311 —022% 1000
P 0711 <0001 0.154 0,108 0249

*p o 005; ten-sided
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Fg.1 Differ=ntial patems of wolome los in 304, SA0A and DEM.
A OMY mduction in patients with 3CA compared bo the HC. GMY
reduction was deeced in the motor cembellum but extended in the
hemizphenes bowards lobule VIIB, VI and Cros | B WMV reduoction
in patients with 3CA compared o HE. WMV = duction was defectesd
in all three cerebellar peduncles and the adjacent pontine white matier
up i the mesencephalon and descending to the medulla oblongata. ©
GMV meduction in patents with SADA companed o the HC. Patients
with SADA aleo showed a widely distributed patern of volume
reduction. Companed o the patients with SCA, the patiern was mome
restricied o the motor lobules (TV-VI) and the vestibular (lobules
IX, X) and ooolar—motor cerebellar areas (O D WAMY educ-
tiom in patients with SA0A compared o the HC. Like patients with
SCA, those with 5404 showed volume loss in the cerebellar prdun-
clex and pontine whits mater. All esulis sfier parmubstion testing
usimg TRCE (10,000 permutations ), FWE corecied p< 005 E GMY
reduction in patients with DEN compared o HC. A GMY reduction
was present in lobule X, the OMY (vermal lobules YD), nodules
and wvula (lobule IX) and the cenehellar tonsils repesenking the key
emhellar structues for ccular—motor and vestibolar processing. An
additional cluser was found in hemispheric lobules 1TV, F WMY
reductions in patients with DEN compared to HC was observed in
comesponding parts of the whit matier in floccolus, fastigial ooo-
lomotor mgion (FOR), and lobule IX (nodulusiovala) (p<0001,
mnoormecied)

£) Springer

Patients with DEN syndrome showed a GMY mduction
mestricted to the Aocculus (lobule X, OMY (lobules ¥ V1T
and nodulusfuvola (lobule IX) (Fig. 1E).

Whire matter volume (WMV) in the cerebellum Corme-
sponding to the GMY mreductions, patients with SCA and
SA0A show ed extensive W MY loss in the cerebellar hemi-
sphems and vermis. These WMV mductions extended to the
brainstem in the patients with S5CA., likely demonstrating
volume loss in the cerebellar paduncles up to the midbrain
{Fig. 1B, D). We found WMV redoctions in the flocculus
{lobule X), the fastigial oculomotor e gion (FOR), nodulus
fwvula (lobole [X) and the cerebellar tonsils in patients with
DEN compared to HC (Fig. 1F).

Vouel-based morphometry—SARA scores (GMV The = gres-
sion model using the total SAR A score showed a negative
correlation with clusters in the cerebellum (lobules 1W-Y1,
Crus 1, 11, VIIB, IX), the basal ganglia (putamen and cau-
date nucleus) and also prefrontal cortex (areas Fpl.2) and
{pre- ymotor cortex (areas 4.6) (Fig. 2A)

WMV The total SARA score showed a negative cormela-
tion with clusters in the cerebellar white matter, brainstem
and reached the corticospinal tract (Fig. 2B).

Surface-based morphometry—SARA score Cortical thick-
mess In congroence with the volumetric findings, we found
a negative cormelation of CT with higher SAR A scomes. This
effect was most prominent in the right prefrontal cortex but
also included the left prefrontal as well &s the temporal and
parietal lobes. (Fig. 2C). No changes in 5D, Gl or FD wem
observed.

Vouel-based  morphometry—Falls  efficacy  scale
(FES-I) MV Balance confidence as assessed by the FES-1
was pnegatively cormelaied with the integrity of cerebellar
lobules Crus I, I and lobule IX. Mo association with cortical
GMV was found for subjective postural stability. (Fig. 3A).

WMV We found a negative correlation of WMY in the
middle cerebellar peduncle and around the vestibalar nerwe
oot entry zone with the FES-I scomes (Fig. 3B).

Vouel-based MoCA scores GMV The GMY
meduction in relation to the MoCA score was remarkably
similar compared to those of the SAR A score which mflects
the come lation between the variables (positive cormelation of
the MoCA score with brain volume). However, some differ-
ences have to be noted. Compared to the SAR A scome, volu-
melric changes in the cerebellum were restricted to lobules
Crus L, 11, lobule [X, dentate nucleus for the MoCA scome.
In the (sub-)cortex, volumetric changes associaied with
the MoCA scome involved the thalamus, the hippocampus,
prefrontal and orbitofrontal cortex and the inferior parietal
lobule as hubs of cognitive/default mode network hobs for
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Fig. 2 Vaolumetric deceasss assocised with disease sverity mess-
ured with total SARA sooee. Linear regression: SARA sooms in all
emhellar depeneration patiente A Megative comelation of GMY
with higher tntal SARA scoms. Significant vouels me located in the
emhellum, basl ganglia {potamen, candale), primary motor oo
tex (area 4) and prefrontal cortex Fpl.2). B Negative comelation of
WMV with the SARA soore reached the corticospinal tract §C5TL

Fig. 2 Vaolumeinic changes associsbed with subjertive postoral sinbil-
ity (FESI). Subjective postural stability was comelated with A GMY
in cesbellar lobules Crus L 1T 2nd B WMY in the middle cerebellar
peduncle and amoumnd the vestibular nerve (VN moot entry zome. All
results afier permutation esting nsing TRCE (10,000 prrmutstions],
FWE corecied p <005

the MoCA. Additional correlations were found with vis-
ual coriex and the subcortical and cortical motor netw ork
(Fig. 4A).

WMV The WMV changes associated with the MoCA
score involved cemebello-thalamo-cortical connexions with
the prefrontal and motor cortex, the: hippocampus and also
interhemispheric connections through the posterior seg-
ments of the corpus callosum (Fig. 4B ).

Surface-based morphometry—MoCA score Similar to the
GMYV chanpes, cortical thickness in the prefrontal, and em-
poro-parietal cortex was positively comelated with higher
MoCA scoms (Fig. 3C).

Vonel-based morphometry—preferred  gait  velodty
GMV An associabion of GMY with self-determined pgait
welocity was observed with multisensory inde gration centne s
fior spatial orientation, navigation and cognition (FIVC, IPS,

C Megative comelation of cortical thidkness with the SARA soon
wer most prominent in the pemoior corex and dorsolateral pre-
fromial corex (DLPAC). Al vbm mesults afer permmiation testing
using TRCE (10000 permutations), FWE coreced p<005. All shm
results are depicted with logarithmic p valee scales FWE cormecied
after TPCE (10,000 permutations)

Fig. 4 Volumetric changes asocialed with cognitive performance
(MoCA som) A A higher MolA scoe was associated with GMY
in the cersheller cognitive lobules Cros ) 1 11, lobuoke X, the
thalamus, the hippocampos (arees C4 100G (dentaie gyrus]), inferior
parietal bobule (IPL), but also prefromtal, arbitofontal and premotor
corex. B A comelation of WMY with the MoCA soore was detecied
amund the hippocampi, and along the anferior thalamic mdiation,
but also in the while matter of the premotor corex. C SBM showed 2
correlation of cortical thidkness with dorsolateml prefrontal @nd pari-
einl cortex. YEM msplitx ane thresholded =t p<0.05, FWE cormecied
for multipk comparisons on the cuser evels usmg TFCE (10,000
permutations). S8M overlays am depicied with logarithmic p-value
scales FWE comected after TRCE (10,000 permutations)
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Fig. 5 Vaolumetric associations with preferred walking speed. A An
assuciation of GMY was observed with mulbensory integration cen-
trex fior spatial orisntation, navigaton (AVC, IPE, visml corex, I,
hippocampus {sobfields CA 1,21) and in the primary motor network
{putnmen, area 41 B An associabion with while matier volume was
oberved with white matier tacts amand the hippommpes and FIVE,
the corticospinal trart and the corpes callosum. C S8M showed an
association of cortical thickness with dorsolsteral pefrontal, primery
sensory-molor and parietsl ames. VEM resulis afier permutation
testing using TFCE (10000 permutations), FWE comeced p<005.
SBM owerlays are depicied with logarithmic p valee scales FWE oor-
recied after TRCE (10,000 permutations]

visual corex, IPL, hippecampus (subfields CA1.2)) and in
the primary motor network (putamen, area 4) (Fig. 5A)
WMV An association of preferred gait velocity with
WMY was observed around the hippocampus and PTVC,
the corticospinal tract and the corpus callosum (Fig. 5B ).

Surface-based morphometry—preferred  gait  veloc-
ity SBM showed an association of cortical thickness with
dorsolatera] prefrontal, primary sensory—motor and pari-
etal aras (Fig. 5C).

Clinical deficits Volumetric changes in patients with oco-
lar-motor (gare-evoked nystagmos) and vestibular per
ceptual deficits (pathologic tilis of VW)

MV Patients with pathological tilts of the S¥V com-
pared to those with no tilts (< 2.5%) of the 5%V had GMV
reduction in the key vestibulo-cerebellar hubs in lobules
IX (modulus, uvula) and X (flocculus) and lobule VIIE
{OMY) and in the cerebellar hemispheres (lobuoles I'V-¥1,

£) Springer

Crus I). Additional clusters of GMY redoction wene
observed in the cerebral hemispheres in primary motor
cortex (area 4) and the frontal pole and orbitofrontal cor-
tex (Fpl, P32, Fol,Z) (Fig. GA).

Patients with gare-evoked nystagmus showed vol-
ume loss restricted to the cerebellum (lobules X, VIIB)
(Fig. 6B).

WMV In both patients with tilts of the 5%V and patients
with pare-evoled nystagmus, WMV reduction was limited
to the cereballum and inferior cerebellar peduncle (Fig. 60,
EL

Volumetric changes in patients with falls at disease
onset (GMVGMY mductions in patients with a history of falls
was moe extensive compared to those with ocular-motor or
vestibular percepiual deficits. GMY reductions were estricted
to the cerebellum (vermis and hemispheres) (Fig. 6C).

WMV In contrast to the patients with ocular-motor and
vestibular perceptual deficits, WMV redoction in patients
with a history of falls extended to the brainstem, likely
by means of volume loss in the cembellar peduncles
({Fig. 6E).

Discussion

In the curment study, we found that: (1) Both SCA and SAOA
led to widely distributed GMY and WMY loss in the cer-
eballar hemispheres. The WMY mduction exiended to the
brainstem and seems to be related to volume loss in the
cerebellar peduncles. (1) In patients with DBEN syndrome,
volumetric changes follow the presumed pathophysiology
with volume loss im the flocculus, nodulus, ovula and elated
white matter, not affecting other cerebellar functional mod-
ules or exira-cerebellar structures. (11} Falls ae assocised
with volume: loss in the brainstem. (1V) Functional disability
i=s associated with distant volume loss in the cerebral cortex
and sub-coriex.

