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1. Einleitung

Die beiden Publikationen dieser kumulativen Dissertation untersuchen einerseits die
funktionelle Organisation der Kortexareale im zentralen vestibuldren System und andererseits
strukturelle Verdanderungen einer Pathologie im peripheren vestibuldren System mittels
Magnetresonanztomographie (MRT). Im Folgenden werden das zentrale und periphere
vestibuldre System (siehe Kapitel 1.1) und die Vestibularisparoxysmie (siehe Kapitel 1.2)
beschrieben. Das anschliefiende Kapitel erldutert die verwendete Bildgebung (siehe Kapitel 2).

1.1 Das vestibuldre System

Das vestibuldre System z&hlt zu den éltesten Sinnessystemen, das bereits vor 600 Millionen
Jahren bei wirbellosen Tieren in Form des Statozysten zur Wahrnehmung der Schwerkraft
existierte (Wolbarsht, 1966). Die meisten Aufgaben des vestibuldren Systems werden unbewusst
ausgefiihrt, sodass dessen Bedeutung hiufig erst bei einem Ausfall wahrgenommen wird. Die
verschiedenen Funktionen des vestibuldren Systems lassen sich bestimmten anatomischen
Ebenen zuordnen (Dieterich and Brandt, 2015). Nachfolgend werden der Aufbau und die

Funktion des peripheren und zentralen vestibuldren Systems dargestellt.

1.1.1 Das periphere vestibuldre System

Das Gleichgewichtsorgan, auch Vestibularorgan genannt, ist Teil des Innenohrs und befindet sich
zusammen mit der Horschnecke, der Cochlea, im kntchernen Labyrinth in der pars petrosa des
Felsenbeins. Die cochledren Anteile liegen vorne medial, wihrend drei Bogenginge (Ducti

semicirculares) hinten lateral angeordnet sind (siehe Abbildung 1).

Im Inneren des knochernen Labyrinths ist das hdutige Labyrinth zu finden, das aus

Epithelschlduchen besteht und zwei voneinander getrennte Fliissigkeiten, Endo- und

anteriorer Bogengang
Perilymphe

Endolymphe Nervus vestibulocochlear

Ampullen
posteriorer Bogengang pulle

\

horizontaler Bogengang
Utrikulus

Sakkulus Cochlea

Abbildung 1: Das Innenohr besteht neben der Cochlea aus den drei Bogengingen sowie dem Sakkulus und Utrikulus.
In Anlehnung an Abb. 14.19 aus [Feigenspan, 2017].
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Perilymphe, enthilt. Die Endolymphe enthilt eine hohe Kaliumkonzentration (ca. 150 mmol/1),
wiahrend die Perilymphe eine hohe Natriumkonzentration (ca. 150 mmol/1) aufweist. Hierdurch
entsteht eine elektrische Spannungsdifferenz zwischen den beiden Fliissigkeiten. Diese ist fiir die
Erzeugung eines elektrischen Signals entscheidend. Die Endolymphe wird von der Stria
vascularis im Ligamentum spirale produziert. Der endolymphatische Raum bezeichnet die
Fliissigkeitsrdume im Innenohr, die die Endolymphe enthalten. Hierzu zdhlen unter anderem der
Ductus cochlearis, Sakkulus, Utriculus, die Bogengdnge, Ductus utriculosaccularis, Ductus
reuniens, Ductus endolymphaticus und Saccus endolymphaticus. Eine pathologische Zunahme
der Endolymphe im endolymphatischen Raum wird endolymphatischer Hydrops genannt, der
mit einem Druckanstieg im endolymphatischen Raum einhergeht. Die Reissner- und
Basilarmembran werden gedehnt, was zu Horminderung, Schwindel oder Horverlust bei Ruptur
der Membran fithren kann (Kimura and Schuknecht, 2010). Bei der Volumenregulation der
Endolymphe spielt der Saccus endolymphaticus eine wichtige Rolle, da er durch Sekretion und
Resorption die Endolymphmenge beeinflusst. Dariiber hinaus fungiert der Ductus
endolymphaticus dhnlich einem Ventil und transportiert {iberschiissige Endolymphe in den
Saccus endolymphaticus (Bagger-Sjoback, Friberg and Rask-Anderson, 1986; Inamoto et al., 2009;
Salt and Plontke, 2010; Giirkov et al., 2016). Initial wurde der endolymphatische Hydrops bei
Morbus Meniére beschrieben, er kann aber auch bei anderen Erkrankungen auftreten. So wurde
ein Hydrops auch bei vestibuldrer Migrdne beobachtet (Valerie Kirsch et al., 2018) oder kann
sekundar nach Traumata oder Entziindungen (Chen and Young, 2016; Ferster et al., 2017; Okazaki
et al., 2017, V Kirsch et al., 2018) entstehen. In der zweiten Publikation wird dieser
endolymphatische Raum mittels kontrastmittelverstarktem MRT zur untersucht (siehe Kapitel
2.2.2).

Eine Funktion des vestibuldren Systems ist die Registrierung von Kopf- und Kérperposition
sowie Eigenbewegung. Anhand der Bogengidnge und Makulaorgan wird eine mechanische
Bewegung in ein elektrisches Signal umgewandelt, welches dem Gehirn Informationen {iiber
Linear- und Drehbeschleunigung liefert. Die Bogengédnge nehmen dabei die Bewegungen in den
drei Raumrichtungen wahr, wihrend die Makulaorgane die lineare Beschleunigung in der

Horizontalen und Vertikalen messen.
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Abbildung 2: Lage und Anordnung der Bogenginge. Beachtenswert ist, dass der anteriore Bogengang der einen Seite
in einer Achse liegt mit dem posterioren Bogengang der anderen Seite. In Anlehnung an [Fetter, 2010].
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Die Bogenginge beinhalten Rezeptoren zur Messung von Drehbeschleunigung und sind
zueinander wie ein Koordinatensystem angeordnet, um Bewegungen in den drei Raumachsen
zu detektieren. Der horizontale Bogengang steht in einem 60>-Winkel zur aufrechten
Korperachse. Der anteriore und posteriore Bogengang stehen vertikal und sind rechtwinklig
zueinander ausgerichtet (siehe Abbildung 2). Somit steht der anteriore Bogengang einer Seite mit
dem posterioren Bogengang der Gegenseite in einer Achse, wodurch sie immer in
entgegengesetzte Richtungen gereizt werden. Die Bogengidnge bestehen aus einem
kreisformigen, geschlossenen Kanal und einer Erweiterung, der sogenannten Ampulla. In der
Ampulla befindet sich das Sinnesepithel, die Crista, umgeben von der Endolymphe. Die Christa
besteht aus Typ-I- und Typ-lI-Haarzellen, deren Spitzen, die Stereozilien sowie ein ldngeres
Kinozilium, in eine gallertige Struktur namens Cupula ragen. Die Haarzellen sind mechano-
sensorische Rezeptoren, die eine mechanische Bewegung in elektrische Signale, eine sogenannte
mechano-elektrische Transduktion, auslosen. Bei einer Drehung des Kopfes dreht sich der Kopf
mit der Cupula gegen die trége, stehende Endolymphe, wodurch die Stereozilien im Sinne einer
Scherbewegung ausgelenkt werden. Bei Auslenkung in Richtung der neben den Stereozilien
positionierten Kinozilie kommt es zu einer Depolarisation, bei Auslenkung in die
entgegengesetzte Richtung zu einer Hyperpolarisation (siehe Abbildung 3). Dadurch erfolgt eine
Verdnderung des Membranpotenzials, was zur Freisetzung von Glutamat in den synaptischen
Spalt fiihrt. Dies hat zur Folge, dass sich die Spontanaktivitdt der afferenten Nerven dndert und
die Frequenz der Aktionspotenziale erhht oder reduziert wird. Die Anderung dieser Frequenz
ist direkt proportional zur Intensitdt der Drehbeschleunigung. Anhand der Potenzialinderung
wird im Gehirn die wahrgenommene Beschleunigung errechnet. Auf diese Weise wird jede
Bewegung im Raum in eine Vor- oder Zuriickbewegung in den drei Raumachsen zerlegt und in

Form eines elektrischen Signals weitergeleitet.

) Py ‘/}’ o) (\\ ‘]‘

Auslonkung lumh] (l’//./ il B i |i
Stereozilien |®) Tr[ ﬁ 5} \ [ ‘]:‘_‘;
U \ \ Y \

Rezeptor- Hyperpolarisation
potenzial Depolarisation

oot A A M N Y
potenziale T

Zeit

Abbildung 3: Die Auslenkung der Stereozilien in Richtung der Kinozilie fithrt zu einer Depolarisation, die durch eine
erhohte Glutamat Freisetzung die Aktionspotenzialfrequenz erhsht. Entgegengesetzt 16st eine Hyperpolarisation eine
Abnahme der Aktionspotenzialfrequenz in Vergleich zur Ruhefrequenz aus. In Anlehnung an Abb. 14.22 aus
[Feigenspan, 2017].

Die Makulaorgane Sakkulus und Utrikulus - auch Otolithen genannt - stehen in einem 90--
Winkel zueinander, um Bewegungen in der Vertikalen und Horizontalen zu erkennen. Der
Sakkulus ist zur Wahrnehmung der senkrechten Linearbeschleunigung vertikal angeordnet und

der Utrikulus entsprechend horizontal. Obwohl die Schwerkraft auch eine Form der
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Otokonien

Statolithen- __|
membran

Haarzelle O

Afferenter
Nerv

Abbildung 4: Darstellung der Makulaorgane mit den Stereozillien der Haarzellen die in die gallertartige
Statolithenmembran reichen. In Anlehnung an Abb. 14.24 aus [Feigenspan, 2017].

Translationsbeschleunigung darstellt, wird sie vielmehr als die Stellung des Kopfes und des
Korpers interpretiert. Die Maculae sacculi und utriculi, die aus Haarzellen und Stiitzzellen
bestehen, liegen im Vestibulum des Labyrinths. Die Stereozilien dieser Haarzellen ragen in eine
gallertige Schicht, die Statolithenmembran, hinein. Diese Gallertschicht ist mit
Kalziumkarbonatkristallen, den sogenannten Otokonien, bedeckt (siehe Abbildung 4). Die
Otokonien haben ein hoheres spezifisches Gewicht als die Endolymphe, wodurch es bei einer
Translationsbewegung zur Parallelverschiebung und zu einer entsprechenden Auslenkung der
Zilien kommt. Die Auslenkung der Zilien fiihrt zu einer Erh6hung bzw. einer Verringerung des
Rezeptorpotenzials und moduliert hieriiber die Freisetzung des Botenstoffs Glutamat. Die
Glutamat Freisetzung in den synaptischen Spalt fiihrt zu einer Depolarisation der dendritischen

Fortsidtze der nachfolgenden bipolaren Neuronen.

Die Nervenfortsétze bilden den Nervus vestibularis. Die Informationen des horizontalen und des
anterioren Bogengangs sowie der Utrikulus laufen tiber den superioren Anteil des Nervus

vestibularis zusammen, wihrend die Informationen des hinteren Bogengangs und des Sakkulus

Schwann’sche

Oligodendrozyten
Ncl

ves‘s

Abbildung 5: Darstellung der Root-Entry-Zone des Nervus vestibulocochlearis mit Wechsel der Myelinscheide von
Schwann'schen Zellen auf Oligodendrozyten. Eigene Darstellung.
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tiber den Nervus vestibularis inferior tibermittelt werden. Der Nervus vestibularis vereint sich
mit dem Nervus cochlearis, der die Signale der Cochlea fithrt, zu dem Nervus
vestibulocochlearis, der durch den Meatus acusticus internus in die hintere Schddelgrube zieht.
Am Unterrand der Pons tritt der Nervus vestibulocochlearis in den Hirnstamm ein und trennt
sich wieder in die vestibuldren und cochledren Fasern. Der Nerv ist mit einer Myelinscheide
isoliert, die im peripheren Nervensystem von Schwann'schen Zellen gebildet wird und im
zentralen Nervensystem von Oligodendrozyten (siehe Abbildung 5). Der Wechsel dieser
Myelinscheide liegt im Bereich des Nerveneintritts in den Hirnstamm, der als Root-Entry-Zone
bezeichnet wird. Diese Root-Entry-Zone scheint eine erhthte Empfindlichkeit zu haben und wird
als Einflussfaktor in der Pathophysiologie der Vestibularisparoxysmie erachtet (siehe Kapitel
1.2).