Imaging data

The current study extends previous findings of structural
depeneration in different types of ataxias. In peneral, patients
with 3CA and with 5404 showed a wide distribution of
cerebellar volume loss. In contrast, wolume loss in DBN fiol-
lowed a more estricted pattern [12, 42). Besides the GMY
meduction in the main hubs for vestibular processing in the
cemebellom, an additional GMY and WMV reduction was
found in the OMY and FOR [1Z]. The specialisation of the
OMY and FOR for horizontal saccade peneration, adapiation
and accuracy is well established [6, 24, 39, 45]. In lesions of
the FOR or OMY, saccades are mainly meporied to be hori-
zontally deviated [36, 39]. Based on the volumetric findings,
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Fig: 6 Yaolume loss in cerebellar depenemtion relsed o ocolar- mobor
deficits, vextibular perreptual deficits and the: history of falls. A GMY
reduction in patients with Glts of the SVV compaed o the HC. Vol
ume reductions wes found in vestibular and ocularmotor cerebellar
lobmles (IX, X, WIIB, comesponding i nodules, mvuls, Socoolus and
ooalar-motor vermmis OMVY). Addibonal GMY loss was dedecied m
the: cemebellar hemispheres. Remote volume koss was also observed in
primary moior {aea 4) and mostral frontal corex {frontal pole Fpl,
arhitafrontal cortex Fo 1,2 and mstral cingulate corex p32). B GMY
reduction in patents with gere-svokesd mysiagmuos compared o the

the OMY and FOR might also be imvolwed in the vertical
mezetting after the imvoluntary wpward drift im DBEN.

Structure—function asseciation for ocular-motor/
vestibular domain and falls

Boih static otolith dysfunction (pathologic 8V tilts) and
pare-evoked nystagmus were associated with GMY and
WMY mductions in the motor {(lobules I'V-YT) and vestibu-
lar/ocular-motor representations (lobules 1X, X, OMY ).
SVY tilis were additionally associated with a GMY meduc-
tiom in the primary motor cortex and prefrontal coriex, sup-
porting the integrated nature of verticality processing [4].

Falls, s & hallmark of patients with cerebellar ataxia,
were prevalent in our cohort. We found a widespread dis-
tribution of volume loss in the cerebellum and brainstem of
fallers. Similarly, the regression models for balance comfi-
dence and fiear of falling (i.e. FES-I) point towards a reduc-
tion of white matter connexions to the brainstem. Thus, falls
woittld be the consequence of impaired structural conmexions
from the cerebellum to the brainsiem for postural control,
locomotion execution and vestibulo-spinal eflex function-
ing [11, 19].

HC wer also located in lobules X, OMY and the cerebellar hemi-
sphizmes. C GMVY reduction in patients with falls st disee oot was
observed in all cerebellar lobulkes. WMV lox in patients with VW
tilis (D) and gmre-evoked nystagmus (E) compared o the HO was
restriced i the cerebellum amund the vestbular and ocular mosor
regions. In comirest, patients with & history of faling {F) had adds-
tiomal WMV loss in the bainstem, likely mfiecting volume loss in
the emhellar peduncles All msulis after permutation estng wsing
TFCE {10,000 perrmtations), FWE comeced p< 005

Structure—function assoclation for walking spead
and cognitive functions

The pattern of volumetric changes in the cerebral cortex and
sub-cortex for these variables involved mainly sensorimo-
tor integration centres for spatial orientation, navigation and
cognition (PIWC, IPL, IPS, hippocampus), thus indicating
an intermelationship of overall cognitive and locomotor func-
tions to non-cerebellar integration sites of motion pence ption
and sensorimotor processes.

Structural correlates of ataxia severity

Using VBM , we found megative cormrelations between the
SARA scom and the cerebellum, brinstemn, but also for mul-
tiple areas in the coriex and sob-cortex, such as the (pre-)
maoitor cortex and frontal pole. Additionally, SBM evealed
3 megative cormelation of cortical thickness with the SARA
score, most strikingly in the premotor cortex and posterior
parietal areas. Intemestingly, these cerebral volumetric find-
ings weme also associated with preferred gait velocity and
copnitive performance. The partial correlation analysis
mevealed relev ant comelations between these measures. This
sugpests that the volometric cerebello-cortical corme lations
may reflect overall functional disability in chronic cerebel-
lar depeneration with respect to higher order processing
{i.e. gait speed. cognitive processing capacity ). Since these
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measures were not cormelated with disease duration, longi-
tudinal data might help to forther investigate the effect of
disease progression on structural brain findings. It is oar
interpretation that the atroply patterns above reflect the net-
work structure of cerebello-cortical processing.

Atrophy patterns in 3CA are grossly classified as invols
ing the cerebellum only (ie. in our cohort SCA6), pontocer
ebellar atrophy (SCA3) or even the cortex (SCAZ) [20-22).
‘Widely distributed nenrodepeneration has also been reporied
in other types of SCA incloding SCA3 and SCAG (7, 32).
Given the preponderance of patients with SCAZ and SAOA
in our sample, the VBM and 3BM findings are likely driven
by these patients.

Omn the other hand, DBN seems to be a very confined
ocolar-mobtorvestibulo-cerebellar system degeneration.

In summary, the curment findings indicate a phenome-
nology-dependent structural degeneration of different types
of cerebellar disorders. Most strikingly, DB N appears to
be a degeneration of mainly midline, vestibular— and ocu-
lar-motor cerebellar hubs. The challenging health problem
of falls in cerebellar ataxia seems to be related to impaired
connex ions o the brainstem. Moreover, extra-cereballar
degeneration is present in SCA and SA0A and sssociated
with verticality perception, global functional (dis-jability,
such as gait speed and cognitive functioning, as well as the
overall severity of ataxia.

Limitations

Ourr patient sample includes a variety of causes of cerebellar
degeneration with a moderate overall sample sre. The latier
is due to the rarity of cemebellar depeneration patients even
in the setting of a tertiary, research-oriented facility. Fur
the rmome, we mrefrained to test cormelations of ataxia subtypes
with whole brain imaging. given the sample size. Therefone,
with the current data, functional disability in distinct sub-
types of cerebellar depeneration cannot be cormelated with
whole brain volumetry.

However, a5 neurndegeneration has been shown to exiend
beyond the boundaries of the historical descriptions of these
entities, the aim of this study was to establish common prin-
ciples of structural brain changes in ®lation to clinical defi-
cits in cerebellar depeneration in peneral. We werne particu-
larly interested in cerebello-cortical interactions.

Differential changes in functional connectivity have been
established for different SC A subtype s based on resting-staie
fMRI [25, 26, 40]. We did not deem it appropriate to discuss
the differential patiern of volumetric changes in comparison
to MR findings in distinct SCA astiologies due to the dif-
ferences im the group composition and the methodological
differences.

More recently, standardised evaluation tools have
been presented to grasp differential aspects of cerebe Ilar

£) Springer

dysfunction, incloding the cognitive (CCAS scale) and
ocular-motor domains (S0DA scome) [9, 33]. In the cor-
ment study, we wene particularly interested in the effects of
cerebellar depeneration on cortical structure and function.
Themefore, we nsed the Montreal Cognitive assessment a5 &
tonl to screen for cognitive dysfunction which is validated
for extra-cerebellar neurodegene ration. It should be noted in
addition that the CCAS scale and the MoCA cover similar
functional domains.

To thoroughly characterise the ocolar-motor profiles of
our sample, all patients received a dedicated neuro-orthoptic
and video-oculographic evaluation which also incloded the
estimation of the 5%V and fundus photography. The use of
an extensive quantitative ocular-motor examination para-
digm likely sufficiently covers all aspects of the standardised
S0DA scome.

‘We u=d meticulous clinical testing with an established
quantitative evaluation of ataxia, subjective stability, ves-
tibular+ocular-motor function and walking performance
to evaluate common and distinct patterns of volume loss in
cerebellar de peneration. Extensive permutation testing and
conservative FWE cormection for multiple testing {robust
agninst false-positive) were applied to acoount for the above-
mentioned limitations.

Conclusions

This study shows distinct volometric changes in different
types of cerebellar depeneration. Volumetric changes in cor-
tical and subcortical hubs for motor performance, locomo-
tion, navigation and cognition reflect functional disability in
chronic cerebellar degeneration.
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Abstract

This cohort study aims to evaloate the predictive validity of muoltimodal clinical assessment and quantitative measures of
in- and off-laboratory mobility for fall-risk estimation in patients with cerebellar ataxia (CA).

Occurrence, severity, and consequences of falling were prospectively assessed for & months in 93 patients with hereditary
{N=36) and sporadic or secondary (V= 5T) forms of CA and 63 healthy controls. Participants completed a multimodal
clinical and functional fall risk a=se ssment, in-laboratory gait examination, and 3 2-week inertial sensorbased daily mobility
maonitoring. Multivariate logistic regression analyses weme parformed toevaluate the predictive capacity of all clinical and
in- and off-1aboratory mobility measures with respect to fall (1) status (non-faller vs. faller), (2) frequency (occasional vs
frequent falls), and (3) severity (benign vs. imjurious fall) of patients.

61% of patients experienced one or recurrent falls and 65% of these severe fall-related injuries during prospective assessment.
Mohility impaimments in patients come sponded to a mibkd-to-moderate ataxic gait disorder. Patients" fall ststns and freque noy
could be elizbly predicted (T8% and B1% accuracy, espectively), primarily based on their retrospective fall status. Clini-
cal scoring of ataxic symptoms and in- and off-laboratory gait and mobility measores improved classification and provided
unique information for the prediction of fall severity (B4% socuracy ).

These results encourage a stepw ise approach for fall risk assessment in patients with CA: fall history-taking readily and eli-
ably informs the clinician about patients” peneral fall risk_ Clinical scoring and instrument-based mobility mezsumes provide
further in-depth information on the risk of recurrent and injurious falling.

Keywords Cemebellar ataxia - Falls - Fall prediction - Gait analysis - Mobility monitoring

Introduction of functional independence. Retrospective and prospective
fall surveys in CA indicate that 74-93% of patients experi-

Gait disturbances are a common and disabling complics- ence at least one fall per year [3-5]. Many of these patients

tion in patients with cerebellar ataxia (CA ) with significamt
implications for patients” capacity for independent living
and quality of life [1, 2]. Walking impairments in CA ame
linked to 2 considerable risk of recurrent falling, which fre-
quently results in severe secondary comorbidities and a loss

[~ Roman Schniepp
momenschie pp @ med_umi- muenchen de

' Department of Neurology, University of Munich,
Marchiommstrese 15, 81377 Munich, Germany

2 Cerman Center for Vertipo and B alanoe D sorders (IS0,
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*  Schon KEnik Bad Aibling, Bad Aibling, Germany

suffier from fall-related injuries (74-85%:), which potentially
(23-31%) result in a factue or joint dislocation |3, 4]. Since
cansal therapeutic approaches ame currently not available [6,
T1. a primary treatment objective in CA is an effective pre-
vention of falling and fall-related injuries.

Fall prevention in CA mequires reliable screening and
classification procedures to assess and identify individuals
at particular risk of falling and severe fall-related compli-
cationms. Distinct risk factors including symptom severity,
the number of non-ataxic symptoms, and the duration and
etidlogy of disesse were associated to higher fall rates in
CA patients [3-5, 8]. However, the predictive validity of
these factors considerably differed between studie s. Comple-
mentary approaches aim to identify fall nisk-melated features
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linked to balance and gait impairments in CA. Accordingly,
variahility in the movement pattern, a defining feature of
gait ataxia [9, 10] that increases with disease severity [11],
was shown to be associated with patients’ peneral fall status
and risk of recurrent falling [2, 11, 12]. Subsequent analy
sgs, however, indicated that gait wariability markers may be
omly predictive for a specific subclass of falls (falls resulting
from tripping or stumbling) [ 13]. Furthermone, quantitative
pait assessment is currently mosthy mestricted to im-laboratory
settings and thus potentially underestimates the challenges
of everyday-life mobility during which patients actnally fall_

Recent advances in off-laboratory mobility assess
ment using body-worn inertial sensors promise 8 mone
specific characterization of patients’ balance impairments
and fall risk in environmentally valid settings [ 14]. Iner
tial sensor-based mobility assessment has been shown to
consistently capture central features of ataxic gait impair
ments under real-life conditions [15]. In contrast to in-
laboratory gait assessment approaches that primarily focus
om a detailed characterization of spaticiemporal features of
walking impairment=, body-worn sensors may further pro-
vide important complementary insights into patients” overall
mobility status and balance capabilities from a macroscopic
perspective [14, 16-19]. This information could supplement
and overcome limitations of currently available screening
tonls for fall risk assessment in CA.

The aim of this study was to evaluate and compare the
predictive validity of currently =vailable and recently estab-
lished screening tools for fall risk identification in patients
with CA. To this end, we prospectively assessed the ocoor
mence, frequency, and conseguences of falling in a compre-
hensive cohort of patients with CA of difierent etiologies.
Suobsequently, multimodal score-based and clindcal fall risk
assessment outcomes as well as measures from instrument-
hased in-laboratory gait examination and long-term off-
laboratory mobility monitoring were evaluaied with mespect
to their rele vance for fomcasting the occurence , frequency,
and severity of falls.

Methods
Participants

Longitudinal cohort study with 93 patients with CA and
63 healthy controls recruited (study ID: DRESOMOTTAEZ)
from 062015 to 022018 at the University Hospital Munich.
Patients were included based on the following criteria: (1)
pesence of clinical ataxia [20] due to sporadic, second-
ary, of hereditary forms of CA, (2} age between 18 and 80,
and (3) ability to ambulate independently without walking
aids. Inclusion criteria for controls were (1) no history of
neurclogical or psychiatric disease. (2) ape between 18

W 7 Springer

and B0, and (3) no other diseases with manifest ambulation
problems.

Clinical Work-Up and Fall Assessment at Incusion

All patients and controls underwent a standardized physical
examination, which included a survey of the following infor-
mation: ambulatory status, functional status, medication,
and falls within the preceding & months. According to the
'WHO criteria, & fall was defined as an event which resuolts
in a person coming to rest inadvertently on the ground or
fioor or other lower lavel [21]. A near-fall was defined as an
event that results in a2 marked postural instability requiring
a supporting step and/or balance adjustment. Retrospective
fall assessment included information on fall status (faller
vs. non-faller), fall frequency (no, occasional, frequent
falls (> two falls)), and fall severity (1: nearfall; 2: no or
mild injury; 3: injury requiring medical atention; 4: injury
requiring hospital admission) acconding to the Hopkins Falls
Grading Scale (HRGS) [22]. The subjective level of stabil-
ity was assessed by the Falls Efficacy Scale- Intermnational
(FES-1) and the Activities-specific Balance Confidence
Scale (ABC-d) [23, 24]. Health-related quality of life was
assessed by the Short-Form Health Survey (SF-12) [25].
Cognitive function was screened with the Montreal Cogni-
tive Assessment (MO(CA) [26]. Each participant underwent
3 complete neurological and physical examination imcluding
the assessment of functional mobility by the Timed wp and
Go Test (TUG) and the Functional Gait A ssessment Scom
(FGA) [X7, 28]. Severity of ataxia symptoms in patients
was raied using the Scale for the Assessment and Rating of
Ataxia (SARA) with 3 maximuom of 40 points (indicating
maost severe form of ataxia) [29].

Prospactive Fall Assessment

Each participant was provided with a fall diary covering a
G-month follow-up period. Participants were asked to docu-
ment nearfall and fall events on a daily basis with informa-
tion on the time, the environmental circumstances, the fall
mechanism (e.g., tripping, vertipo/dizziness, impaired con-
sciousness, others), the duration of the post-fall lying phase,
and the related HFGS of each event_ Participants were addi-
tionally contacted by phone monthly to cross-check and vali-
date the documended information. Based on the prospective
fall assessment, participants were categorized with respect
to fall status, frequency, and severity.

In-laboratory Galt Examination

In-laboratory gait assesament was performed on 2 6.7 m-long
pressure-sensitive carpet (GAITR ite®, (IR System, Sparta,
NI, USA) at 120 Hz. Participants walked over the carpet at
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their self-chosen (PW 5], slow (SW5), and max imom walk-
ing speed (MW 5). Each condition was recorded 4 times. Gait
assessment was conducted without additional ambuolatory
aids. For each walking condition, the following spatiotem-
poral gait parameters wene analyzed: gait velocity, base of
support, stride length, stride time, swing phase percentapge,
double support percentage, coeficient of vanation (CY) of
the base of support, OV of stride time, CV of siride length,
ait asymmetry index , and phase synchronization index [30].

Off-laboratory Mobility Assessment

Following the initial visit. monitoring of daily mobility was
undertaken for 14 days. Participants wore an inertial sensor
hased activity monitor (ActivPAL®, PAL Technologies,
Glasgow ), which recorded the sequence and period of indi-
widual bouts of ambulatory, sedentary, and sleeping behavior
at 10 Hz. The inertial sensor was placed on the thigh of the
dominant leg approximately (0.1 m cranially and 0.05 m lat-
erally to the patella. Participants were advisad to continoe
their daily activities 35 usoal and not to change their roo-
tine. Upon completion of the recording period, participants
memaved the sensor by themselves and send it back by mail_

The following parameters (expressed as average daily
estimates) were computed from the ActivPAL data [31,
32]: daily inmtensity (amount of daily energy expenditure
expressad as the total metabolic equivalents (METS)), daily
volume (percentage of ambulatory. sedentary, or sleeping
time ), daily step count, daily nomber of sit-to-stance transi-
tions, daily pattern of ambulatory behavior (compuoied ==
the exponent alpha that quantifies the distribution of bouts,
with lower alpha valoes indicating a greater contribotion of
lomg bouts).

Data Analysis Procedures

Descriptive statistics are reported as mean +50. In a first
siep, analysis of variance (ANOWA) and chi-squared tests
wemne used to test for differences of metric and categori-
cal parameters from clinical assessment, in-laboratory
pait examination, off-laboratory mobility assessment, and
metro- and prospective fall asse ssment between patients and
controls. The subsequent statistical analyses focused solely
on patient data: multivariate backward logistic regression
analyses (controlled for ape, pender, and leg length) wemr
performed to identify independant predictors associated with
the three dependent prospectively assessed fall measures
of interest: (I) non-faller vs. faller, (II) occasional vs. fre-
quent faller, and (111} non-severe vs. severe falling (defined
as HFGS 3 or 4). For each megression model sensitivity,
specificity and correct classification ae reported as quality
parameter derived by the classification matrix. Initially, all
potential predictor parameters from clinical and mobility

assassment were subjected to an ANOVA (including post
hoc comparison via Sheffé procedures) with respect to the
thee above-mentioned fall catepories. Subsequently, only
those parameters that yielded a significance level of their
F value < 0.05 were considered in the respective egres-
sion model. To avoid colline arity, relationships among
parameiers wemne examined using Pearson’s cormelations. I
parameiers wene strongly correlated (r > 0.7), only the one
maost strongly associated with the dependent measure was
metzined. This statistical approach is based on [33]. Statisti-
cal analysis was performed using SPSS (Version 25.0; [BEM
Corp., Armonk, NY ).

Results
Characteristics of the Study Cohort

Demographic information and clinical characteristics of
patients and contmols are summarized in Table 1. The patient
cohort included hereditary depenerative forms of ataxia
(W= 36), sporadic degenerative forms of ataxis (sporadic
adult-onset ataxia, N= 36), ataxia doe to focal vascular or
nec-plastic cerebellar lesions (N= 3), and downbeat my stag-
mus syndrome (W= 18). Patients had a mean SARA scom
of 10.2 (ramge: [3;24]), indicating an on average moder-
ate severity of ataxic symptoms. Accordingly, assessment
of functional mobility revealed mildly impaired balance
and gait capacity of patients compared to controls (PG A:
Fi133=914, p=<0.001) despite normal performance in
the TUG. Patients reported increased fear of falling (FES-
I: Fy 153 =T33, p<0.001), decreased balance confidence
(ABC-d: F) ;,;=114.8, p< 0001}, and showed moderately
reduced cognitive function (MoCA: Fy js:=163, p< 0001}
Health-related quality of life scoms did not difier between
patients and contrals.

In- and Off-laboratory Mobility Assessment

Descriptive information on outcomes from in- and off-labo-
ratory mobility assessment is summarized in Table 2. Dur-
ing in-laboratory gait assessment, patients show ed walking
impairments corre sponding to an ataxic gait disorder with
reduced walking speed (F) 15;=39.9, p<0.001}, prolonged
double support phases (F, |,,=2316, p< 0U01), increased
base of support (F) 153 =65.7, p<0.001}, spatictemporal
warishility (stride length CV: F 15,=21.3, p<0.001; stride
time CV: Fy 153=28.1, p< 0.001}, and asymmetry within
their stride-to-stride pattern (gait asymmetry: F| ., =24.5,
p<0.001; phase synchronization: Fy js= 173, p<0.001)
Off- laboratory monitoring of daily life mobility revealed
a general reduction of energy expenditure (Fy (53 =48.7,
p<0.001) with a reduced daily amount of time spent during

£ springer WD



9 Paper Il

37

a5 The Cerebellum (2023} 22:85-05
Table 1 Characteristics of the .
Healthy subjpcts  Cerehellar disorders  F o P

Deermeorm pih fion | che s cber s ties
N (Fm) 63 (31732) 93 (35/5E)
A [yl A0+ 14 5T+18 24 ns
Dimgmoces 14 3CA

11 FRDA

11EAZ

IBDBM

35 3A0A

1 ARAC

1ACM

1 post stroke
Cliniical performance scales
SAR A soore [points] - 102=26
POA [points] 29+3 21+6 914 <0001
TUG [s] BE+312 11.2£7.1 a7 ns
MOCA [points] 293 M+é 16.5 <0001
Subjective sy mpbome soales
ABC A %] 9529 63132 114E <0001
FES-1 | paints] 17£2 31x13 TRS <0001
SF-12 [points] I+3 30+4 L15 <0001

of [ P

Retmospodive falls status
Mo falls [n, %] 57,490 .M 2 nz <0001
Occmsional fall (v, %] 4.7 21,13
Frequent falls [, %] 2.3 40,43
Retrospartive falls severity
Hopkins grade [ [%] 28,45 M 3 46.8 <0001
I [%] 7.0 46,49
oI %] 1.7 14,15
v [%] 0.0 11,12

Jf ermale; m, male; FGA, fonctional grit asessment; FESS, falls efficacy scale - imematonal; TUAG,
timed-up-and-po st MOCA, montreal cognitive assessment; SF-12, short form 12; BYP, bilateral vestibu-
lar failuee; L'VP, milaters] vestibolar fuilune; 5CA, spinooemebellar stavia; FROA, friedesich abwin; E42,
epizndic ataria type 2; DBN, downbeat nysgmus syndrome; S440A, spordic adult ons=t staria; ARAC,
aubosoenal moesse :Er:hdlndnh:dﬂ!.ﬂnnc:u‘:beﬂu:[e,cﬁ-u]nc (=%

ambulation (F| jx;=45.2, p=0.001) and a smaller step count
{F ) 1a=45.1, p< 0001} in patients compared to controls.