1.1.2 Das zentrale vestibulédre System

1.1.2.1 Hirnstamm und Thalamus

In der Medulla oblongata liegen die Vestibulariskerne. Hier findet die erste Verarbeitung der
vestibuldren Informationen statt und die Reflexbégen zur sensomotorischen Kontrolle des Blicks
und des Gleichgewichts werden verschaltet (sieche Abbildung 6). Aufler den vestibuldren
Informationen laufen hier auch visuelle und propriozeptive Informationen von Muskelspindeln,
Sehnenorganen sowie Gelenken zusammen (Bucher et al., 1998; Emri et al., 2003; Baumgdrtner et
al., 2010; Kathleen E. Cullen, 2014). Des Weiteren gibt es zentrale Afferenzen von Riickenmark,
Colliculus superior, Kleinhirn und Kortex (Carpenter, 1963; Buittner-Ennever, 1992).

Die Vestibulariskerne werden in Nucleus vestibularis superior (Bechterew-Kern), Nucleus
vestibularis inferior (Roller-Kern), Nucleus vestibularis medialis (Schwalbe-Kern) und Nucleus
vestibularis lateralis (Deiters-Kern) unterschieden. Die Afferenzen der Bogengidnge enden
hauptsachlich im Nucleus vestibularis superior und medialis, die der Makulaorgane im Nucleus
vestibularis lateralis. Folglich reagieren die Neurone in diesen Kernen sensitiver auf Rotations-

oder Translationsbewegungen.

Von allen vier Kerngebieten ziehen Efferenzen im Fasciculus longitudinalis medialis zu den drei
motorischen Augenmuskelkernen Nucleus nervi oculomotorius, Nucleus nervi trochlearis und
Nucleus nervi abducentis. Diese bilden den vestibulookuldren Reflexbogen, der es ermoglicht,
Objekte trotz Bewegungen des Korpers oder des Kopfes fixieren zu konnen (Schwarz, 1976)
(siehe Abbildung 6).

Daneben ziehen der Tractus vestibulospinalis medialis und lateralis im Vorderstrang des
Riickenmarks zu den Motorneuronen im cervikalen, thorakalen und lumbalen Riickenmark
(Buittner-Ennever, 1992, 1999) (siehe Abbildung 6). Hiertiber ist das vestibuldre System mit der
Skelettmuskulatur vernetzt und steuert die Skelettmuskulatur auf spinaler Ebene. Uber den
Tractus vestibulospinalis lateralis lduft der vestibulospinale Reflex, der durch Stellreflexe das
Gleichgewicht aufrechterhdlt (Pozzo, Berthoz and Lefort, 1990).

Der Tractus vestibulocerebellaris lduft von den Nuclei vestibularis superior, inferior und medialis
zum Kleinhirn in den Lobus flocculonodularis und ist fiir die Regulation des Muskeltonus sowie

der Augenmotorik verantwortlich.
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Kortex

Thalamus
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‘ Pons
[ qi \ ,
‘ Medulla
‘ Abbildung 6: Schematische Darstellung der
Tractus i Tractus komplexen Verbindungen der Nuclei

: i ali ; inalic Vestibularis anhand des vestibulookluéren
vestibulospinalis vestibulospinalis Reflexes. Zu erkennen sind die Verbindungen

lateralis medialis iiber den Drei-Neuronen-Reflexbogen zu den
v Augenmuskelkernen, die Verbindungen tiber

. . den Thalamus zum parieto-insuldren Kortex
zervikales, zervikales sowie die Verbindungin entlang des Tractus
thorakales Myelon vestibulospinales  fiir die vestibulospinale
und lumbales Reflexe. In Anlehnung an Abb. 1.2 aus [Brandt et

Es wurden bisher fiinf unterschiedliche vestibuldre Bahnen beschrieben, die die vestibuldren
Kernen mit dem ipisilateralen und dem kontralateranen vestibuldren Kortex verbinden, wovon
einige tiber den Thalamus verlaufen (Dieterich et al., 2005; Conrad, Baier and Dieterich, 2014).
Drei dieser Bahnen verlaufen ipsilateral, wihrend die beiden anderen entweder in der Pons oder
im Mittelhirn kreuzen (Kirsch et al., 2015).

Der Thalamus fungiert als Schaltstation, in der vestibuldre, visuelle und propriozeptive
Informationen zusammenlaufen (Blum et al., 1979; Biittner and Lang, 1979; Dieterich et al., 2005).
An der Verarbeitung sind mehrere Kerngebieten beteiligt, in denen multisensorische Neurone
beschrieben sind, die die Signale prozessieren, integrieren und anschlieffend an den vestibuldren
Kortex weiterleiten (Conrad, Baier and Dieterich, 2014; Baier et al., 2016).

1.1.2.2 Kortex

Der vestibuldre Kortex unterscheidet sich von anderen sensorischen Kortexen durch das Fehlen
eines primédren Kortex im engeren Sinne. Ein primérer Kortex zeichnet sich durch isolierte
Afferenzen aus einem peripheren Sinnesorgan aus und wird durch eine entsprechende
modalitdtsspezifische Verarbeitung definiert. Im Gegensatz dazu nutzt das vestibuldre System
ein Netzwerk aus mehreren multisensorischen kortikalen Bereichen in beiden Hemisphéren. Die
Kernregion dieses Netzwerks ist die posteriore Insel und die retroinsuldre Region, die in
Makaken den Namen parieto-insuldrer vestibuldrer Kortex (PIVC) tragt (Guldin and Griisser,

1998). Beim Menschen scheint das vestibuldre System &hnlich aufgebaut zu sein, mit der
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posterioren Insel, der retroinsulédren Region und dem Operculum 2 als Hauptbestandteile dieser
Kernregion (Guldin and Griisser, 1998; Brandt and Dieterich, 1999). Zusitzlich sind der obere
temporale Gyrus, der angulare und der supramarginale Gyrus im Parietallappen, der
somatosensorische Kortex, der Prakuneus, der Gyrus cinguli im frontalen Kortex und der
Hippocampus an der vestibuldren Verarbeitung beteiligt (Fasold et al., 2002; Emri et al., 2003;
Lopez, Blanke and Mast, 2012; Zu Eulenburg et al., 2012).

Der vestibuldre Kortex entspricht daher vielmehr einem bilateralen Netzwerk aus multiplen,
multisensorischen Kortexbereichen (Dieterich and Brandt, 1993; Zwergal et al., 2009; Baier et al.,
2012). Auf der kortikalen Ebene sind die vestibuldren Kortexe beider Hemisphdren durch das
Splenium corpus callosi transcallosal miteinander verbunden. Die Informationen werden
bilateral (Dieterich and Brandt, 2015) und in mehreren Hirnarealen (Lopez and Blanke, 2011)
verarbeitet. Beim Affen wurden innerhalb dieser Areale multimodale Neuronen und
verschiedene unimodale Neuronen gefunden (Guldin, Akbarian and Griisser, 1992; Yang et al.,
2011).

Ein wesentliches Merkmal dieses bihemiphirischen vestibuldren kortikalen Netzwerks ist eine
funktionelle Asymmetrie zu Ungunsten der dominanten Hemisp&dmisphare in Hinblick auf die
Handigkeit. Das heifdt, bei Rechtshdndern besteht eine Hemisphdrendominanz vestibuldrer
Hirnareale in der rechten Hemisphire und bei Linkshéndern in der linken Hemisphire (Dieterich
et al., 2003). Eine Metaanalyse der funktionellen Bildgebung bestétigte die Dominanz der rechten
Hemisphére bei Rechtshdndern (Zu Eulenburg et al., 2012). Eine weitere Besonderheit ist ein
wechselseitig inhibitorisches visuell-vestibuldres Zusammenspiel (Wenzel et al., 1996; Brandt,
1998; Brandt et al., 2002).

Der vestibuldre Kortex ist zudem an verschiedenen kognitiven Funktionen beteiligt. Hierzu
zédhlen die rdumliche Orientierung (Berthoz et al., 1995; Mittelstaedt, 1999) und das rdaumliche
Gedichtnis (Smith, Darlington and Zheng, 2010), als auch die Unterscheidung zwischen Eigen-
und Objektbewegung (Straube and Brandt, 1987), die fiir die Wahrnehmung der Vertikalitit
notwendig ist (Brandt, Dieterich and Danek, 1994; Mittelstaedt, 1999; Lopez, Halje and Blanke,
2008). Weiterhin ist es an der Entwicklung eines internen Modells von Schwerkraft und
Korperbewegung (Brandt, 1998; Merfeld, Zupan and Peterka, 1999; Angelaki et al., 2004) sowie
der Kérperwahrnehmung und dem Korperbewusstsein beteiligt (Vallar et al., 1993; Bottini et al.,
1995).

Aufgrund dieses multisensorischen, auf mehrere Hirnareale verteilten Netzwerkes, ist die
Bildgebung des vestibuldren Kortex erschwert. In der ersten Publikation wurden mittels
funktioneller MRT Ruhenetzwerke (sieche Kapitel 2.1.2) dieses vestibuldre, kortikale Netzwerk
dargestellt und in Abhédngigkeit der Handigkeit untersucht.

1.2 Vestibularisparoxysmie

Die zweite Publikation beschiftigt sich mit strukturellen Verdnderungen am peripheren
vestibuldiren System bei der Vestibularisparoxysmie. Die Symptomatik einer
Vestibularisparoxysmie wurde erstmals von Jannetta als Kompressionssyndrom des VIIIL.
Hirnnervens beschrieben (Jannetta, 1975) und spéter klinisch charakterisiert und so benannt
(Brandt and Dieterich, 1994a).
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Bei der Vestibularisparoxysmie handelt es sich um eine periphere vestibuldre Storung, die zu
sehr kurzen, wiederkehrenden Schwindelattacken fiihrt (Brandt and Dieterich, 1994b; Hiifner et
al., 2008). Die Diagnose wird anhand klinischer Kriterien nach der Definition der Internationalen
Barany Society gestellt (Strupp et al., 2017). Die Schwindelattacken sind durch eine kurze Dauer
von wenigen Sekunden bis unter fiinf Minuten charakterisiert und treten in gleicher Art und
Weise in hoher Frequenz, teils téglich auf. Sie konnen spontan auftreten oder seltener durch
Kopfdrehungen oder Hyperventilation provoziert werden. Zum Teil sind auch begleitende
Ohrsymptome (Tinnitus) beschrieben. Wahrend einer Schwindelattacke kann in einigen Fillen
ein horizontal-torsioneller Nystagmus zum betroffenen Ohr beobachtet werden. Ein wichtiges
Diagnosekriterium zur Stellung einer sicheren Diagnose ist das positive Ansprechen auf die

Therapie mit einem Natriumkanal-Blocker (Brandt and Dieterich, 1994a; Strupp et al., 2017).

Die genaue Pathophysiologie ist bisher nicht endgtiltig verstanden (Karamitros et al., 2022). Ein
Faktor scheint eine Drucklésion des VIII. Hirnnerven durch ein Gefifs, meist einer pulsierenden
Arterie, typischerweise der Arteria inferior anterior cerebelli. Hierbei wird angenommen, dass
der wiederholte pulsierende Druck, der auf den Nerv wirkt, zu einer Demyelinisierung fiihrt.
Dies wiederum verursacht eine Ubererregbarkeit des Nervus vestibulocochlearis, die eine
ephaptische Depolarisation wahrscheinlicher macht (Jannetta, 1975, 1979; Jannetta, Mgller and
Moller, 1984; Brandt and Dieterich, 1994a). Diese These wird durch den in vereinzelten Fillen
berichteten Therapieerfolg unterstiitz, der mit einer operativen Dekompression des Nervus
vestibulocochlearis einherging (Jannetta et al., 1986; Mgller, 1991; Strupp et al., 2013). Aufgrund
des hohen perioperativen Risikos von Vasospasmen und Hirnstamminfarkten stellt dies jedoch
keine empfohlene Therapie dar (Strupp et al., 2017, p. 201). Allerdings ist ein Gefdfi-Nerven-
Kontakt nicht bei allen Patienten mit Vestibularisparoxysmie nachzuweisen (Hiifner et al., 2008).
Auch scheint dieser nicht immer mit der Seite der audiovestibuldren Stérungen zu korrelieren
(Markowski et al., 2011). Umgekehrt kann ein Gefafi-Nerven-Kontakt bei 30% der gesunden
Probanden nachgewiesen werden (Parnes et al., 1990; Hiifner et al., 2008; Best et al., 2013). Folglich
fiihrt ein Gefaf-Nerven-Kontakt nicht zwangsldufig zu klinischen Symptomen oder messbaren

vestibuldren Funktionsstorungen (Markowski et al., 2011).

Ein weiterer moglicher Faktor fiir die Entwicklung einer Vestibularisparoxysmie scheint die
erhohte Empfindlichkeit des Nervus vestibulocochlearis beim Wechsel vom peripheren in das
zentrale Nervensystem zu sein (Hiifner ef al., 2008) (siehe Kapitel 1.1.1). In der Ein- bzw.
Austrittszone in den Hirnstamm, der sogenannten Root-Entry-Zone, wechselt die Art der
Myelinscheide von den peripheren Schwann'schen Zellen auf zentrale Oligodendrozyten (De
Ridder et al., 2002). Der Nervus vestibulocochlearis hat von allen Hirnnerven den ldngsten
zentralen Myelinanteil (Sivarasan et al., 2019). Entscheidend fiir eine pathologische
mikrovaskuldre Kompression konnte daher zudem deren Lokalisation in der Root-Entry-Zone
sein. Hinzu kommt vermutlich eine zentrale Pathophysiologie mit erhohter Erregbarkeit
innerhalb der Hirnnervenkerne z.B. durch eine reduzierter Hemmung der Hirnnervenkerne
durch thalamisch-kortikalen Projektion (Esteban and Molina-Negro, 1986; Ishikawa et al., 1997;
Best et al., 2013).

Die Therapie der Vestibularisparoxysmie besteht aus einem Natriumkanal-Blocker wie
Carbamazepin, Oxcarbazepin oder Lacosamid, der das Membranpotenzial stabilisiert und

dadurch die Erregbarkeit des Nervus vestibulocochlearis reduziert. Hierunter kommt es zu einer
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Abnahme der Attackenfrequenz, -intensitdt und -dauer bis hin zum Sistieren der Attacken
(Hufner et al., 2008).

In der zweiten Publikation dieser Dissertation wurden der Gefidf3-Nerven-Kontakt sowie
mogliche strukturelle Verdnderungen des Nervus vestibulocochlearis und des
endolymphatischen Raums bei der Vestibularisparoxysmie mit unterschiedlichen MRT

Sequenzen untersucht (siehe Kapitel 2.2.1 und 2.2.2).
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2. Magnetresonanztomographie

Die Magnetresonanztomographie (MRT) ist ein nicht invasives bildgebendes Verfahren, das mit
einem starken Magnetfeld und hochfrequenten Radiowellen Schnittbilder erzeugt. Sie beruht auf
dem physikalischen Prinzip des Eigendrehimpulses, sogenannten Spin, von Atomkernen,
insbesondere Wasserstoffatomen. Durch ein starkes Magnetfeld werden die ansonsten
ungeordneten Atomkerne in Abhdngigkeit von der Magnetfeldrichtung ausgerichtet.
Anschliefiend werden die Atomkerne durch Radiowellen in Schwingung versetzt und erzeugen
nach dem Ende des Radiosignals elektrische Impulse, die je nach Gewebeart variieren (Radue et
al., 2016).

Beide Publikationen nutzen die Magnetresonanztomographie zur Darstellung und
Untersuchung verschiedener Komponenten des vestibuldren Systems. In der ersten Publikation
wurde der vestibuldre Kortex anhand von Ruhenetzwerken in funktionelle Untereinheiten geteilt
und diese in Abhéngigkeit der Héndigkeit weiter analysiert (siehe Kapitel 2.1.2). Die zweite
Publikation nutzt die Magnetresonanztomographie zur Quantifizierung struktureller
Verdnderungen des peripheren vestibuldren Systems bei der Vestibularisparoxysmie. Zum einen
wurde anhand von DTI Sequenzen Verdnderungen an der Nervenstruktur analysiert (siehe
Kapitel 2.2.1), zum anderen mit Hilfe von Kontrastmittel das Volumen des endolymphatischen

Raums bestimmt (siehe Kapitel 2.2.2).

21 Funktionelle Magnetresonanztomographie

2.1.1 BOLD Kontrast

Funktionelles MRT (fMRT) nutzt unterschiedliche Magnetfeldgradienten, um die Aktivitdt von
Hirnarealen sichtbar zu machen. Die Grundlage dafiir ist, dass die Aktivierung von Hirnarealen
zu einem erhohten zerebralen Blutfluss und Sauerstoffverbrauch fithrt, der durch die
unterschiedlichen magnetischen Eigenschaften von desoxygenierten und oxygeniertem
Hamoglobin sichtbar gemacht wird und als Blood Oxygenation Level Dependent Kontrast
bezeichnet wird (S. Ogawa et al., 1990; Bandettini ef al., 1992; Kwong et al., 1992; Ogawa et al.,
1993).

Die Aktivierung eines Hirnareals fiihrt zu einem erhdhten Energie- und Sauerstoffbedarf (Buxton
and Frank, 1997). Dementsprechend kommt es zu einem erhthten zerebralen Blutfluss, der nach
initialer Zunahme von desoxygeniertem Hidmoglobin und Abnahme von oxygeniertem
Hamoglobin zu einer Umkehr mit Anstieg des oxygenierten Himoglobin und eine Abnahme des
desoxygenierten Himoglobin im Vergleich zum Ruhezustand fiihrt (siehe Abbildung 7) (Buxton,
Wong and Frank, 1998; Davis et al., 1998). Diese Anderungen stellen vermutlich die
hdamodynamische Reaktion auf neuronale Ereignisse dar. Im MRT kann eine erhohte neuronale
Aktivitdt zum einen durch einen gesteigerten lokalen zerebralen Blutfluss und zum anderen
durch eine Verdnderung der Sauerstoffkonzentration abhéngig vom Sauerstoffgehalt des Blutes

nachgewiesen werden.
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Abbildung 7: Darstellung der Hamoglobin Konzentrationen sowie des korrespondierenden BOLD Signals. Die
Erhohung des zerebralen Blutflusses bewirkt einen Anstieg des oxygenierten Himoglobins. Auf der rechten Seite ist
das BOLD Signal dargestellt, welches auf der Abnahme des paramagnetischen desoxygeniertem Hdmoglobin basiert.
In Anlehnung an Abb. 1 [Cinciute, 2019].

Diese Verdnderung der Sauerstoffkonzentration wird als Blood Oxygenation Level Dependent
Kontrast (BOLD Kontrast) bezeichnet und wurde zuerst an Ratten (Ogawa and Lee, 1990; Seiji
Ogawa et al., 1990) und spédter am Menschen (S. Ogawa et al., 1990; Bandettini ef al., 1992; Kwong
et al., 1992; Ogawa et al., 1993) nachgewiesen. Der BOLD Kontrast resultiert aus der Verdnderung
des Magnetfeldes, das die roten Blutkdrperchen in Abhédngigkeit vom Sauerstoffzustand des
Hamoglobins umgibt. Der Paramagnetismus des sauerstofffreien Hamoglobins (Pauling and
Coryell, 1936; Thulborn et al., 1982) fiihrt zu lokalen Gradienten im Magnetfeld, dessen Stirke
von der Hamoglobin Konzentration abhdngt. Diese endogenen Gradienten modulieren die
Signalintensitdt von Magnetresonanzbildern (Thulborn et al., 1982; Ogawa and Lee, 1990; Seiji
Ogawa et al., 1990; S. Ogawa et al., 1990). Das resultierende BOLD Signal verhilt sich anndhernd

proportional zur neuronalen Aktivitdt (Logothetis, 2003).

2.1.2 Funktionelle Parzellierung mittels Ruhenetzwerken

Die funktionelle Magnetresonanztomographie bietet die Moglichkeit das Gehirn in vivo zu
parzellieren (Van Essen and Glasser, 2014) um somit die Organisationsprinzipien und kognitiven
Prozesse besser zu verstehen (Greicius et al., 2009; Smith et al., 2009). In Studien zur
Aufgabenaktivierung konnen die Verdnderungen der Hirnaktivitit wihrend visueller,
akustischer oder anderer Stimuli untersucht werden. Durch den Vergleich der aufgezeichneten
Signale wahrend der verschiedenen Zustinde werden Aktivierungskarten erstellt. Neben den
Aktivierungsstudien gibt es auch die Bildgebung von Ruhenetzwerken (resting state network,
RSN). Hier wird der Ruhezustand des Gehirns, der sogenannte Resting State, mittels fMRT in
Abwesenheit von externen Reizen oder expliziten Aufgaben untersucht. Dabei werden regionale
Interaktionen einzelner Hirnregionen mittels niederfrequenter BOLD Schwankungen
aufgezeichnet (Biswal et al.,, 1995). Aufgrund zeitlicher Fluktuationen koénnen verschiedene,
sogenannte Default Mode Ruhenetzwerke erfasst werden (Eickhoff et al., 2015). Diese spontanen

Modulationen in Abwesenheit eines expliziten Inputs oder Outputs werden als Zusammenarbeit
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zwischen entfernten Hirnarealen gewertet und sind eine Form der funktionellen Parzellierung
des Gehirns.

In der ersten Publikation der vorliegenden Dissertation wurde die unabhidngige
Komponentenanalyse zur Analyse vestibuldrer Ruhenetzwerke angewandt (Beckmann and
Smith, 2004; Smith et al., 2009).

Die unabhingige Komponentenanalyse (Independent Component Analysis, ICA) ist eine Methode
der multivariaten Statistik aus dem Bereich der Signalverarbeitung, mit der sich
Ursprungssignale aus einem linearen Signalgemisch herausfiltern lassen. Dabei wird davon
ausgegangen, dass hochstens eine Variable gaufiformig verteilt ist und, dass die Variablen
statistisch unabhdngig voneinander sind (Hyvédrinen, 2013). Die Daten werden in eine
zweidimensionale Matrix zerlegt (siehe Abbildung 8). Die Matrix stellt den zeitlichen Verlauf
und die rdumliche Ausdehnung der zugrunde liegenden Ursprungssignale dar. Im Falle der
fMRT ist dies das BOLD Signal, das in seine Frequenzen zerlegt wird. Anschlieffend werden alle
Voxel eines Datensatzes aufgrund dieser zerlegten BOLD Frequenzen verschiedenen
Ruhenetzwerken zugeordnet. Die entstehende Bildgebung dieser Ruhenetzwerke werden auch
funktionelle Konnektivitdtskarten genannt. Die gefundenen Netzwerke korrelieren in ihrer
zeitlichen spontanen BOLD Fluktuation, sind aber rdumlich getrennt und unabhéingig
voneinander (Kiviniemi et al., 2003; Beckmann ef al., 2005). Der Vorteil der statistischen
Unabhéngigkeit der rdumlichen Komponenten ist, dass jede errechnete Karte einzeln

interpretiert werden kann (Beckmann, 2012).

Komponenten Voxel

>
>

A 4

v

T x| =
= @]
N N ) 2 3
J "-:, 'o
- fMRT = I O I Q=
{ 2 ®
Daten )y 2 3 ]
( < T b il
- g8 &
Zeitreihen - '

ICA Karten

Abbildung 8: Schematische Darstellung der unabhingigen Komponentenanalyse. Die fMRT-Daten werden in einer
zweidimensionalen Matrix dargestellt. Die Voxel werden als Spalten angeordnet, die Zeit als Zeilen. Mithilfe der ICA
wird diese Matrix in das Produkt zweier Matrizen umgewandelt. Die eine Matrix stellt dabei die zeitlichen Verldufe der
Signale dar. Die andere Matrix zeigt die Regionen, die zeitlich kohirent sind. In Anlehnung an Abb. 1520 aus
[Schneider and Fink, 2013].
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2.2 Strukturelle Magnetresonanztomographie

Die Magnetresonanztomographie kann auch fiir strukturelle Fragestellungen angewendet
werden. In der zweiten Publikation der vorliegenden Dissertation werden Verdnderungen des
Nervus vestibulocochlearis mittels Diffusion Tensor Imaging analysiert und das Volumen des

endolymphatischen Raum anhand einer verzogerten Kontrastmittelanreicherung bestimmt.