[Fall Assessment

Fall e pidemiology in patients and controls is summarized in
Tables 1 and 3. Both retrospective and prospective assess-
ments revealed a considerably higher incidence of fallers,
mecurrent fallers, and severe fall-related injuries in patients
compared to controls. According to the metrospective fall
assessment, 66% of patients had ex perienced at least one fall
within the 1ast & months and 66% of those reporied recument
falling. Thirty-six percent of patients that fell eporied fall-
melated injuries that required medical attention.

In the & month follow-up peried, all participants
megistered fall information in their falls diary that was

BB 5 springer

counter-checked by structored monthly tele phone inter-
views._ Falls diary information from 13 patients and 7 con-
trols was considered invalid and excluded from further
analysis due to missing telephone contact data or dis-
crepancies between the falls information documented in
the diary and surveyed during monthly phone interviews.
The total numbers of near-fall and fall events in patients
megistered during prospective assessment were 313 and
612, mspactively. A majority of falls in patients with CA
occurred imdoors (75%) in domestic environments (71%),
primarily on even surface (71%). Most falls werme linked
to walking or tumning (7 1%) and 74% occurred either for-
wards or backwards. The most frequent causes of falling
in patienis were tripping (33%) and imbalance {23%). The
maost commonly reported associated symptoms with fall-
ing weme dizziness and vertigo (20%) (Tables 3 and 4). A
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Table2 In- and off-labomiory

gt and mohility 25w ssment Healthy subjects Carhellar discrdens Fin P

Iniaboraiory it mesmre:
ait velocity [mfs] 1.2+02 0.0+032% g <0001
Stride length [ml| 1302 1103 M5 <001
Stride time [s] 1.1+0.1 13+01% oo 0.003
Swing phas= [%] B+l Tzl 634 <0001
Double sopport phases [%] M+4d 300 X <0001
Base of support [m] 008 +003 015 +006* 657 <0001
Base: of support OV [%] M+15 2412 o7 ns
Stride length TV [%] 21+1.1 Sh+d.6* 1.3 <0001
Stride time OV [%] 23x19 524013% ®1 <001
ait symmetry ind=x [%] 15115 GR£3T P ] <0001
Phase synchronization [ %] 4114 90553 17.3 <001
Mahility
Adberence
Diays woorded [d] 12319 124412 02 ns
Time senmor wamn | %] O+ 12 GG =t 0E ns
Vilume
Median step count + 51 [#] 10,208 + 3,799 6305+ 3.3 45.1 <0001
Mean ambulation %+ 30 [%] BT+24 37+215*% 452 <0001
Mean sedentary %+ 50 [%] NE:LTT 34541032 12 <0001
Median sleep %+ 30 [%] AE+6T 423+99 0% ns
Adtivity
Median ambulstion bowt # + 50 [#] 456+ 134 338+ 130 138 <0001
Ambulatory bout duration + 5D [s] 175 154 OB o2
Mean dsily intensity + 50 [MET] B+l Bzl 487 <0001
Pattern
Mean ambulation alphs = 50 142 +0004 1.43 +004 1.5 ns
Median sit-walk transitions + S0 A+ 16 Je+13 27 ns
*indicates significant difference in the Sheffé posthoc compari son (i healthy subjects)
CV, coeffcient of variaton; 517, standard deyiation
Takile 3 Pﬁftmm Propartion of fallers Fall events
Healthy sub- Cereballar disor-  Healthy subjects Cerehallar
s dars N=10 falls disordars
N=356 N=H0 N=313
N ® N % N ® N %
Fall epidemicdogy
Mo falls 47 B IE . - - -
Dccasional f2ll 9 s 1= 3 9 e 1B &
Freguent Ealls a 0 ] 41 0 1] 05 a4
Chi® <0001 Chi® <0001
Fall severity (HFGES N=1E N=025
1 4 3N 0 14 9 = 612 [1]
2 5 k-] &4 [ 1 B 3 3z
i 4 n o 18 4 2 1é 2
4 a L1 4 5 Q 0 4 0
Chi® <001 Chi® <001

Information on falls epidemiclogy on considers actual fall events (excloding near-fall events). | nformation
om falls severity considers both fall and near-fall events

HFGS, Hopkins &lls grading scale
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total of 5% of falls resulted in injuries which required ouot-
patient medical treatment and 1% necessitated inpatient
medical treatment. Overall, ontcomes from prospe ctive
assessment revealed that 64% of the patients experienced
falls within the 6-month follow-up period and 65% of
these patients reported recurrent falling. Severe fall-
related injuries that equired medical attention occormed
in 29% of patients that fell {Table 3).

Multivariate Fall Classiication Models

The predictive model for fall stams (non-faller vs. faller) was
obizined after 10 iteration steps and yielded a cormect predic-
tion of TE% (sensitivity: T0%; specificity: B6% ). The model
included 5 predictive factors from socio-demographic and
in-laboratory mobility assessment, with the most important
being retrospective fall status and CV of stride time during
slow walking (Table 5, Section A). Accordingly, a positive
history of falls and impaired dynamic walking stability wen
the most important risk factors for experiencing falls dor
ing follow-up. Mo parameter of the mobility assessment was
significantly mpresented in this model (Fig. 1).

The predictive model for fall frequency (occasional vs.
frequent faller) was obtained afiter 13 iteration steps and
achieved a cormect prediction of B1% (sensitivity: T7%:
specificity: 86%). The model included 3 predictive variables
from socio-demographic and off-1aboratory mobility assess-
ment, with the most infloential being retrospective fall status
and intenzity of daily mobility (Table 5, Section B ). Thos,
besides a positive history of falls, high daily activity levels
were an independent risk factor for frequent falling during
follow-up assessment (Fig. 1)

The predictive model for fall severity (falls that do ws.
do not necessitale medical atiention) was obtained after 12
iteration steps and yielded a comect prediction of 4% (sen-
sitivity: T5%: specificity: B9%). The model only considered 2
parameters from clinical and off-laboratory mobility assess-
ment, namely the subscore “heel-shin-test™ of the 34 RA and
ambulatory bout alpha (Table 5, Section C) (Fig. 1).

Discussion

In this study, we prospectively assessed the occumence,
circumstances, and consequences of falling in patients
with CA and evaloated the predictive validity of 2 com-
prehensive set of clinical and instrumeni-based health
and mobility screening tools for identifying patients at
particolar risk of falling. Prospective fall assessment
revealed that recurrent and injurious falling is a severe
complication aleady in mild-to-moderate stapes of cer
ebellar disease. Multimodal measumes from clinical and

D £ springer

Table 4 Prospective fall aseccrent. Fall event detxils

fall evenis

Healthy subjects Cerebellar dis-

r="4 falls orders

=313

n % n %
Envimmment
At heome 2 n HI7 71
Public an=a T T8 i} 19
Indoor 2 2 218 75
Dhutdnor T TR b 15

IX
Ewven underground [i] L] 210 71
Uineven underground 1 1n 10 3
Stmirs 1 1n 28 9
Imcline decline 2 I 4 1
Slippery undergroamd 3 i sl T
Orbsitncls 2 21 21 T
Ciroumstsnos
Morming 0 L1 B4 IB
MNoon/afiemnoon 4 P 144 48
Evening 3 56 [} n
Might i} L] 16 5
Symploms
Drirriness vertipn 0 L] il 1}
Pain 2 21 5 2
We nknass 0 L] & 1
Coollapese 0 L] 14 4
Mot speccified T TR el T3
Sauence
Antesior 5 56 101 as
Pasierior 1 1n 114 N
Laieral 3 i 69 M
Vertical i} L] 5 2
Tripping 2 12 104 k-
Slipping 3 33 sl B
Wenkness [i] L] 46 17
Instahility ! imbalanoe 0 L] ER ke
Inattentive 0 L1 9 3
Contact collison 4 44 3 1
Beharv iior
L osoomintion 4 44 3 il
Transition [i] L] 42 14
Tuming 2 Iz 16 5
Reaching/leaning i} L] 26 9
Standing 0 L] 19 [
Hitting 0 L1 1 L1
Dioing sports” activites 3 33 F L]
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Fg.1 Owverview of predictive faciors for fall events in CA . Figane 1
repeents the mlevant factors for predicting &l events {model 1-31
Paramters wen derived from climical assessment {md), in-lsbomiory

in- and off-1aboratory assessment not only allowed us to
characterize complementary aspects of the health and
mobility status in CA, bot were differentially associated
with distinct aspects of fall events in patients with CA.
Consequently, multivariate fall risk classification models
built on these measunes yielded a high accuracy that oot
performs previous models that only considered a limited
set of ex planatory chamacteristics. In the following. we will
dizcuss the differential relationships between health statos,
mobility impairments, and risk of falling in CA and pro-
pose a puideline for 2 muolti-level, stepwise approach for
fall risk assessment in these patients.

Balance and Moblility Impalrments

Patients in our study cohort had different etiologies of CA
at rather early stages of disease with mild-to-moderate
symptom severity indicated by an average SARA scome of
10 points. Clinical scoring of functional mobility in these
patients demonstrated moderate impairments of balance
and pait regulation. In-labomatory gait assessment showed
cormesponding walking characteristic of the stagpering,

gait mszesxment (green), and off-lshomiory mobility asesccment
{blue). Bars repres=ni the limits of Explheta) of the regresson mode]s

broad-based phenotype of ataxic gait disorders [9, 10, 34,
35]. Balance and pait impairments both cormelated with
disease severity and were linked to reduced subjective bal-
ance confidence and increased fear of falling [11].

Off-laboratory measums of daily activity indicated only
mildly affected everyday mobility behavior in patients
with moderate reductions in the total volume and inten-
sity of ambulatory activity. Patients performed less and
shorter periods of walking and spent more time with sed-
entary behavior. In contrast to gait impairments, altera-
tioms of patients’ daily mobility were mainly independent
of ataxia severity. Cormespondingly, patients reporied ne.ar-
to-normal health-melated quality of life scoms (5F-12). In
contrast, two previous studies on patients with hereditary
CA at more advanced disease stapes observed consider-
able impaimments of daily activities that correlated with
the severity of ataxic symptoms [18, 19]. Owr findings
thus sugpest that despite appanent balance and gait impair-
ments, patients at early stages of CA are more or less able
to manage and retain nearto-normal daily life activity.
However, impairments of daily mobility become increas-
ingly mlevant and disabling for patients at later stapes of
disease.

&) springer D
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Table5 Multivariaie fall claification models

Model information Parameder information

Comect pediction Coefficent 3B & p Explb}  Low High
A'Modd fall status 0.78
Retrospective fall sminx 0.73 03 1 TV T Lol 3813
ABCd —0.03 oo 1 0037 0836 0940  0.598
Prefermd walking—CV of siride time 0.5 0lE 1 0045 1289 LI 174
Slhow walking—CV of sizide ime .65 021 1 003 LIST 12351 1371
Maximally fast walking—phas synchm- -0z oo 1 0012 0EE 0.6 0871

nization index

BiModel Ell frequency 0.51
Retruspactive fall saix 192 051 1 000l GBS0 145 10093
Diily intensity 0.53 01z 1 00M 132 130 4333
Sitto-stand tramsitions —0.050 ool 1 003 0843 083 0595
CiModel Bl severity 0.8
SARA subscom heel shin test 116 056 1 0037 3z LOTS 9534
Sedentary boat alghs — 145 085 1 0044 06T 0002 0.1

ABC.-d, activity- specific balance confidence scale; CV, coeflicient of variation; SARA, scale: for the ass=ssment and mting of atmia

Fall Epidemiology and Fall Risk Prediction
In Patlents with CA

Our &-month prospective fall assessment in patients with CA
mevealed a fall incidence of 64%. which lies within the mnge
of previous eports (30% in 2 3-month essessment period [3],
BA% in a 1-year assessment period [5]). Two third of patients
that &1l experienced recurrent falling and one third suffered
from severe fall-related injuries requiring medical attention
oreven inpatient reatment. Furthermore, direct comparison
of retrospective and prospective fall assessment outcomes
mevealed a high ageement with respect to fall status, fre-
quency, and severity. Overall, retrospective and prospective
fall assessment outcomes both emphasize that recurrent
and injurious falling are frequent already in early stages of
CA despite the mlatively preserved ability for inde pendent
ambulation in these patients.

The relative distribution of circumstances and mecha-
nisms of falling reported during prospective assessment
largely confirm previous eports [3, 5, 36]. Most falls of
patients occurmed indoors on even ground and were linked to
activities of walking or tuming. The pred ominant causes of
falling were tripping and postural instability. This sugpests
that most falls in CA are intrinsically penerated in situations
wheme the center of mass moves outside the base of sup-
port and dy namic balance cannot be adequately mcovered.
Furthermome, the high rate of sensations of vertigo and diz-
ziness associgied with falling in patients supports previous
reports on the prevalence of persistent or episodic symptoms
of wertigo and dirziness in CA (“cembellar vertipo and diz-
ziness"} [37, 38].

D £ springer

To identify explanatory variables that may predict
patients” fall status, frequency, and severity, we performed
multiple regression analyses considering a2 wide ranpe of
sociodemographic characteristics and outcomes from
clinical, self-re port-based, and in- and off-1aboratory gait
and mobility assessments. Predictive models for each of
the thmee fall catepories yielded pood-to-excellent classi-
ficatory performance (78—84%) with respect to previously
established criteria for fall risk assessment approaches [39,
40]. Accorate prediction of both patients’ peneral fall sts-
tus and fall frequency primarily relied on information from
metrospective fall assessment_ Accordingly, the presence of
previouos falls was the single most influentizl predictor for
experiencing one or mome falls in the 6-month follow-up
assessment. Analogous to fall risk assessment goidelines
in periatric populations [41, 42], this finding sugge sts that
patients” fall history should be routinely surveyed during
peneral medical history taking in order to readily identify
those patients with particular risk of falling.

Prediction of patients” peneral fall status forther relied
on paramebers from in-laboratory gait assessment. In par-
ticolar, increased levels of gait variability weme identified
a5 an independent risk factor for experiencing falls during
the follow-up period. Irregularity of movement is a defin-
ing characteristic of cerebellar disease [9, 10] and scales
with the severity of sympioms [11]. A close link betwean
increased gait variahility and the risk of falling in CA has
been previously reported based on retrospective fall infor-
mation [2, 11]. This relationship has been shown most
prominent for slow walking modes. The current findings
further complement this hypothesis by giving evidence for
3 relationship between gait variability at preferred speed



9 Paper Il

42

The Cerehellum (2023) 228595

L]

walking and prospective fall risk in patients with CA_Gait
irregularities have been particularly linked to the risk of
falling due to tripping during undisturbed walking [36]
— the most prevalent fall mechanism in our cohort. Thus,
instrument-based measures of gait instability appear to be
3 suitable tool to improve the baseline fall risk estimation
in patients with CA.

Interestingly, off-laboratory mobility measures did not
coniribute to basic fall risk estimation, but only became mel-
evant for identifying patients at particular risk of frequent
and injurious falling. Accordingly, prolonged periods of sed-
entary activity wem predictive for injurious falling and a
higher intensity of daily-life activity for experiencing recur
rent falls. At first glance, the latter observation appears to be
counterintuitive, since the level of daily physical activity is
considered a global health marker [43] and training-induced
increases in physical activity wene found to not affect the
risk of falling in an elderly population [44]. However, previ-
ous reports cormespondingly observed that higher amounts
of physical activity are associated to an increased fall risk
in the elderly population [45] and patients with early Par
kinson’s disease [17]. This sugge sts that especially patients
with early-stage gait impairments who still maintain near-to-
normal levels of daily activity are at particolar risk of expe-
riencing recurrent falls during ambulation. It is reasonable
that a higher exposure to gait instability doring preserved
daily activity behavior might influence the risk for freqoent
falling in a supraordinate way. This risk presumably not
decreases before advanced disezse stages that are linked to
considerably reduced levels of daily activity [ 17]. However,
2 climical advice to reduce ambulatory activity to protect
patients from recurrent falling would not be appropriate due
to the apparent neuroprotective effects of activity in these
patients [46, 47]. Rather, a balance must be found be tween
maintaining activity and applying protective measures that
specifically minimize the risk of severe fall-related imjuries
in these patients.

‘Whether the severity of ataxic symptoms directly influ-
ences fall risk in patients with CA is still controversial. A
metrospective study in patients with spinocerebellar ataxias
found that fall frequency was associated with the saverity
of ataxia assessed by the SARA score [4]. However, this
association failed to persist in & subsaquent prospe ctive finl-
low-up study on the same cohort [5]. A more ecent study
including patients with sporadic and hereditary forms of CA
found no evidence for an association between the SARA
scofe and patients’ fall risk [11]. Our findings support the
latter observations but further indicated that the severity of
ataxic sympioms becomes relevant for estimating patients’
risk of imjurions falling. Accordingly, an increase in the
SARA scone (subscore for limb ataxia) mome than doobled
the risk of experiencing fall-related injuries that nece ssitated
medical atbention. This association presumably points to a

link between the severity of ataxic symptoms (particularly
limb dysmetria) and the patients’ capacity for protective
postural coping straie gies to counterbalance falls. A sever
discoorndination of limb movernents might thus interfere with
and hinder the execution of profective postural adjustments
while falling.

Taken together, the differential contributions from clinical
and instrument- based measores for predicting fall risk in CA
encourage and provide guidelines for a muolti-level, stepwise
fall risk assessment approach in the se patients: A ccordingly,
basic index information that is readily available from medi-
cal history taking allows a good estimation of the peneral
fall risk and may promptly inform the clinician which patient
would or would not benefit from a more in-depth examina-
tion. For those patients at risk of falling. a mome elabomte
disease severity rating and measures from instrument- based
gait and mobility examination provide additional, unigue
information with respect to the severity of their fall sos-
ceptibility and the likelihood for the occurrence of sever
fall-related injuries.

Study Limitations

The cross-sectional study design yielded a heterogenous
sample of patients including hereditary, sporadic, and sec-
ondary forms of CA which comfounds a direct comparison
to prviowns reports that only considered hereditary forms of
CA [4, 5, 18). However, despite this heteropeneity and the
preponderance of earlier disease stages in our cohort, we
found a good agreement with existing lilerature regarding
the epidemiology, circumstances, and mechanism of falling
in CA_ Furthermome, we did not analyze effects of medica-
tions on fall risk in our patients with CA. Medication status,
in particular, the commonly described “fall risk increasing
drugs” such as hypnotics, antipsychotics, antide pressants
have been shown relevant risk factors for fall occurrence
in periatric populations [48] and should be considered in
follow-up studies. Finally, we are awamne that the applied
technology for in- and off-laboratory assessment of gait and
mobility function is elaborate and currently restricted to spe-
cialized clinical centers. However, melevant outcome meas-
umes of these assessments (g.g., gait varighility or intensity
of daily activities) have been shown to be reliably transfer-
able to low-cost wearshle technology [15, 49] that could in
future facilitaie a broad application of a multimodal fall risk
screeming in patients with CA.

Author Contribution Conceptuslization: B.S_, M., TH. and MW.;
Methodology: R.5., MDD, T.B., and M.W.; Dats acquisition: R.5_,
AH., 11, F5, and MW.; Formal analysis and imvestigation: B.5.,
AH.JID,F3., and M.W.; Manuscript drafiz B.5. and M.W.; Man-
uscript evision: all anthors; Funding acquisition: B.5. and MW,
Besources: B.5., MUW_ M.D.

£ springer D



9 Paper Il

43

9

The Cerebellum (2023} 22:85-95

Funding Open Access funding enabled and organimed by Projekt
DEAL. This study was supporied by the (German Federal Ministry
for Education and Science (EMBF, IFE 01EQ1401) and by the Else-
Ermener-Fresenins Foundation (EKFES, BIT66157.).

BMEF.IFE 01BE0 1401, Roman Schnizpp, Elss K riiner-Fressmios-

Stiftung, EKFES, Roman Schniepp, 80766157, Romen Schniepp

Data Avallability Data reported in this article will ke shared with any
appropriately qualified imvestigator on reguest afier peeudomy mization.

Dedlarations

Ethics Approval The stody pmincol was approved by the loml Eth-
ics Commities of the L ndwig- Mo imilisns University of Munich, (M
421-13) and was conducied acoonding to the Dexclaration of Helxsinki.

Consent to Particlpate All participants gave their informed written
comend prior i the e perinrents.