221 Beurteilung der Nervenintegritdt mittels Diffusion Tensor Imaging

Diffusion Tensor Imaging (DTI) ist ein MRT Verfahren, mit dem in-vivo Nervenfasern dargestellt
werden konnen. Die Diffusionsbildgebung basiert auf der molekularen Bewegung von
Wassermolekiilen, auch Brownsche Bewegung genannt, die im Hirngewebe als Teils der
physikalischen Diffusion vorkommt (Merboldt, Hanicke and Frahm, 1985; Taylor and Bushell,
1985; Le Bihan, 2003). Bei der Diffusionsbildgebung werden Magnetfeldgradienten erzeugt, die
dazu dienen, die Wassermolekiile auszurichten. Wiahrend die starken Magnetfelder eingeschaltet
sind, werden die Wassermolekiile in Richtung der Gradienten beeinflusst und ihre Bewegung ist
entlang dieser Richtung eingeschrénkt. Durch die Generierung mehrerer Magnetfeldgradienten
in verschiedene Richtungen wird die Bewegung der Wassermolekiile in verschiedenen
Raumrichtungen erfasst. Anhand der Messungen der Molekiilbewegungen wird ein
Diffusionstensor berechnet, der die Stirke der Diffusion in die verschiedenen Richtungen
beschreibt (Le Bihan et al., 2001). Basierend auf dem Diffusionstensor werden Bilder erzeugt, die
die stdrkste Diffusion von Wassermolekiilen darstellen. Die Anisotropie, also die
Richtungseigenschaft des jeweiligen Gewebes, beeinflusst die Diffusionsbewegungen.
Nervenfasern haben eine hohe Anisotropie, sodass die Bewegung der Wassermolekiile entlang
der Fasern eingeschrdnkt ist. Entsprechend verlduft die stdrkste Diffusion parallel zur
vorherrschenden Faserrichtung des Gewebes (siehe Abbildung 9). Dadurch wird die dominante
Faserorientierung in jedem Voxel bestimmt und somit die mittlere Langsrichtung der Axone
dargestellt (Le Bihan and van Zijl, 2002). Anhand der Diffusionsbildgebung kann daher die

Struktur und der geometrische Aufbau von Hirngewebe untersucht werden.
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Abbildung 9: Darstellung eines gesunden Nervens mit Myelinscheide und dichter Anordnung, wodurch die Diffusion
in der Langsachse des Nervens eingeschrankt ist. Auf der rechten Seite Darstellung eines geschadigten Nervens mit
veranderter Mikrostruktur und vermehrter Diffusion senkrecht zur Léngsachse des Nervens. In Anlehnung an Abb. 1
[Rojoa, 2021].
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Die Integritédt des Nervens wird mittels der Anisotropie, der Richtungseigenschaft des Gewebes,
und des Apparent Diffusion Koeffizienten (ADC) untersucht (Le Bihan, 1995; Leal et al., 2019).
Strukturelle Schiaden im Hirngewebe beeinflussen die molekulare Diffusion und dadurch die
Gewebeanisotropie. Verdnderungen der Anisotropie konnen anhand der fraktionellen
Anisotropie (Fractional anisotropy, FA) erfasst werden (Pierpaoli and Basser, 1996; Pierpaoli et al.,
1996). Eine Nervenschadigung fiihrt zu einer weniger gerichteten Diffusion und niedrigeren FA
Werten (siehe Abbildung 9). Es wird daher angenommen, dass die FA ansatzweise die
Faserdichte, den axonalen Durchmesser und die Myelinisierung in der weiflen Substanz

widerspiegelt (Yuan et al., 2022).

Ein weiterer Parameter ist der Apparent Diffusion Koeffizient, er beschreibt quantitativ die
Geschwindigkeit der Wassermolekiile, welche von der Mikrostruktur abhéngt. Bei
Nervenschadigung dndert sich der Apparent Diffusion Koeffizient aufgrund der verdnderten
Mikrostruktur.

2.2.2 Darstellung des Endolymphatischen Raums mittels kontrastmittel-
verstarktem MRT

Die Darstellung des endo- und perilymphatischen Raumes (siehe Kapitel 1.1.1) mittels MRT ist
aufgrund der dhnlichen Zusammensetzung der Fliissigkeiten und diinnen Membran nur mit der
Hilfe von Kontrastmittel moglich. Hierzu erfolgt eine intraventse Gabe von Gadolinium
Kontrastmittel. Nach 4 Stunden hat sich das Kontrastmittel im Korper verteilt und die optimale
Anreicherung in der Perilymphe erreicht. Das Kontrastmittel kann die Reissner Membran nicht
durchdringen, entsprechend kann mit Hilfe einer Subtraktionsanalyse Perilymphe von
Endolymphe und Knochen unterschieden werden. Hierfiir wird eine 3D real Inversion Recovery
(3D-real IR) Sequenz von einer T2-gewichteten 3D-Fluid-Attenuated Inversion Recovery (FLAIR)
Sequenz subtrahiert um den endolymphatischen Raum nicht invasiv darzustellen (Nakashima et
al., 2007; Naganawa et al., 2008, 2013; Sano et al., 2012).

Zur Diskriminierung zwischen physiologischer Weite des endolymphatischen Raums und einem
pathologischen endolymphatischen Hydrops (sieche Kapitel 1.1.1) ist eine Quantifizierung der
Ausprédgung des endolymphatischen Raums nétig. Nicht nur die Auspragung des Hydrops,
sondern auch die lokale Beteiligung z.B. von Cochlea und oder Vestibulum ist wichtig, auch um
die Effektivitdt von Therapien zu objektivieren. Zur Einteilung des endolymphatischen Hydrops
gibt es verschiedene semi-qualitative und quantitative Methoden. Bei der semi-qualitativen
Graduierung wird der endolymphatische Raum anhand der Grofie im Vergleich zum totalen
Fliissigkeitsraum in verschiedene Grade eingeteilt (Nakashima et al., 2009; Liu et al., 2011). Die
quantitative Klassifikation kann entweder zweidimensional anhand der Fldche oder
dreidimensional anhand des berechneten Volumen erfolgen (Homann et al., 2015; Boegle et al.,
2021). Die unterschiedlichen Graduierungen kénnen entweder manuell, semi-automatisiert oder
voll-automatisiert durchgefithrt werden, wobei bei der automatisierten Graduierung
unterschiedliche Deep-Learning-Algorithmen verwendet werden. In der zweiten Publikation wird
eine automatische volumetrische Segmentierung mittels eines auf Volumetric Local Thresholding
(VOLT) basierendem Algorithmus (Gerb et al., 2020; Ahmadi ef al., 2022) verwendet.
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3. Zusammenfassung

Die vorliegende kumulative Dissertation untersucht das zentrale und periphere vestibuldre
System mittels struktureller und funktioneller Magnetresonanztomographie in Kombination mit
elektrophysiologischen und behavioralen Parametern (Publikation 1) oder im Unterschied zu
einer vestibuldr erkrankten Kohorte (Publikation 2). Das vestibulédre System ist vergleichsweise
wenig untersucht. Eine Besonderheit ist, dass es ungleich der anderen Sinnessysteme, keinen
priméren vestibuldren Kortex im engeren Sinne hat, sondern multisensorische Informationen in
einem bihemisphdrischen, multihierarchischen, kortikalen Netzwerk verarbeitet, deren

Kernregion beim Menschen in der hinteren Inselregion liegt.

Die erste Publikation untersucht, welche funktionellen Untereinheiten innerhalb des bekannten
vestibuldren kortikalen Netzwerks eine hindigkeitsabhéngige Hemisphédrendominanz zeigen.
Hierfiir wurden funktionelle MRT Ruhenetzwerke innerhalb bekannter vestibuldrer
Kortexareale von 60 gesunden Probanden (30 Rechtshdndern, 30 Linkshdndern) durch eine
unabhingige Komponentenanalyse in ihre funktionellen Untereinheiten geteilt und in
Abhéngigkeit der Handigkeit untersucht. Diese funktionellen Untereinheiten unterschieden sich
beziiglich ihrer Hemisphdrensymmetrie und ihrer funktionellen Vernetzung sowohl zu den
tbrigen Hirnarealen als auch untereinander. Symmetrische Subareale waren multifunktional,
ubiquitdr und gut mit den tibrigen, insbesondere dem visuellen und auditorischen, Kortexarealen
vernetzt. Asymmetrische Subareale dagegen lateralisierten auf die nicht-dominante Hemisphdre
(bei Rechtshdndern auf die rechte Hemisphdre und bei Linkshdndern auf die Linke), waren
funktional spezialisierter und befanden sich in der mittleren, posterioren und inferioren Insel.
Damit lie8 sich ein bihemisphérisches, multisensorisches, multifunktionelles vestibuléres
kortikales Netzwerk darstellen, welches um eine funktional spezialisierte Kernregion organisiert
ist. Ein genaues Verstindnis der funktionellen Organisation des vestibuldren Systems ist
entscheidend, um zentrale vestibuldre Lé&sionen, wie zum Beispiel im Rahmen eines

Schlaganfalls, besser zu verstehen und behandeln zu kénnen.

In der zweiten Publikation wurden strukturelle periphere vestibuldre Verdnderungen bei
Patienten mit Vestibularisparoxysmie untersucht. Bei der Vestibularisparoxysmie kommt es zu
einer ephaptischen Erregung des VIII. Hirnnerven, wahrscheinlich bedingt durch einen
pathologischen Gefifi-Nerven-Kontakt im Bereich des Nerveneintritts in den Hirnstamm. In
dieser Arbeit wurden die funktionellen und strukturellen Auswirkungen dieses Kontakts auf den
VIIL. Hirnnerven und das Innenohr untersucht. Im Vergleich zu den gesunden Kontrollen konnte
bei Patienten mit Vestibularisparoxysmie strukturelle Unterschiede des betroffenen Nervs sowie
eine Asymmetrie des endolymphatischen Raums nachgewiesen werden. Die Krankheitsdauer
und die Gesamtzahl der Schwindelattacken korrelierten positiv mit der verminderten
strukturellen Integritdt des Nervus vestibulocochlearis. Dartiber hinaus wurden Korrelationen
zwischen der Entfernung der neurovaskuldren Kompression zur Wurzeleintrittszone im
Hirnstamm und der audiovestibuldren Funktion, dem Verlust der Nervenintegritit und dem
Volumen des endolymphatischen Raums festgestellt. Dies ldsst auf eine erhohte Empfindlichkeit
des Nervus vestibulocochlearis bei neurovaskuldrer Kompression in der Nahe der
Wurzeleintrittszone schliefSen. Daneben konnte der Winkel des Nervs zum Geféfs die Spezifitét

des Gefdfs-Nerven-Kontakts bei der Diagnosestellung erhchen.
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4. Abstract

This doctoral thesis uses structural and functional magnetic resonance imaging (MRI) in
combination with electrophysiological and behavioral parameters or in contrast to a diseased
cohort to examine the central (publication 1) and peripheral (publication 2) vestibular system.
The vestibular system is comparatively less understood. Unlike other sensory systems, the
vestibular system lacks a primary cortex. Instead, multisensory information in humans is
processed in a bihemispheric multihierarchical cortical network organized around a core region

in the posterior insular region.

The first publication investigates which functional subunits within the known vestibular cortical
network show a handedness-dependent hemisphere dominance. For this purpose, functional
MRI resting networks within known vestibular network areas of 60 healthy participants (30 right-
handed, 30 left-handed) were divided into further subunits using independent component
analysis. These functional subunits differed regarding their hemispheric symmetry and
functional connectivity both to the other brain areas and to each other. Symmetrical subareas
were multifunctional, ubiquitous, and well-connected to the other (primarily visual and auditory)
cortex areas. Asymmetric subareas, on the other hand, lateralized to the non-dominant
hemisphere (right hemisphere in right-handers and left hemisphere in left-handers), were more
functionally specialized and located in the middle, posterior, and inferior insula. This allowed
the depiction of a bihemispheric, multisensory, multifunctional vestibular cortical network
organized around a functionally specialized core region. A detailed understanding of the
functional organization of the vestibular system is critical to better understand and treat central

vestibular lesions, such as those seen in the context of stroke.