Confict of Inberest The authors declan: no competing intemsts.

Open Aoress This article is Grensed under a Creative Commaons Attri-
bution 4.0 International Lirens=, which permits wee, sharing, adapis-
tion, distribution and repr ciwm or format, = long
2= you give: appropriate credit o the original anthor(s) and the souroe,
provide a link to the Creative Commons licence:, and indicale if changes
wese made. The image s or other third party moterisl in thixs articks ane
included in the artick"s Creative Commons licencee, unless indicated
atherwise in a credit line oy the material. If material is not incleded in
the article"s Creative Commons licence and your inended o is not
permitied by statiory s gulation or exceeds the permitied e, yoo will
need bo obizin permission direcily from the copyright holder. To view a
ooy of thix licenoe, visit bitpsfioe ativecommons orgflicenss st 4 00

References

I. Buckley E, Moea C, McNeill A A sysiematic mview of the gait
characieristics associaied with censbellar ataxia G adt Posture.
0 86015463, httpsdod.ong10. 10167, gaitpost. 7017.11.024.

2 Schniepp R, Wuehr M, Schiick C, Huth 5, Pradhan C, Dieterich
M. Brandt T, Jshn K. Inceas=d gait variahility i assocised with
the history of falls in patients with cerbe llar staxia. J Nearol
2014;261:213-23. https=Fdiai.arg/ 1010070041501 3T 159- 3,

3. van de Warrenburg BP, Steijns JA, Munneke M, Kremer BF,
Hioem BE. Falls in degenerative cerebellar ato e, Moy Disond
D005 20497 500. hitps=Fdoi.org! 101002 mds. X375,

4. Fonteyn EM, Schmite Hubsch T, Verstappen OC, Balilo L, Blo=m
BR. Boesch 8, Bunn L, Chardes P, Durr A, Filla A, Giunti P,
Globas C, Klockpether T, Melegh B, Pandalfo M, De Rosa A,
Schols L, Timmann D, Memmeke M, Kremer BF, van de Warnen-
burg BP. Falls in spinocerebellar ataiss: msolis of the BumSCA
fall study. Cerebelum. 2010;9:232-9. https-Fdoi.ongf10. 10077
1231 10100155z,

5. Fonteyn EM, Schmite-Hubsch T, Verstappen OC, Baliko L,
Bloem BR, Bozsch 5, Bunn L, Giunti P, Globas C, Klockge ther
T, Melegh B, Pandolfo M, Schels L, Timmann [, van de War-
renbarg BF. Prospective mnalysis of falls in dominant atawias
Eur Newrol X013;68:53-7_ https=Fdoi.crg10. 115000034 3907

6 Ng W, Bastian AJ, Boesch S, Burciu RG, Celnik P, ClaaBen
I, Feil K, Kalla R, Miyai I, Machbaper W, Schols L. Strupp
M, Synofrik M, Temfzl J. Timmann D. Consensos paper:

D £ springer

21

management of degenemtive perbellar disorders. Cemebellum
2014;13: 24868, bttps/fdaiarg/ 10,1007 /<1 231 101303314,

Elockpe ther T, Mariotti C, Paukson HL. Spinocen:bellar ataxis
Mat Rev Dis Primers. 2019:5:24. hitps2fdoi.org/10. 10387
s41572.0190074- 3.

Agrawa OY, Pedroso JL., Brags-Neto P, Callegari ME, Barsottin
0. Patients with autosomal dominant spinocerehellar ataxia
have mone risk of falls, important balance impairment, and
decreased shility to function. Ary Nevropsiquiatr X113.71-508-
11 https=Fdoi.org! 10. 139000042822 701 30094

g W, Giex= M, Girewski E, Schoch B, Timmanm . The infiu-
ence of focal oo bedlar kexions on the contmol and adapéation of
gait. Brain. 2008;131:2913-77.

g W, Golla H, Thier P, Gies= MA. Specific influences of e
ehellar dysfunctions on gait. Brain. 2007;130:7T86-98. hitps=f7
doi.org/ 10,1093 brain/=w 1 374,

Schniepp R, Schlick C, Pradhan C, Dieterich M, Brandt T,
Ishn K, Wmzhr M. The int=rrelabonship betwesn dissme omver
ity, dynamic stability, and Falls in cesebellar ataxia. J Mewml.
20014, 263:1409-17. bitpsaFdoiorg/ 1010070041 50168142
Chimi (3, Ranavolo A, DraicchioF, Casali C, Conte C, Martino
0, Leonardi L, Padus L, Coppola G, Pemlli F, Serrac M. Local
Stability of the trunk in patients with depenerative cerebellar
ataxia during walking. The Cerebellum. 2017;146:26-33. bitpsff
dod.org/ 10,1003 s 1231 101607 806

Schilick T, Rasoul A, Wuehr M, Gerth J, Dieerich M, Brandt T,
Juhn K, Schniepp B. (Gait varizhility predicts a subset of falls
in ceneballar gait digorders. J Neuml. 2007, 264:2322 4. bttps-lf
dod.org/ 10,1007 5004150178634 5.

‘Warmendam E, Hausdorff JM, Atrsaei A, Zhou ¥, Mirelman A,
Aminian K, Espay AJ, Hanwn C, Evers LIW, Keller A, Lamath
C, Pilotio A, Rochester L, Schmidt G, B loem BR and Mastzler
W. Long-term unsupeTvised mobility assssment in move ment
disorders. Lancet Mewrol 200bttps-Fdoi_ong/ 10101651474~
4427(19)30357-7

g W, Seemann J, Giese M, Traschitz A, Schitls L., Timmann
I and Synofrik M. Real-life goit assessment in degenerative
cerehellar atawia: irwards ecologically valid biomarders. Nea-
ralogy 2020:hitps/fdod cog/ 1012110 NL 00000000000 10176
doi bitpsfdoi_org10. 121 Liwnl 0000000000 10176

Wuehr M, Hoppert A, Schenkel F, Decker I, Jahm K and
Schnizpp R Independent domains of daily mobility in patients
with newrclogical prit disorders. Journal of Newrology
M Nhttpsydoiorgf10. 10077004 15-000.09853- 3

Moactier K, Lord 5, Godfrey A, Burn D, Rochester L. The rela-
tionship between real world ambulatory activity and falls in
incident Parkinzon's disease: influence of classification scheme.
Parkinsonism Relat Disord. 2015;21:236-47. hitps2Fdoi.org/10.
101467 parkees bdis. 2014.12.014.

Srulijes K, Elenk J, Schwenk M, Schatton C, Schwickert L.,
TenbnerLispert K, Meyer M, K C5, Mastrler W, Backer T and
Synafzik M. Fall risk in melstion to individual physical activity
exposure in patients with difernt neurndepenemtive diseases:
a pilot study. Carshellum 2019: 18:340-8. dai https/Vdai_org/
10,1007 #1231 1-01 E-1002-x

Submmony SH, Kedar 5, Murray E, Protas E, Xu H, Ashizowa
T, Tan A. Dbjective home-based gait asesscment in spinoor-
ehellar ataxia § Mewnol Sci. 2012;313:05- 8, bttps:Fdai_org/1 0.
1014 jrs. 201 1.09.01 6

. de Silva R, Greenfiedd 1. Cook A, Bonney H., Vallortigara I, Hunt

B, Giunti P. Guidelines on ihe diagnosis and s
progessive ataias. Orphanet ] Rane Dis. 3019;14:8.
Femvic AA, Salmoni AW, Speechley M, Vandervoort Ad. Defin-
ing a fall and reaxons for falling: comparizsons among the views
of seniors, health care providers, and the msearch literatore.

of the




9 Paper Il

44

The Cerehellum (2023) 228595

%5

3

28

31

33

Gerontologist. 2006462367~ 76, hitps:Vdoi.arg! 10. 1093 peromt!
46.3.367.
Diavabos-Bichara M, Lin FR, Carey TP, Walston J D, Fairman JE,
Schubert MC, Barron J5, Huoghes J, Millar JL., Spar A, Weher
KL, Ying HE, Zackowski KM, Zz= DS, Agrsval Y. Develop-
ment and validation of a falls-grading scale. J Geriatr Plys Ther
2013;36:63-7. hitps=¥doiong/ 10. 15 1% IPTO0 1 3318256777
3A. Analysis of measorement ools of fear of falling
for high-risk, community -dwelfing older adults. Clin Mo Res.
AZ21:113-30. bettpsfFdiod.cog 10117 105477381 1433824,
Powell LE, Myers A M. The activities-specific balance oonfidenoe
{ABC) scale. J Gerontol A Biol Sci Med Sci. 1995;50:M28-34,

. Fisher KJ, Li F. A communmity-based walking trial to impnove:

neighborhood quality of life in older adults: a multleve] analysis.
Ann Behav Med. 2004;28:186-94. hitps=Vdoi_ong10.1 1071532
47 6ahm?R03_7.

Nasmeddine £, Phillips NA, Bedirian W, Charbonneau 5, Whike-
head W, Collin I, Cumnmings JL., Che rtiow H. The Montreal Cog-
mitive A ssesement, Mol A: a brief soreening tool for mild cogni-
tive impairmend. J Am CGeriatr Soc. 2005:53:695-9. hitps:doi.
arg/ 10111 1/§.1532-5415. 2005 5322 1.x.

. Podsiadle D), Richardson 5. The tired “Up & Go”: 2 text of basic

functional mobility for Frl elderly persons. J Am Geriatr Soc.
1991;39:142-8. https¥doi_org/10.1111/5.1532-5413.1991.ch0 16
léx.

Thieme H, Ritschel T, Zange C. Relishility and validity of the
functional gait assssment (German version) in suhaoote strode
patients. Arch Phys Med Rehahbil. 2000:00:1565-70. hitps=¥doi.
argf10. K167 . apmr 300903007

SchmiteH obsch T, du Monice] ST, Baliko L., Berciano J, Boesch
5, Depondt C, Gimnt P, Globas T, Infante J, Kang J5, Kremer B,
Marionti C, Melegh B, Pandolfco M, Rakowice M, Ribai P Rola R,
Schols L., Szymanski 5, van d¢ Warmnburg BPF. Durr A, Klock-
pether T, Fance o B. Scale for the ssessment and mting of st ia-
development of a new clinical scale. Meurobogy. 2006;66:1717 -
2. https=Fdai.org/10. 1212001 wnl 0000219042, 60538 02

. Plotmik M, Giladi N, Haosdorff IM. A new measune for qoantify-

ing the: bilsteral coomdimation of human gait: e f=cts of aging and
Parkinson's disase. Exp Brain Res. 2007, 181:361-T0L hitpsfidoi.
argf10. KO=0022 1 007-0955-7.

Rochester L., Chastin SFM, Lord 8, Baker K, Bumn [DJ. Under-
standing the impact of deep brin stimulation on ambulstory activ-
ity in advanced Parkinzon's dissase. J Meurol 201225510816
Lord 5, Chastin 5F, Mclnnes L, Little L., Briggs P, Rochesier L.
Exploring patterns of daily physical and ssdentary behaviour in
cammunity -dwelling clder adults. & ge A peing. 201154902051
hitps=¥doiorg! 10. 108 apeing/fafig | 6.

Galperin I, Hillel I, Del Diin B, Bekkers EMI, Niswwhosr A,
Abbrorese (3, fvareino L, Newwhof F, Bloem BR, Rodsester L.,
Della Croce L, Cereatti A, Giladi M, Misxkman A, Hansdorff TM.
Asmocistions betwasn daity-Bving physical activity and labors-
tory-based asse sements of motor ssverity in patients with falls and
Parkinson's disease . Parkinsonism Relat Disord. 201962:85-90.
hitps=¥doiorg!10. 1014 parkraldiz X190 1022,

. Schmiepp R, Mobwald K and Woehr M. Gait ataxia in humans:

vestibular and cembelllar contral of dynamic stability. J Nearol
201 Thitps:Fdoiocg! 10,1007 400415-017 -B482-3

. Woehr M, Schmiepp B, llmberper I, Brandt T, Jahn K. Speed-

dependent emporospatial gait variability and kong-mnge cormla-
tioms in cesehellar ataxia. (Gait Posture. 10 13;37:214-8. hitpszfdoi.
argf10. K167 gaitpost 301207 003,

Schlick C, Rasoul A, Wuehr M, Gerth J, Dieterich M, Brandt T,
Jahn K and Schniepp B. (Gait variability peedicts 2 subset of falls
in perebellar gait disorders. Journal of Neurclogy 2017 btps:ffdoi.
argf 10, W07 =004 150 17-8634-3

3B.

41.

42,

43

47.

49,

. Feil K, Strobl R, Schindler &, Krafoyk 5. Goldschagg M, Fremel

C, Glazer M, Schoberl F, Zwergal A, Strupp M. What i behind
cesbellar vertige and diriness? Ceme bellum. X0 19:18:320-32.
hitps:¥doiorg! 10,1007 /51231 1-01 B-0997-B.

Yo-Wai-Man P, Gorman (G, Bateman DE, Leigh BRI, Chinnery
PF. Vertipo and vestibular shnormalities in spinocenbellar
ataxia type 6. Newrol. 009.256:TR-E2. https //dod.orgf 10,1007/
00415009 0068-1

. Oiliver [, Daly F, Martin FC, McMurdo ME. Risk factors and

risk axsszment inols for falls in hospital in-patients: o sysemtic
meview. Ape Apeing. 2004;33:172-30. bitps2¥doi.org! 10.109¥
apeing/afhl 7.

Munan 5, Brown Wilson O, Hemmwood T, Parker . Fall risk
mssessment inols for use among older adults in long-term cam
w=itings: a syciematic review of the literatune. Snsralas J A pring.
2A018;37-23-33. hetpefdoi.org/10.1111ajag. 12476

Lusardi MM, Fritz 5, Middleton A, Allizon L, Wingood M, Phil-
lips B, Crizs M, Verma &, Osbarne J, Chud KK Determining rick
of falls in commumity dwelling older adults: & systematic review
mnil meds-analysis using postie st probability. J Geriatr Phys Ther.
01T;40:1-36. hitps:Fdoiorgf 10,151 W jpL 000000000000,
Skedion DA, Todd (3 and ProFa NEG. Prevention of falls network
Eurnpe: a thematic network simed at inboducing good practice in
effective falls prevention acmss Europe. Four years on. J Muosoo-
loskelet Mewronal Interact 2007:7:773-8.

Healy GN, Matthews CE, Dunstan DW, Winkler EA, Orwen M.
Sedentary time and cardin-metsholic biomarkers in US adults:
NHANES M0 06 Eur Heart I 200 1;32:590- 7. hetps:ffded. org/
10. 1093 e urhe artjfehgd 5 1.

. Zieschang T, Schwenk M, Becker C, Uhlmann L., Oster F, Hauer

K. Falls and physical activity in persons with mild o moderaie
dementia participating in &n intensive motor faindng: randomized
controlled trial. Akheimer Dis Assoc Disord. 2017:31:307-14.
https:Fdoiorg! 10,1097 WAD 000000000000 201.

. Chan BE, Marshall LM, Winiers KM, Faulkner KA, Schwartr

AV, Orwoll ES. Incident fall risk and physical activity and physi-
il performance among older men: the osteoporotic factres in
men study. Am J Epidemicl. 3007; 165696103 hitps:/doi.crg/
10, 1053 e Tewki) 50,

Keller J1., Bastisn AJ. A home balanre svemcise progrem improves
walking in prople with ceemebellar ateia. Megrorehabil Meoral
Repair. X014, 28:-TT0-8. bttpsyFdoiong/10. 11771 545968314
522330,

Ahlsbog JE. Doe s vigomms exemrises have o nenmprodective effieo
in Parkinson disease? Meurslogy. 301 1:77:388-0. hitps:/doi_arg/
101212 NL_0HD 1 3= 31 822 5ahts.

. Hart LA, Phelan EA, Yi JY, Mamcum ZA, Gray SL. Use of fall

risk-mcreasing drgs armund a fall-ebied njury o older adulis:
a systematic mview. J Am Geristr Soc. NNEEE:1334-43. hitpsf
doLorg’ 10,1111 gs. 16365,

Arcuria (G, Marcotulli C, Amuso R, Dattilo G, Galasen C, Pierlb
F.Casali C. Developing a smartphone application, triaxial acce]-
eometes- based, to quantify static and dynamic balane: deficits
in patients with cesbellar ataying. J Neuml. 200,267 462530,
hitps:Vdoiorg! 10,1007 /0041 50100957 0

Publisher's Hoté Sprinper Mature remains neotal with regand o
jurisdictional claims in published maps and institntional affiBations.



10 Literaturverzeichnis 45

10. Literaturverzeichnis

Aizawa, Carolina Yuri P.; Pedroso, José Luiz; Braga-Neto, Pedro; Callegari, Marilia Rezende;

Barsottini, Orlando Graziani Povoas (2013): Patients with autosomal dominant spinocerebellar
ataxia have more risk of falls, important balance impairment, and decreased ability to function.
In: Arquivos de neuro-psiquiatria 71 (8), S. 508-511. DOI: 10.1590/0004-282X20130094.

Berlit, Peter (Hg.) (2020): Klinische Neurologie. Mit 615 Abbildungen und 361 Tabellen. 4. Auf-
lage. Berlin, Heidelberg: Springer (Springer Reference Medizin).

Brooker, Sarah M.; Edamakanti, Chandrakanth Reddy; Akasha, Sara M.; Kuo, Sheng-Han;
Opal, Puneet (2021): Spinocerebellar ataxia clinical trials: opportunities and challenges. In: An-
nals of clinical and translational neurology 8 (7), S. 1543—-1556. DOI: 10.1002/acn3.51370.

Buckley, Ellen; Mazza, Claudia; McNeill, Alisdair (2018): A systematic review of the gait charac-
teristics associated with Cerebellar Ataxia. In: Gait & Posture 60, S. 154—163. DOI:
10.1016/j.gaitpost.2017.11.024.

D'Agata, Federico; Caroppo, Paola; Boghi, Andrea; Coriasco, Mario; Caglio, Marcella; Baudino,
Bruno et al. (2011): Linking coordinative and executive dysfunctions to atrophy in spinocerebel-
lar ataxia 2 patients. In: Brain Struct Funct 216 (3), S. 275-288. DOI: 10.1007/s00429-011-
0310-4.

Davalos-Bichara, Marcela; Lin, Frank R.; Carey, John P.; Walston, Jeremy D.; Fairman, Jennifer
E.; Schubert, Michael C. et al. (2013): Development and validation of a falls-grading scale. In:
Journal of geriatric physical therapy (2001) 36 (2), S. 63—67. DOI:
10.1519/JPT.0b013e31825f6777.

Diener, H. C.; Gerloff, C.; Dieterich, M.; Schoser, B.; Schulz, J. B.; Dietz, V. et al. (2018): Thera-
pie und Verlauf neurologischer Erkrankungen. 7., erweiterte und Uberarbeitete Auflage. Stutt-
gart: W. Kohlhammer Verlag. Online verfiigbar unter https://books.google.de/books?id=jHgiE-
AAAQBAJ.

Doéhlinger, Susanne; Hauser, Till-Karsten; Borkert, Johannes; Luft, Andreas R.; Schulz, Jérg B.
(2008): Magnetic resonance imaging in spinocerebellar ataxias. In: Cerebellum 7 (2), S. 204—
214. DOI: 10.1007/s12311-008-0025-0.

Erichsen, Anne Kjersti; Koht, Jeanette; Stray-Pedersen, Asbjarg; Abdelnoor, Michael; Tallak-
sen, Chantal M. E. (2009): Prevalence of hereditary ataxia and spastic paraplegia in southeast
Norway: a population-based study. In: Brain : a journal of neurology 132 (Pt 6), S. 1577-1588.
DOI: 10.1093/brain/awp056.

Fisher, K. John; Li, Fuzhong (2004): A community-based walking trial to improve neighborhood
quality of life in older adults: a multilevel analysis. In: Ann Behav Med 28 (3), S. 186-194. DOI:
10.1207/s15324796abm2803_7.

Fonteyn, Ella M. R.; Schmitz-Hiibsch, Tanja; Verstappen, Carla C.; Baliko, Laslo; Bloem, Basti-
aan R.; Boesch, Silvia et al. (2010): Falls in spinocerebellar ataxias: Results of the EuroSCA
Fall Study. In: Cerebellum 9 (2), S. 232-239. DOI: 10.1007/s12311-010-0155-z.



10 Literaturverzeichnis 46

Greenberg, Sherry A. (2012): Analysis of measurement tools of fear of falling for high-risk, com-
munity-dwelling older adults. In: Clinical nursing research 21 (1), S. 113—130. DOI:
10.1177/1054773811433824.

Harding, A. E. (1983): Classification of the hereditary ataxias and paraplegias. In: The Lancet 1
(8334), S. 1151-1155. DOI: 10.1016/S0140-6736(83)92879-9.

Hernandez-Castillo, Carlos R.; Galvez, Victor; Diaz, Rosalinda; Fernandez-Ruiz, Juan (2016):
Specific cerebellar and cortical degeneration correlates with ataxia severity in spinocerebellar
ataxia type 7. In: Brain Imaging and Behavior 10 (1), S. 252—-257. DOI: 10.1007/s11682-015-

9389-1.

ICD-10-GM-2023: ICD-10-GM - icd-code.de (2023). Online verfligbar unter https://www.icd-
code.de/icd/code/ICD-10-GM.html, zuletzt aktualisiert am 01.01.2023, zuletzt gepruft am
19.10.2023.

llg, W.; Bastian, A. J.; Boesch, S.; Burciu, R. G.; Celnik, P.; Claal3en, J. et al. (2014): Consen-
sus paper: management of degenerative cerebellar disorders. In: Cerebellum 13 (2), S. 248—
268. DOI: 10.1007/s12311-013-0531-6.