The second publication studies structural peripheral changes in patients with vestibular
paroxysmia. Vestibular paroxysmia is caused by an ephaptic excitation of the VIIIth cranial nerve,
most likely due to a pathological vessel-nerve contact in the area of nerve entry into the brainstem.
This work investigated the functional and structural effects of this contact on the VIIIth cranial
nerve and the inner ear. Compared with healthy controls, structural differences of the affected
nerve and asymmetry of the endolymphatic space were demonstrated in patients with vestibular
paroxysmia. Disease duration and total number of vertigo attacks correlated positively with
reduced structural integrity of the vestibulocochlear nerve. In addition, correlations were found
between the distance of neurovascular compression to the root entry zone in the brainstem and
audiovestibular function, loss of nerve integrity, and volume of the endolymphatic space,
suggesting increased susceptibility of the vestibulocochlear nerve to pathologic neurovascular
compression near the root entry zone. Besides, the angle of the nerve to the vessel might increase
the specificity of vascular-nerve contact in diagnosis. To better understand peripheral vestibular
disorders, it is essential to gain a clear differentiation and a comprehensive understanding

between pathologic and aetiologic changes.
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dependent functional organizational patterns within the bilateral vestibular cortical network
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ARTICLE INFO ABSTRACT

Keywords: Current evidence points towards a vestibular cortex that involves a multisensory bilateral temporo-parietal-insular
Vestibular cortical network network with a handedness-dependent hemispheric lateralization. This study aimed to identify handedness-
Asymmetry dependent organizational patterns of (lateralized and non-lateralized) functional subunits within the human
Multisensory vestibular cortex areas. 60 healthy volunteers (30 left-handed and 30 right-handed) were examined on a 3T MR

Hemisphere dominance
Functional parcellation
Lateralization

scanner using resting state functional MRI (fMRI). The data was analyzed in four major steps using a functional
connectivity based parcellation (fCBP) approach: (1) independent component analysis (ICA) on a whole brain
level to identify different resting state networks (RSN); (2) creation of a vestibular informed mask from four whole
brain ICs that included reference coordinates of the vestibular network extracted from meta-analyses of vestibular
neuroimaging experiments; (3) Re-ICA confined to the vestibular informed mask; (4) cross-correlation of the
activated voxels within the vestibular subunits (parcels) to each other (P-to-P) and to the whole-brain RSN (P-to-
RSN).

This approach disclosed handedness-dependency, inter-hemispheric symmetry, the scale of connectedness to
major whole brain RSN and the grade of spatial overlap of voxels within parcels (common/unique) as meaningful
discriminatory organizational categories within the vestibular cortex areas. This network consists of multiple
inter-hemisphere symmetric (not lateralized), well-connected (many RSN-assignments) multisensory areas (or
hubs; e.g., superior temporal gyrus, temporo-parietal intersection) organized around an asymmetric (lateralized,
“dominant™) and functionally more specialized (few RSN-assignments) core region in the parieto-insular cortex.
The latter is in the middle, posterior and inferior insula. In conclusion, the bilateral cortical vestibular network
contains not only a handedness-dependent lateralized central region concentrated in the right hemisphere in
right-handers and left hemisphere in left-handers, but also surrounding inter-hemisphere symmetric multisensory
vestibular areas that seem to be functionally influenced by their neighboring sensory systems (e.g., temporo-
parietal intersection by the visual system). One may speculate that the development of an asymmetrical orga-
nized vestibular subsystem reflects a more recent phylogenetic evolution of various multisensory vestibular
functions. The right hemispheric dominance of spatial orientation and its disorders, spatial neglect and pusher
syndrome, may serve as examples.
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Introduction

The vestibular cortex differs from other sensory cortices. Lacking a
primary cortex in the narrower sense, the vestibular system relies on a
network involving multiple multisensory vestibular cortical areas in both
hemispheres organized around a core region in the posterior insula and
retroinsular region, called the parieto-insular vestibular cortex (PIVC) in
monkeys (Guldin and Griisser, 1998). This network seems to be very
similar in humans with the posterior insula, retro-insular region, and
operculum 2 (OP2) representing the main components of said core region
(Guldin and Griisser, 1998; Brandt and Dieterich, 1999; Zu Eulenburg
et al., 2012; Lopez et al.,, 2012). Another important feature of the
vestibular system is a hemispheric asymmetry, namely the dominance of
the ipsilateral hemisphere in relation to handedness (Dieterich et al.,
2003). Further, there is a preference of the ipsilateral ascending pro-
jections from the stimulated ear (Bense et al., 2003; Dieterich et al.,
2017), and a reciprocal inhibitory visual-vestibular interaction disclosed
by functional imaging (Brandt et al., 1998; Brandt et al., 2002, 2003;
Wenzel et al., 1996).

The vestibular cortical network relies on vestibular, visual, and so-
matosensory inputs in monkeys (Guldin et al., 1992; Chen et al., 2011a)
and humans (Baumgartner et al., 2010; Bucher et al., 1998; Dieterich
et al., 1998; Emri et al., 2003; Fasold et al., 2002; Konen and Kastner,
2008). These multisensory inputs converge at multiple levels from the
brain stem to the cortex: reflexive sensorimotor control of eyes, head, and
body at the brain stem/cerebellar level; perception of self-motion and
control of voluntary movement and balance at the cortical/subcortical
level; and higher vestibular cognitive functions (e.g., spatial memory and
navigation) at the cortical level (Dieterich and Brandt, 2015). This
varying multisensory information is centrally computed, both bilaterally
(Dieterich and Brandt, 2015) and hierarchically (Chen et al., 2010). It
converges (Chen et al., 2011a; Carriot et al., 2013) in multiple spatially
distributed (Brandt and Dieterich, 1999; Lopez and Blanke, 2011) and
spatially tuned (Chen et al., 2011b) cortical areas. Within these areas
both multimodal neurons as well as a mixture of multiple unimodal
neuronal populations have been found in monkeys (Guldin et al., 1992;
Yang et al., 2011; Dokka et al., 2015). Consequently, a binary under-
standing that allocates one specific label to one specific cortical area will
most likely not do justice to the vestibular cortical network, especially at
the scale being assessed by functional MRI (fMRI) (Logothetis, 2012,
2002; Tolias et al., 2005).

Resting state fMRI provides proxies of dynamic neuronal interactions
that are thought to reflect mixtures of various cognitive processes and
physiological factors (Buckner et al., 2008; Fox and Raichle, 2007; Smith
et al.,, 2009). Functional connectivity based parcellation (fCBP) ap-
proaches oftentimes use independent component analysis (ICA) on
resting state fMRI to divide a region of interest (ROI) into distinct sub-
regions (Eickhoff et al., 2015; Kim et al., 2010). An fCBP approach that is
restricted to a specific mask is then able to identify even more discrete
functional subunits within this region (Kim et al., 2013; Mars et al., 2012;
Smith et al., 2015). Most fCBP approaches then use a binary allocation of
one label/parcel per voxel (Craddock et al., 2012; Neubert et al., 2014;
Thirion et al., 2014). However, ICA naturally allows a multivariate
(non-binary) separation of linear mixtures of signal sources that tempo-
rally correlate and spatially overlap (Beckmann and Smith, 2004). This
non-binary methodical approach might be able to reflect multiple signals
at the same spatial location, e.g., in multiple populations of neurons or a
single multisensory population and might therefore be insightful when
dealing with the vestibular system.

This study aimed to identify handedness-dependent organizational
patterns of functional subunits within the human vestibular cortex areas
whilst addressing its multisensory (non-binary) nature. To that end, 60
healthy volunteers (30 left-handed and 30 right-handed) were analyzed
using masked ICA approaches resulting in binary and non-binary results.
This mask was data-driven (composed of whole brain independent
components) and specific to the vestibular cortical system as the
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independent components (ICs) used had to include vestibular reference
coordinates derived from two meta-analyses of vestibular neuroimaging
experiments pinpointing the vestibular cortex (Lopez et al., 2012; Zu
Eulenburg et al., 2012).

Materials and methods
Subjects

Institutional Review Board (IRB) approval was obtained prior to the
initiation of the study. Each participant provided informed oral and
written consent in accordance with the Declaration of Helsinki. 30
healthy right-handed (RH) volunteers (17 females; aged 20-67 years,
mean age 26,7 + 8,3 years) and 30 healthy left-handed (LH) volunteers
(14 females; aged 20-65 years, mean age 26,1 + 8,6 years) were included
in the study. LH and RH were age- and gender-matched. The laterality
handedness quotient was assessed with the 10-item inventory of the
Edinburgh test (Oldfield, 1971; Salmaso and Longoni, 1985). The in-
clusion criterion was age between 18 and 70 years. Exclusion criteria
were a history of any neurological, vestibular, and/or psychiatric disor-
der, pregnancy, and MR-related contraindications such as cardiac pace-
makers, ferromagnetic implants, or claustrophobia.

Measurement of the semicircular canal and otolith functions

The integrity of vestibular function was ascertained by assessing the
semicircular canal function with the head-impulse test for the vestibulo-
ocular reflex (VOR) and otolith function with the determination of the
subjective visual vertical (SVV). The head-impulse test (Halmagyi and
Curthoys, 1988) was measured using high-frame-rate video-oculography
(VOG) with the EyeSeeCam (Schneider et al., 2009; EyeSeeTech, Munich,
Germany). A median gain during head impulses <0.8 (eye velocity in °/s
divided by head velocity in °/s) was considered the criterion for a
pathological VOR and exclusion of the subject. A tilt of the SVV is a
sensitive sign of a graviceptive vestibular tone imbalance, assessed when
sitting in an upright position in front of a half-spherical dome with the
head fixed on a chin rest (for details see Dieterich and Brandt, 1993). A
mean deviation of >2.5° from the true vertical was considered a patho-
logical tilt of SVV. None of the participants showed deficits of the VOR or
pathological tilts of the SVV.

MR imaging protocol

MR imaging data were acquired in a whole-body 3.0 Tesla MR
scanner (Magnetom Verio, Siemens Healthcare, Erlangen, Germany)
with a 32-channel head coil. Intrinsic brain activity was assessed with
BOLD fMRI based on a T2*-weighted echo-planar imaging (EPI) sequence
with a 3.0 x 3.0 x 3.0 mm® isotropic resolution (TE=30ms,
TR =3000ms, 200 frames per subject). No other task was required
except keeping the eyes closed, remaining still without focusing the
thoughts on anything specific and not falling asleep. Anatomical images
included a T1-weighted magnetization-prepared rapid gradient echo
(MP-RAGE) sequence with a field-of-view of 256 mm and an isotropic
spatial resolution of 1.0 x 1.0 x 1.0 mm?® (TE 4.37 ms, TR =2100 ms,
number of slices 160). Images in DICOM format were converted to the
NifTI-file format (using MRICron dem2nii).

Preprocessing of fMRI data

All acquired images were preprocessed using the SPM12 software
package, DARTEL (Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra; Ashburner, 2007; Ashburner and Friston,
2011), CONN functional connectivity toolbox v15 (Whitfield-Gabrieli
and Nieto-Castanon, 2012), whole brain ICA as well as dual regression as
implemented in the FSL toolbox MELODIC (Beckmann and Smith, 2004;
Beckmann et al., 2005; Filippini et al., 2009), and in-house scripts written
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in MATLAB (MathWorks Inc., Natick, MA, USA) as previously described
in (Cyran et al., 2016). Anatomical analyses in DARTEL included: i)
segmentation of the images into white matter (WM), gray matter (GM),
and cerebrospinal fluid (CSF) using the New Segmentation algorithm
implemented in SPM12 and including an intensity non-uniformity
correction to account for smooth intensity variations caused by
gradient distortions; ii) application of the DARTEL approach for regis-
tration, normalization, and modulation; iii) further normalization of the
GM and WM images to MNI space; and smoothing of the GM and WM
images with an 4 mm full width at half maximum Gaussian kernel to
increase signal to noise ratio. In the resulting images, each voxel repre-
sented an absolute amount of brain volume, equivalent to the brain
volume per unit prior to normalization. Functional analyses in CONN
included: j) import of the preprocessed anatomical volumes; jj) spatial
preprocessing of functional volumes [slice-timing correction, realign-
ment, normalization and smoothing (4-mm FWHM Gaussian filter) using
SPM12 default parameter choices]; and jjj) temporal preprocessing of the
resulting residual BOLD time series using a band-pass filter
(0.008 Hz < f < 0.09 Hz). ICA-based denoising included: k) group ICA to
distinguish noise and signal sources in the fMRI data; kk) dual-regression
to generate individual contributions per subject for all independent
components allowing for the separation of noise and signal on the
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individual subject level even if noise and signal sources are correlated
and kkk) subtraction of the components that were judged by visual in-
spection to be noise of each respective subject as previously described
(Cyran et al., 2015).

For a flowchart of the functional connectivity based parcellation
(fCBP) methods used please view Fig. 1. Please note that supplementary
data was converted into a Data in Brief article (Kirsch et al., 2018), which
is referred to frequently in the following.