Jacobi, Heike; Minnerop, Martina (2021): Ataxien des Erwachsenenalters. In: Nervenarzt 92 (4),
S. 379-389. DOI: 10.1007/s00115-021-01099-9.

Jacobi, Heike; Reetz, Kathrin; Du Montcel, Sophie Tezenas; Bauer, Peter; Mariotti, Caterina;
Nanetti, Lorenzo et al. (2013): 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. In: The Lancet. Neurology 12 (7), S. 650-658. DOI: 10.1016/S1474-4422(13)70104-2.

Jacobi, Heike; Schaprian, Tamara; Beyersmann, Jan; Du Tezenas Montcel, Sophie; Schmid,
Matthias; Klockgether, Thomas (2022): Evolution of disability in spinocerebellar ataxias type 1,
2, 3, and 6. In: Annals of clinical and translational neurology 9 (3), S. 286-295. DOI:
10.1002/acn3.51515.

Jacobi, Heike; Schaprian, Tamara; Schmitz-Hlbsch, Tanja; Schmid, Matthias; Klockgether,
Thomas (2023): Disease progression of spinocerebellar ataxia types 1, 2, 3 and 6 before and
after ataxia onset. In: Annals of clinical and translational neurology 10 (10), S. 1833-1843. DOI:
10.1002/acn3.51875.

Jahn, Klaus; Deutschlander, Angela; Stephan, Thomas; Kalla, Roger; Wiesmann, Martin;
Strupp, Michael; Brandt, Thomas (2008): Imaging human supraspinal locomotor centers in
brainstem and cerebellum. In: Neurolmage 39 (2), S. 786—792. DOI: 10.1016/j.neu-
roimage.2007.09.047.

Jahn, Klaus; Deutschlander, Angela; Stephan, Thomas; Strupp, Michael; Wiesmann, Martin;
Brandt, Thomas (2004): Brain activation patterns during imagined stance and locomotion in
functional magnetic resonance imaging. In: Neurolmage 22 (4), S. 1722—-1731. DOI:
10.1016/j.neuroimage.2004.05.017.

Klinke, Ina; Minnerop, Martina; Schmitz-Hiibsch, Tanja; Hendriks, Marc; Klockgether, Thomas;
Wiillner, Ullrich; Helmstaedter, Christoph (2010): Neuropsychological features of patients with
spinocerebellar ataxia (SCA) types 1, 2, 3, and 6. In: Cerebellum (London, England) 9 (3), S.
433-442. DOI: 10.1007/s12311-010-0183-8.



10 Literaturverzeichnis 47

Klockgether, Thomas (2010): Sporadic ataxia with adult onset: classification and diagnostic cri-
teria. In: The Lancet. Neurology 9 (1), S. 94—104. DOI: 10.1016/S1474-4422(09)70305-9.

Klockgether, Thomas (2012): Sporadic adult-onset ataxia of unknown etiology. In: Handbook of
clinical neurology 103, S. 253—262. DOI: 10.1016/B978-0-444-51892-7.00015-2.

Klockgether, Thomas; Mariotti, Caterina; Paulson, Henry L. (2019): Spinocerebellar ataxia. In:
Nature reviews. Disease primers 5 (1), S. 24. DOI: 10.1038/s41572-019-0074-3.

Lord, Sue; Chastin, Sebastien Francois Martin; Mclnnes, Lynn; Little, Linda; Briggs, Pam; Ro-
chester, Lynn (2011): Exploring patterns of daily physical and sedentary behaviour in commu-
nity-dwelling older adults. In: Age Ageing 40 (2), S. 205-210. DOI: 10.1093/ageing/afq166.

MacKinnon, Colum D. (2018): Sensorimotor anatomy of gait, balance, and falls. In: Handbook of
clinical neurology 159, S. 3-26. DOI: 10.1016/B978-0-444-63916-5.00001-X.

Mattei, Filippo de; Ferrandes, Fabio; Gallone, Salvatore; Canosa, Antonio; Calvo, Andrea; Chio,
Adriano; Vasta, Rosario (2023): Epidemiology of Spinocerebellar Ataxias in Europe. In: Cere-
bellum (London, England). DOI: 10.1007/s12311-023-01600-x.

Nasreddine, Ziad S.; Phillips, Natalie A.; Bédirian, Valérie; Charbonneau, Simon; Whitehead,
Victor; Collin, Isabelle et al. (2005): The Montreal Cognitive Assessment, MoCA: a brief scree-
ning tool for mild cognitive impairment. In: Journal of the American Geriatrics Society 53 (4), S.
695-699. DOI: 10.1111/j.1532-5415.2005.53221 .x.

Pisano, Thomas J.; Dhanerawala, Zahra M.; Kislin, Mikhail; Bakshinskaya, Dariya; Engel, Este-
ban A.; Hansen, Ethan J. et al. (2021): Homologous organization of cerebellar pathways to sen-
sory, motor, and associative forebrain. In: Cell reports 36 (12), S. 109721. DOI: 10.1016/j.cel-
rep.2021.109721.

Podsiadlo, D.; Richardson, S. (1991): The timed "Up & Go": a test of basic functional mobility for
frail elderly persons. In: Journal of the American Geriatrics Society 39 (2), S. 142—-148. DOI:
10.1111/j.1532-5415.1991.tb01616.x.

Powell, L. E.; Myers, A. M. (1995): The Activities-specific Balance Confidence (ABC) Scale. In:
J Gerontol A Biol Sci Med Sci 50A (1), M28-34. DOI: 10.1093/gerona/50A.1.M28.

Ruano, Luis; Melo, Claudia; Silva, M. Carolina; Coutinho, Paula (2014): The global epidemio-
logy of hereditary ataxia and spastic paraplegia: a systematic review of prevalence studies. In:
Neuroepidemiology 42 (3), S. 174—183. DOI: 10.1159/000358801.

Salman, Michael S. (2018): Epidemiology of Cerebellar Diseases and Therapeutic Approaches.
In: Cerebellum 17 (1), S. 4—11. DOI: 10.1007/s12311-017-0885-2.

Schlick, Cornelia; Rasoul, Atal; Wuehr, Max; Gerth, Julia; Dieterich, Marianne; Brandt, Thomas
et al. (2017): Gait variability predicts a subset of falls in cerebellar gait disorders. In: J Neurol
264 (11), S. 2322-2324. DOI: 10.1007/s00415-017-8634-5.

Schmahmann, Jeremy D. (2019): The cerebellum and cognition. In: Neuroscience letters 688,
S. 62—75. DOI: 10.1016/j.neulet.2018.07.005.

Schmitz-Hibsch, T.; Du Montcel, S. Tezenas; Baliko, L.; Berciano, J.; Boesch, S.; Depondt, C.
et al. (2006): Scale for the assessment and rating of ataxia: development of a new clinical scale.
In: Neurology 66 (11), S. 1717-1720. DOI: 10.1212/01.wnl.0000219042.60538.92.



10 Literaturverzeichnis 48

Schniepp, Roman; Schlick, Cornelia; Pradhan, Cauchy; Dieterich, Marianne; Brandt, Thomas;
Jahn, Klaus; Wuehr, Max (2016): The interrelationship between disease severity, dynamic stabi-
lity, and falls in cerebellar ataxia. In: J Neurol 263 (7), S. 1409-1417. DOI: 10.1007/s00415-016-
8142-z.

Scott, Stephanie Suzanne de Oliveira; Pedroso, José Luiz; Barsottini, Orlando Graziani Povoas;
Franga-Junior, Marcondes Cavalcante; Braga-Neto, Pedro (2020): Natural history and epidemi-
ology of the spinocerebellar ataxias: Insights from the first description to nowadays. In: Journal

of the neurological sciences 417, S. 117082. DOI: 10.1016/j.jns.2020.117082.

Silva, Rajith de; Greenfield, Julie; Cook, Arron; Bonney, Harriet; Vallortigara, Julie; Hunt, Barry;
Giunti, Paola (2019): Guidelines on the diagnosis and management of the progressive ataxias.
In: Orphanet journal of rare diseases 14 (1), S. 51. DOI: 10.1186/s13023-019-1013-9.

Strupp, Michael; Brandt, Thomas; Dieterich, Marianne (2022): Vertigo - Leitsymptom Schwindel.
3. Auflage. Berlin, Germany, Heidelberg: Springer.

Thieme, Holm; Ritschel, Claudia; Zange, Christian (2009): Reliability and validity of the functio-
nal gait assessment (German version) in subacute stroke patients. In: Archives of Physical Me-
dicine and Rehabilitation 90 (9), S. 1565-1570. DOI: 10.1016/j.apmr.2009.03.007.

van Overwalle, Frank; van de Steen, Frederik; Marién, Peter (2019): Dynamic causal modeling
of the effective connectivity between the cerebrum and cerebellum in social mentalizing across
five studies. In: Cogn Affect Behav Neurosci 19 (1), S. 211-223. DOI: 10.3758/s13415-018-
00659-y.

Xue, Aihuiping; Kong, Ru; Yang, Qing; Eldaief, Mark C.; Angeli, Peter A.; DiNicola, Lauren M. et
al. (2021): The detailed organization of the human cerebellum estimated by intrinsic functional
connectivity within the individual. In: Journal of Neurophysiology 125 (2), S. 358-384. DOI:
10.1152/jn.00561.2020.



11 Danksagung 49

11. Danksagung

An dieser Stelle méchte ich allen, die mich bei der Anfertigung meiner Doktorarbeit unterstitzt
haben, herzlich danken.

Mein besonderer Dank gilt meinem Doktorvater und Betreuer PD Dr. med. Roman Schniepp fur
sein Engagement, seine Unterstitzung und Geduld wahrend der gesamten Zeit und nicht zuletzt
auch flr seine mitreilende Begeisterung fur die Forschungsarbeit als solche. Ebenso méchte ich
meinem Mitbetreuer PD Dr. med. Max Wuehr danken flr seine kontinuierliche Unterstiitzung und
Ansprechbarkeit.

Herrn Dr. med. Julian Conrad und Herrn Prof. Dr. med. zu Eulenburg méchte ich fir die sehr gute
und inspirierende Zusammenarbeit danken, ebenso wie allen Mitarbeiterinnen und Mitarbeitern
des Deutschen Schwindel- und Gleichgewichtszentrums des Klinikums Grof3hadern fir die ge-
duldige Unterstiitzung bei der Durchfiihrung und Umsetzung des Forschungsvorhabens.

Ich danke meiner Familie, meinen Freundinnen und Freunden fir die liebevolle Unterstiitzung,
Ermutigung und Ratschlage wahrend der Arbeit an der Dissertation.

Zu guter Letzt méchte ich den Patientinnen und Patienten meinen Dank aussprechen, die sich
zur Teilnahme an den Studien bereit erklart und damit diese Arbeit erst mdglich gemacht haben.