Whole brain ICA

An 80 dimensional group ICA (Craddock et al., 2012) was performed
on denoised fMRI data (LH and RH combined) using a whole brain mask
(Calhoun et al., 2001; Beckmann and Smith, 2004; Beckmann et al.,
2005). The dimensionality of the ICA was estimated by the FSL MELODIC
default method using the Laplace approximation to the Bayesian evi-
dence of the model order (Beckmann and Smith, 2004).

Each independent component (IC) was semi-automatically labeled to
the 20 resting state network (RSN) atlas proposed by Laird et al. (2011)
using the highest product between the highest voxel-overlap (Dice--
Coefficient) and the highest absolute correlation (spatial overlap and
distribution of statistical values). The Laird atlas contains a full functional

ICA

30 RH + 30 LH
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RSN 80 ICs x RSN
Laird 2011 30 RH + 30 LH
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knowledge
vCortex
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30 RH

MASKED

30LH

ICA

PARCEL TO RSN

Fig. 1. Flowchart of the used fCBP (functional connectivity based parcellation) methods used. The data was analyzed in four major steps: [A] whole brain (WB)
binary fCBP using independent component analysis (ICA) to identify different resting state networks (RSN) and their behavioral interpretations according to (Laird
et al., 2011); [B] creation of a vestibular informed mask from four whole brain ICs that included reference coordinates of the vestibular network extracted from
meta-analyses of vestibular neuroimaging experiments; [C] masked binary fCBP using Re-ICA confined to the vestibular informed mask; [D] masked non-binary f{CBP

using cross-correlation of the activated voxels within the vestibular subunits (parcels =P) to each other to differentiate between “common” or

“unique” voxels

(Parcel-to-Parcel) and to the whole-brain RSN (Parcel-to-RSN). Note, that the colored RSN background in (A) corresponds to one specific RSN (of 27) to which the
depicted IC was labeled to. In (C) and (D) every parcel has its own discriminative color that is independent of the RSN colors. This changes in “Parcel to RSN”, where
each parcel is correlated with the whole brain RSN. Black and white background means no allocation to RSN. This system was followed throughout this work.
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explication of RSN intrinsic connectivity at a standard low order
decomposition using a neuroinformatics approach based on the Brain-
Map behavioral taxonomy as well as a stratified, data-driven ordering of
cognitive processes. This enabled us to group the networks (ICs) we
found to specific brain functions (i.e., 73 of 80 or 91.25% of ICs were
assigned to 20 maps- and task-correlations taken from Laird and
coauthors).

ICs that did not fit the Laird components (overall 7 of 80 or 8.75% of
ICs) were checked visually and assigned to an anatomical label of the

» ERS
D Blagydl ¢ o
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“Harvard-Oxford cortical structural atlas“. Here, sound behavioral in-
terpretations to each IC (network) were determined by inserting their
maximum xyz-MNI-coordinates into the large-scale, automated synthesis
of the human functional neuroimaging data platform Neurosynth
(neurosynth.org), using a radius of 4 mm (Yarkoni et al., 2011). For an
overview of all RSN composed of 80 whole brain ICs see Fig. 2. For more
detail on the RSN please view Fig. 1 in the respective Data in Brief article
(Kirsch et al., 2018).

Fig. 2. Overview of the whole brain (WB) functional connectivity based parcellation (fCBP) and the vestibular informed mask. 80 whole brain (WB) in-
dependent components (ICs) were labeled to 27 resting state networks (RSNs). Every RSN was color-coded and can be viewed in the color-scale on the left of the
figure. The background-color of each IC conforms to the color of the RSN it was labeled to. This enables a quick overview of both resulting ICs and their respective
RSN. For an overview of the RSNs view Fig. 1 in the respective Data in Brief article (Kirsch et al., 2018). Within the figure four whole brain ICS (IC1, IC3, IC13, IC58)
are highlighted. These ICs included vestibular reference coordinates and were combined to create the vestibular informed mask at the bottom right of the figure.
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Vestibular informed mask

To refine the identification of vestibular subunits the functional
connectivity based parcellation (fCBP) was confined to a vestibular
informed mask (Mars et al., 2012; Kim et al., 2013; Smith et al., 2015). To
ensure a data-driven logic, four whole brain independent components
(IC1, IC3, IC13, IC58) that included vestibular reference coordinates of
two meta-analyses of vestibular neuroimaging experiments attempting to
pinpoint the vestibular cortex (Lopez et al., 2012; Zu Eulenburg et al.,
2012) were thresholded and combined to create a vestibular informed
mask surrounding the sylvian fissure (cf. Fig. 2). The mask included
cortical areas, such as the anterior, middle and posterior insula, retro-
insular cortex, parietal operculum (OP1-4), superior temporal gyrus
(STG) and inferior parietal lobule (IPL). Note that cerebellar or subcor-
tical areas that are known to be involved in vestibular processing, as well
as cortical areas located around the longitudinal cerebral fissure (such as
the precuneus and the anterior cingulum) were not included in the mask,
since we wanted to keep our analyses both data-driven and spatially
confined.

Masked ICA

Resting-state functional connectivity based parcellation (fCBP)
oftentimes uses independent component analysis (ICA) and divides any
given region of interest (ROI) into distinct functional sub-units according
to common spatio-temporal patterns of BOLD signal fluctuations that are
maximally independent from each other. For this study two variations of
ICA were used. One variation, the more traditional (binary) ICA
approach, where each functional sub-unit must be spatially distinct (and
voxels are forced to choose a sub-unit; cf. method section ‘masked binary
ICA’); and the second variation, a multivariate (non-binary) ICA
approach where functional-subunits can overlap (and voxels can be part
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of multiple sub-units with their various behavioral interpretations;
method section ‘masked non-binary ICA’). Note, fCBP was restricted to a
vestibular informed mask (cf. method section ‘vestibular informed mask’).

Masked binary ICA

ICA with 30 dimensions was run separately for LH and RH denoised
fMRI data within the vestibular informed mask (see Fig. 2). The dimen-
sionality was chosen to avoid overfitting whilst extracting a reasonable
number of parcels within the mask (Gursoy and Niebur, 2005; Sareld and
Vigario, 2001). The mask restricted ICA had roughly 9000 voxels for the
estimation of independence between sources, while the whole brain ICA
had roughly 90000 voxels. We chose to be conservative with the number
of dimensions and used the estimate provided by Sareld and coauthors
(Sarela and Vigario, 2001) whilst adding another factor of 5. A binary
fCBP approach as described by Kim et al. (2013) was chosen. Here, each
voxel is allocated exactly one label (or parcel) in terms of its maximally
significant weight (“modulations of spatial component map (significance
values)” multiplied by “extent of time course modulations”). This
approach binarizes the parcel identity of every voxel and ignores all other
significant overlaps in favor of the most significant one and results in
spatially distinct functional sub-units or parcels (cf. Fig. 3). Parcels were
anatomically characterized using the Harvard- Oxford structural cortical
atlas (Desikan et al., 2006; Makris et al., 2006) and the Juelich histo-
logical cyto- and myeloarchitectonic atlas (Eickhoff et al., 2005, 2007).

In order to be able to compare LH and RH parcels we had to find
analogous binary parcels between LH and RH. Analogous binary parcels
were determined by multiplication of the highest Dice-coefficient (voxel-
overlap measure) and the absolute spatial correlation coefficient (cor-
relation of spatial independent component maps). This approach was
successful for interhemispheric symmetric parcels, but not for inter-
hemispheric asymmetric parcels. Here, the parcels needed to be spatially
flipped (mirrored) to correspond between LH and RH. This was done

+30 +39 +48 +30 +39 +48

PN N S I I E E EEN =
1 5 10 15 20 25 30

Fig. 3. Masked binary ICA summary maps of 30 left-handed (LH) and 30 right-handed (RH) healthy volunteers (FDR<0.01). Each of the 30 parcels (P) was assigned
to a separate color (cf. color scale), which was the same for LH and RH subgroups. Anatomical assignments can be viewed in the respective Data in Brief article (Kirsch
et al., 2018).
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with respect to the x-axis, i.e., hemisphere-flip in x-direction in MNI-
space (cf. Fig. 4 for a comparison of “raw” and “flipped” ICs for LH and
RH). A complete overview of each “raw” symmetric and asymmetric
parcel can be viewed in Fig. 2 of the respective Data in Brief article
(Kirsch et al., 2018).

Handedness-dependency of a parcel was calculated using a laterality-
index based on the number of voxels within a parcel [(R-L)/(R + L)]x100.
If the laterality-index per parcel and between LH and RH changed in a
concordant fashion it was termed handedness-independent (—). An in-
verse laterality-index was termed handedness-dependent ().

Masked non-binary ICA

ICA allows a non-binary (multivariate) separation of linear mixtures
of signal sources that temporally correlate and spatially overlap (Beck-
mann and Smith, 2004). The non-binary (multivariate) fCBP approach
uses this non-orthogonal ICA feature to investigate meaningful com-
monalities and differences (cross-correlation) between functional sub-
units in space (Parcel-to-Parcel) and time (Parcel-to-RSN).

For the “Parcel-to-RSN correlations” time courses of the 30 binary
parcels were correlated to the 27 whole brain RSN (cf. method section
‘whole brain ICA’) to enable their functional mapping following Laird's
atlas (Laird et al., 2011) and/or Yarkonis “Neurosynth.org” platform
(Yarkoni et al., 2011). Time courses of each parcel and each RSN were
extracted separately from the functional data of each subject using dual
regression (Beckmann et al., 2009; Filippini et al., 2009) and correlated
to each other on a subject-by-subject basis. The correlation coefficients
were transformed to z-scores using Fisher's r-to-z transformation, and
then tested on group-level.

For the “Parcel-to-Parcel correlations” spatial overlap between the
voxels of the 30 parcels was investigated. “Common clusters” or “unique
voxels” could be distinguished. “Common clusters” (C) were defined as
voxels that spatially overlapped between parcels. “Unique voxels” (U)
were defined as voxels that were part of one parcel only and surpassed 15
voxels of cluster size. To visualize the “common” voxels, 9 groups of 2-6
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parcels (“common clusters”) were defined via spatial overlap. Finally, the
time course of each “common cluster” and each RSN was extracted via
dual regression on subject-basis, correlated and analyzed on group-level
based on the regression coefficients. For more detail on the RSN please
view Fig. 1 in the respective Data in Brief article (Kirsch et al., 2018).

Statistics and map display

All IC maps were thresholded to p > 0.5 for the alternative hypothesis
test using the Gaussian/gamma mixture model approach implemented in
MELODIC (Beckmann and Smith, 2004, 2005; Cole et al., 2010). Time
courses for all components (80 whole brain ICs, 30 parcels, 9 “common
clusters”) were created using dual regression on the fMRI data (Beck-
mann et al., 2009; Filippini et al., 2009). All correlations were calculated
on a subject-by-subject basis from these dual regression stage 1 time
courses. The correlation coefficients were then transformed to z-scores
using Fisher's r-to-z transformation, and then tested on the group-level.
The resulting connectivity matrices were thresholded using false dis-
covery rate (FDR) q < 0.01 to correct for multiple comparisons. See also
method section ‘masked non-binary ICA’ above.

Statistics of behavioral data and number of RSN-assignments were
performed using the IBM SPSS Statistics software package (Version 20).

Results
Handedness and integrity of vestibular function

LH and RH healthy volunteers did not differ significantly in terms of
age or gender (t-test, two-tailed, p > 0.5). The laterality quotient for
right-handedness as per the 10-item inventory of the Edinburgh test was
+100% in 27 of the RH volunteers, +90% in two and +80% in one. The
laterality quotient for left-handedness was —100% in 15, -90% to —80%
in 12 and -70% to 65% in 3 of the 30 LH volunteers. None of the par-
ticipants showed pathological tilts of the SVV or deficits of the VOR in

Symmetrical parcels

Asymmetrical parcels

Fig. 4. Exemplary display of parcel sym-
metry relationships for left-handed (LH)

IC stats maps Overlaps

IC stats maps
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and right-handed (RH) subjects. Hemisphere
symmetrical (shown in A & B) and hemi-
sphere asymmetrical (shown in C & D) par-
cels between LH and RH are shown in their
“raw” statistical independent component
map form and the final combined overlay
indicating overlaps of LH and RH via color
mixing to illustrate what an overlap entails.
Hemisphere asymmetrical parcels (P13 and
P16 shown in C & D) required mirroring of
one of the patterns of the LH or RH to
generate a meaningful overlap of LH and RH,
therefore all voxels of the LH were mirrored
with respect to the midline, i.e. left and right
side of the LH were flipped for these parcels.
In all overlays the left side of cortex is dis-
played on the left, indicated by “L” and the
right side or cortex is displayed on the right
indicated by “R”. In the final overlay showing
the overlap via color mixing for the case of
the asymmetrical parcels (P13 and P16
shown in C & D) this labeling is changed to
ipsilateral “I” and contralateral “C”, due to
overlay of RH with the midline-flipped LH.
Note that ipsilateral (I) therefore indicates
the right side for the RH and left side for the
LH (now flipped to the right for maximum
overlap, i.e. a hemisphere asymmetrical par-
cel). A complete overview of each “raw”
symmetric and asymmetric parcel can be
viewed in Fig. 2 in the respective Data in
Brief article (Kirsch et al., 2018).

(mirrored) Overlaps
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head impulse testing. Therefore, 60 participants were included in the
analyses as the study cohort. Head motion measured by the mean relative
displacement (in mm) was low for both RH (0.09+0.16) and LH
(0.09 + 0.09) and did not differ significantly between groups.

Whole brain ICA

The whole brain 80-dimensional ICA decomposition (cf. Fig. 2) was
semi-automatically labeled to the 20 resting state network (RSN) atlas
(and its behavioral interpretations) proposed by Laird et al. (2011).
These were 73 of the 80 ICs (or 91.25% of ICs), which were assigned to
20 maps and task-correlations taken from Laird and coauthors. Seven
further networks (i.e., 7 of 80 or 8.75% of ICs) were anatomically labeled
using the “Harvard-Oxford cortical structural atlas” and functionally
characterized using the large-scale, automated synthesis of human
functional neuroimaging data platform Neurosynth (neurosynth.org).
For more detail please see Fig. 1 in the respective Data in Brief article
(Kirsch et al., 2018).

Masked binary ICA

Masked binary fCBP revealed 30 parcels for each group of LH and RH
(Fig. 3), which were matched spatially. This enabled a differentiation
between 17 “symmetrical” and 13 “asymmetrical” parcels (Fig. 5)
regarding hemispherical distribution of voxels. Symmetrical parcels
(P1, P3-4, P6-9, P11-12, P14-15, P20, P22-23, P25, P28, P30) showed
high spatial overlap between LH and RH volunteers (Fig. 5A). Asym-
metrical parcels (P2, P5, P10, P13, P16-19, P21, P24, P26-27, P29)
needed to be flipped (cf. method section ‘masked binary ICA’) to view
analogous “hemispherical distributional” results of LH and RH (cf.
Fig. 5B). The laterality-index of most parcels was handedness-dependent.
Eleven parcels were handedness-independent (P3, P4, P7-8, P11-12, P15,
P20, P22-23, P30). Anatomical characterization of the 30 parcels can be
viewed in of the respective Data in Brief article (Kirsch et al., 2018).

Masked non-binary ICA

Masked non-binary (multivariate) f{CBP enabled the investigation of
interdependencies in between the 30 parcels (P- to-P correlations) and in
relation to the whole brain RSNs (P-to-RSN correlations).

P-to-RSN correlations

The number of RSN assignments to each parcel (“P-to-RSN correla-
tions” Fig. 3 of in the respective Data in Brief article (Kirsch et al., 2018).
did not differ between LH (1-20; 10 47 SD) and RH (2-19; 11 &5 SD).
However, spatially symmetrical parcels had significantly more RSN as-
signments (LH 13 + 6 SD; RH 13 & 5 SD) than asymmetrical parcels (LH
6 + 6 SD; RH 8 + 4 SD) using two-sampled t-tests (p < 0.001). There was
a total of 18 parcels with <12 RSN assignments (P2, P4, P5, P8, P13,
P16-19, P21, P23-30), and 12 parcels with >12 RSN assignments (P1, P3,
P6, P7, P9-12, P14, P15, P20, P22).

The parcels were subsequently categorized by means of “spatial
symmetry” and “number of Parcel-to-RSN correlations”. This resulted in
two different types of parcels: “asymmetrical and less connected” and
“symmetrical and connected”. Furthermore “P-to-RSN correlations”
enabled a functional mapping per Laird's “Behavioral Interpreations of
Intrinsic Connectivity Networks” (2011; cf. method section ‘whole brain
ICA’) or per Yarkonis “Neurosynth.org” platform (Yarkoni et al., 2011).
For overview-purposes the parcels were further grouped using the pre-
dominant anatomical landmark:

Type 1: “Asymmetrical and less connected” (Fig. 5). This parcel (P) type
was spatially asymmetrical and correlated with fewer than 12 RSN:
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e Group “IFG” (inferior frontal gyrus; P2, P21) included primarily
BA 44 and BA45 and showed an asymmetry toward the dominant
hemisphere (left in RH and right LH). The correlations with the whole
brain RSN systems suggest a connection with language, speech and
working memory functions, as inferred from the function assignments
of the Laird's atlas and the extracted functions from the neurosynth.
org database (Laird et al., 2011; Smith et al., 2009; Yarkoni et al.,
2011).

Group “S/MTG” (superior and middle temporal gyrus; P4)
included primarily the superior and middle temporal gyri. The cor-
relations with the whole brain RSN systems suggest a connection with
hearing, specifically spatial hearing, motion and spatial localization
functions, as inferred from the function assignments of the Laird's
atlas and the extracted functions from the neurosynth.org database
(Laird et al., 2011; Smith et al., 2009; Yarkoni et al., 2011).

Group “middle and posterior insula” (P5, P13, P17, P25, P28,
P30) included asymmetrical and symmetrical parcels around the
posterior insula (Id1, Ig2). Asymmetrical parcels (P5, P13, P17) ten-
ded toward the non-dominant hemisphere (right in RH and left LH).
Symmetrical parcels (P25, P28, P30) correlated with more RSNs and/
or included the inferior parietal lobule (IPL; P28, P30), secondary
somatosensory cortex (P28, P30) or the primary auditory cortex and
BA45 (P25). The correlations with the whole brain RSN systems
suggest a connection with multimodal processing of the vestibular
system supporting a multitude of behaviors by providing vestibular
coordinates and self-monitoring functions. The behaviors include
balance, spatial orientation, spatial coordinate transformation for
perception (e.g. spatial hearing) and behavior (Brandt and Dieterich,
1999; Lopez et al., 2012; Zu Eulenburg et al., 2012) and as inferred
from the function assignments of the Laird's atlas and the extracted
functions from the neurosynth.org database (Laird et al., 2011; Smith
et al., 2009; Yarkoni et al., 2011).

Group “inferior insula” (P18, P19, P23-24, P26-27, P29) included
contralateral asymmetrical (P18, P24, P27), ipsilateral asymmet-
rical (P19, P26, P29) and one symmetrical (P23) parcel including the
hippocampus. The correlations with the whole brain RSN systems
suggest a connection with spatial orientation, spatial reasoning, co-
ordinate transformation and further vestibular coordinate input pro-
cessing functions (Brandt and Dieterich, 1999; Lopez et al., 2012; Zu
Eulenburg et al., 2012) and as inferred from the function assignments
of the Laird's atlas and the extracted functions from the neurosynth.
org database (Laird et al., 2011; Smith et al., 2009; Yarkoni et al.,
2011).

Most of the parcels listed under type 1 “asymmetrical and less con-
nected” were part of known hemisphere-lateralized (asymmetrical,
dominant) and mostly handedness-dependent brain functions such as
speech and language (group “IFG” including Broca's area), and vestibular
sensory processing and/or vestibular coordinate transformation (group
“middle, posterior and inferior insula”). To put it more simply, these
parcels seemed to show preponderance for converging sense-specific
information and functions for other systems, i.e. they specialize in ab-
stractions of sensory information. For more detail please see in the
respective Data in Brief article (Kirsch et al., 2018).

Type 2: “Symmetrical and connected” (cf. Fig. 5). The parcels of this group
were spatially symmetrical and correlated with more than 12 RSN.

e Group “anterior insula” (P6, P14) included symmetrical parcels
around the anterior insula with some involvement of BA44, the
frontal orbital cortex and temporal pole. The correlations with the
whole brain RSN systems suggest a connection with attentional
salience and adaptive cognitive control of cognition and behavior, as
inferred from the function assignments of the Laird's atlas and the
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A Symmetrical Parcels Asymmetrical Parcels | B

C

Fig. 5. Masked binary ICA single maps of 30 left-handed (LH) and 30 right-handed (RH) healthy volunteers enabled a differentiation between “symmetrical” and
“asymmetrical” parcels (FDR<0.01). In symmetrical parcels (5A) LH (green) and RH (red) parcels seemed to mostly overlap spatially (yellow; L = left; R =right). In
asymmetrical parcels (5B) LH (blue) and RH (red) parcels seemed to inversely overlap spatially (pink). Here LH maps were flipped to depict the overlap
(C = contralateral; I =ipsilateral). Anatomical assignments can be viewed in the respective Data in Brief article (Kirsch et al., 2018).
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extracted functions from the neurosynth.org database (Laird et al.,
2011; Smith et al., 2009; Yarkoni et al., 2011).

Group “sensorimotor” (P1, P3) included symmetrical parcels with
both somatosensory (BAl, BA3a + b) and motor (BA4a + p, BA6)
cortical areas. The correlations with the whole brain RSN systems
suggest a connection with adaptive transformation of sensory percept
into motor responses for head, eye, torso and limb coordination and
prediction of sensory percept, as inferred from the function assign-
ments of the Laird's atlas and the extracted functions from the
neurosynth.org database (Laird et al., 2011; Smith et al., 2009; Yar-
koni et al., 2011).

Group “STG” (superior temporal gyrus; P10, P12, P15, P16, P20,
P22) included foremost and bilaterally the superior temporal gyrus
(STG) in combination with the primary auditory cortex (P7), inferior
parietal lobule (P7, P8, P11), BA44 (P11, P9) and/or secondary so-
matosensory cortex (P7, P8, P9) and motor cortex (P8, P11). The
correlations with the whole brain RSN systems suggest a connection
with hearing (tone and pitch discrimination), speaker identification,
attended speech identification/separation, touch, pain, visceral
sensation and tactile attention, as inferred from the function assign-
ments of the Laird's atlas and the extracted functions from the
neurosynth.org database (Laird et al., 2011; Smith et al., 2009; Yar-
koni et al., 2011).

Group “temporo-parietal” (P7, P8, P9, P11) included areas in the
intersection between the temporal and parietal lobe. The correlations
with the whole brain RSN systems suggest a connection with the
combination of limbic, visual, auditory and somatosensory percept in
self-reference and localization of self-other relationships, as well as
reflective thinking, interoception and theory of mind, as inferred from
the function assignments of the Laird's atlas and the extracted func-
tions from the neurosynth.org database (Laird et al., 2011; Smith
et al., 2009; Yarkoni et al., 2011).

Parcels listed under type 2 “Symmetrical and connected” were inter-
hemispheric symmetrical (balanced) parcels that were highly connected
(with widespread RSN correlations). In contrast to type 1 parcels, which
were more specialized and lateralized between hemispheres and seemed
to converge information streams. These type 2 symmetric highly
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connected nodes modulate, combine, and redistribute more abstract
functions and integrative processing. Note that these regions are also
thought to be part of the network hubs in the human brain (Eguiluz et al.,
2005; Achard et al., 2006; Breakspear et al., 2007) that are suggested to
be functionally valuable for integrative information processing (Buckner
et al., 2009; van den Heuvel et al., 2012; Crossley et al., 2013). In
addition, these parcels seem to be functionally influenced by the neigh-
boring sensory systems (e.g., temporo-parietal intersection by the visual
system, superior temporal gyrus by the auditory system). For more detail
please see in the respective Data in Brief article (Kirsch et al., 2018).

P-to-P correlations

The multivariate masked fCBP enabled the distinction of spatial
uniqueness and commonality of independent components that form
parcels. “Unique voxels” and “common clusters” voxels within the par-
cels were subsequently differentiated.

“Unique voxels” (cf. Fig. 6A). Unique voxels (U) within a parcel area are
characterized by unique spatial assignment with no overlaps. A detailed
overview of the “unique” voxels is provided in the respective Data in
Brief article (Kirsch et al., 2018).

The categorization of the parcels by means of “hemispheric symme-
try” and “number of parcels to systems correlations” remained stable
when only considering the unique voxels within the parcels. Most parcels
in RH (besides 6: U13, U18-19, U24, U26, U29) showed unique voxels,
whereas in LH only 50% of the parcels (U5-6, U9-10, U12, U15, U18-19,
U20, U22, U24-26, U29-30) showed unique voxels. When present,
unique voxels within parcels overall contained less than half or 1/3 of the
voxel count of the entire parcels, indicating that many spatial overlaps
occurred between parcels. In general, the anatomical labeling remained
stable for unique voxel parcels with only slight shifts in the percentage of
represented topographies. Handedness-dependency remained stable
(with only U16 changing its handedness-dependency). Note, that within
key structures of the vestibular system the ipsilateral handedness-
dependency was concentrated in the inferior insula (U28) and less in
the posterior insula (U28, U17).

“Common clusters” (cf. Fig. 6B). Common clusters were defined as voxels

Fig. 6. Masked non-binary ICA maps
revealed “unique” voxels (6A; FDR<0.01;
>15 voxels) and “common” clusters (6B;
FDR<0.01). The x-axis shows the color scale
of the 30 binary parcels (cf. Fig. 3), each of
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which was assigned to a separate color (cf.

(¥
~“ i /)“ color scale), and the colors matched between
e ) ¥4 :: LH and RH subgroups. Handedness-

dependency remained stable (with only U16
changing its  handedness-dependency).
Within key structures of the vestibular sys-

tem the ipsilateral handedness-dependency
was concentrated in the inferior insula
(square around U28) and less in the posterior
insula (bilateral stars in U28, U17). Note that

the right-sided handedness-independent area
within the temporo-parietal region (circle,
U4) was the same area, which was activated
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( 5 u in a patient suffering from repetitive room-
C7 l &: y C8 | | tilt-illusions (Kirsch et al., 2017). “Common
y clusters” consisted of 2-6 parcels. For a quick
AT 3 2 ¥ N gg . .

;’g‘g; % Y overview, each cluster was characterized by
= < E 7} R an assembly of its color-coded parcels. Here
‘ ; B LH (green) and RH (red) parcels seemed to
C9 I L mostly overlap spatially (yellow). For more

detailed characterization please see in the
respective Data in Brief article (Kirsch et al.,
2018).
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that overlapped in between parcels. To enable visualization of the
“common” voxels, 9 groups of 2-6 spatially similar parcels (“common
clusters”; C) were defined and correlated to whole brain RSNs. Fig. 4 in
the respective Data in Brief article (Kirsch et al., 2018) provides a
detailed overview of the common clusters.

Common clusters were spatially symmetrical, which indicate regions
of multiple coexisting patterns of functional connectivity, i.e. due to
multiple neuronal populations. Common clusters were equally repre-
sented for LH and RH. Apart from C1 “posterior insula” and C2 “inferior
insula”, common clusters correlated with more than 5 RSN “systems”,
which indicate manifold functionality. The rough anatomical labeling
(e.g., inferior insula”, “posterior insula”) remained stable.
Discussion

Identification of handedness-dependent organizational patterns of
functional subunits within the human vestibular cortex areas was
possible by addressing its multisensory (non-binary) nature. To this end a
masked non-binary functional connectivity based parcellation (fCBP)
approach was introduced. Meaningful discriminatory organizational
categories were handedness-dependency, inter-hemispheric symmetry,
the scale of connectedness to major whole brain RSN (P-to-RSN corre-
lations) and the grade of spatial overlap of voxels within parcels (P-to-P
correlations).

These categories revealed a familiar handedness-dependent bilateral
vestibular network of multiple asymmetric and symmetric multisensory
areas organized around a core region in the parieto-insular cortex, i.e.,
the middle, posterior and inferior insula. This core region was hemi-
spherically lateralized (asymmetric, dominant), functionally more
specialized (fewer RSN-assignments) and multisensory in nature (see
‘coreregions’ in Fig. 7 A). Its surrounding areas (e.g., STG, TP intersection,
cf. ‘hub regions’ in Fig. 7A) were hemispherically symmetric (balanced,

NeuroImage 178 (2018) 224-237

equal), well-connected (more RSN-assignments) and functionally influ-
enced by the neighboring sensory systems (e.g., TP by the visual system,
STG by the auditory system). Within these fundamentally different types
of functional units, overlapping (“common” voxels) or specific (“unique”
voxels) subunits could be distinguished.

In the following we speculate if this might reflect different neuronal
populations within a functional subunit and possible advantages of a non-
binary methodical approach. Then characteristics of the cortical core and
surrounding vestibular areas are related to previous animal and human
studies. Finally, we discuss phylogenetic evolution as a possible key to
understanding the systematic “otherness” of the vestibular system, as
well as the method and its limitations within this study.

A non-binary parcellation approach for a non-binary sensory system

The vestibular system can be considered non-binary in many respects,
most notably when considering the multisensory nature of motion stimuli
of the individual (Angelaki and Cullen, 2008; Goldberg et al., 2012;
Carriot et al., 2015) and their bilateral (Dieterich and Brandt, 2015) and
hierarchical (Chen et al., 2010) computation that converge (Chen et al.,
2011a; Carriot et al., 2013) in multiple spatially distributed (Brandt and
Dieterich, 1999; Lopez and Blanke, 2011) and spatially tuned (Chen
et al., 2011b) cortical areas. In addition, within these areas both multi-
modal neurons and a mixture of multiple unimodal neuronal populations
have been found in monkeys (Guldin et al., 1992; Yang et al., 2011;
Dokka et al., 2015).

The non-binary parcellation approach identified multiple overlapping
as well as unique voxels within all subunits in both right-handed (RH)
and left-handed (LH) healthy volunteers. These heterogeneous differ-
ences within one parcellated functional unit that processes vestibular
information might reflect different types of neurons (uni- or multimodal),
different intersections or constellations of neuronal populations (one or
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Fig. 7. Quality of hub and core regions
within vestibular cortex areas. (A) Masked
binary and non-binary functional connectiv-
ity based parcellation (fCBP) revealed
handedness-dependent organizational pat-
terns within the vestibular cortical network.
This network bi-hemispherically consists of
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parieto-insular cortex, i.e. middle (MI), pos-
terior (PI) and inferior insula (II). Note, that
similar to a chormatic circle, the involved
vestibular cortex area (resulting color) de-
pends on the modality and mixture of used
stimuli (colors) and are influenced by the
neighboring sensory system (color). Similar-
ities to a Venn diagram are unintentional. (B)
This approach disclosed Functional speci-
ficity (“P-to-RSN correlations”), hemispheri-
cal symmetry, grade of spatial overlap of
neuronal populations (common/unique; “P-
to-P correlations”)  and  handedness-
dependency as meaningful discriminatory
organizational categories. At its extremities
lie multifuntional, symmetrical, commonness
of neuronal populations and handedness-
independent cortical hubs (such as TP) or
functional specific, asymmetric, uniqueness
of neural populations and handedness-
dependent idiosyncratic systems (such as
language or higher visual functions). Within
this diagram the vestibular system occupies
an intermediate position.
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multiple) or different hierarchies of signal processing within a functional
unit (Smith et al., 2009; Van Essen and Glasser, 2014; Amunts and Zilles,
2015; Glasser et al., 2016). Consequently, this non-binary approach
provides new insight into the organization of functional specialization in
lateralized multisensory cortical areas like the vestibular cortical
network. Such organization might be underestimated or even not
detected in a solely binary approach.

The vestibular cortical surrounding areas: interhemispheric balanced and
integrative hubs

Unlike other sensory systems, brain activation studies with PET and
fMRI in humans (Suzuki et al., 2001; Fasold et al., 2002; Emri et al., 2003;
Lopez and Blanke, 2011) and tracer and electrophysiological studies in
animals (Angelaki and Cullen, 2008; Biittner and Buettner, 1978; Griisser
et al., 1990a; Odkvist et al., 1974; Phillips et al., 1971; Rancz et al., 2015)
suggest that the vestibular system has no primary cortex area in the
narrower sense. Instead, it consists of a bilateral cortical network of
neuronal populations in various cortical areas, primarily in the parietal
and temporal cortex. Robust parts of this network are the “symmetrical
and connected” superior temporal gyrus (STG), inferior parietal lobule
(IPL) and anterior insula, which process vestibular information (Phillips
etal., 1971; Odkvist et al., 1974; Biittner and Buettner, 1978; Bense et al.,
2001) depending on the modality and mixture of stimuli (Chen et al.,
2010, 2011b; Klingner et al., 2013). One might speculate that these
interhemispheric balanced (symmetric) regions serve as integrative hubs
to a core region in the parieto-insular cortex (Frank et al., 2014).
Fittingly, these integrative hubs seem to be functionally influenced by the
neighboring sensory systems (e.g. temporo-parietal intersection by the
visual system, superior temporal gyrus by the auditory system).

Note that most of these regions are also thought to be part of the
network hubs in the human brain (van den Heuvel and Sporns, 2011;
2013); a minority might be high-degree (highly connected) hub nodes
(Eguiluz et al., 2005; Achard et al., 2006; Breakspear et al., 2007) that
mediate many of the long-distance connections between brain modules
(Zamora-Lopez et al., 2010) and are suggested to be functionally valuable
for integrative information processing (Buckner et al., 2009; van den
Heuvel et al., 2012; Crossley et al., 2013).

The vestibular cortical core region: a hemispherically asymmetric and
specialized network

The most robust vestibular cortical structures in human brain lesion
and activation studies, as well as tracer and electrophysiological studies
in animals include the “asymmetrical and less connected” middle, poste-
rior, inferior insula and retroinsular cortex (Figs. 5B and 7A, Table 2A in
the respective Data in Brief article). This region is referred to as the
parieto-insular vestibular cortex (PIVC) in monkeys (Akbarian et al.,
1993; Brandt and Dieterich, 1999; Guldin and Griisser, 1998). The
cortical processing of vestibular information in monkeys and humans
(Dieterich et al., 2003, 2005; Chen et al., 2010) is multisensory (Griisser
et al., 1990a, 1990b; Guldin and Griisser, 1998) and asymmetric. This
might explain its intermediate position with regard to RSN connective-
ness between the primary sensory cortex and the integrative hubs (cf.
‘hub regions’ in Fig. 7A). Notably, robust optic flow and vestibular tuning
were found in an area strongly interconnected with the PIVC, at the
posterior end of the sylvian fissure in the visual posterior sylvian area
(VPS) of macaque monkeys, which receives projections from a visual
area, the dorsal medial superior temporal area (MSTd) (Chen et al.,
2011a). These data, as well as a comparison of vestibular spatiotemporal
tuning in macaque cortical areas PIVC, VIP, and MSTd, suggest there is a
hierarchy in the cortical processing of vestibular information, i.e., the
PIVC is most proximal to the vestibular periphery and the MSTd most
distal (Chen et al., 2011b). The importance of this area in the posterior
operculo-insular complex for vestibular processing is also evident in
humans (Baier et al., 2013, 2012; Brandt et al., 1994; Ionta et al., 2011;
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Kaski et al., 2016; Lopez et al., 2012; Zu Eulenburg et al., 2012).

The asymmetry (network lateralization) and handedness-dependency
displayed in our functional subunits might reflect the presumed hemi-
spheric dominance (network lateralization) towards the non-dominant
(concerning handedness) hemisphere (Dieterich et al., 2003; Janzen
et al., 2008; Karnath and Dieterich, 2006; Nigmatullina et al., 2015; Zu
Eulenburg et al., 2012), i.e. dominance of the right hemisphere in
right-handers. Fittingly, the other asymmetric functional subunit in our
analysis was the inferior frontal lobule (IFL) including Broca's area BA44
and BA45 with its known hemispheric dominance (network lateraliza-
tion) towards the dominant hemisphere (concerning handedness)
(Jakobsen et al., 2016; Oliveira et al., 2016; Rasmussen and Milner,
1977), i.e. dominance of left hemisphere in right-handers.

Another remarkable finding was the inclusion of the inferior insula in
our asymmetric network of vestibular core regions; however, it had fewer
RSN-assignments than the middle and posterior insula. This might sup-
port earlier findings in humans that inferred that the inferior insula was
an important and probably thalamus-independent (Dieterich et al., 2005;
Kirsch et al., 2016) central target station for incoming vestibular infor-
mation. DTI tractography of vestibular brainstem pathways revealed
(Dieterich et al., 2017) that cortical vestibular dominance is not a distinct
cortical phenomenon but is closely linked to a vestibular input domi-
nance, which builds up in the upper brainstem and is functionally
mirrored in an ipsilateral handedness-dependency in the inferior insula.

A phylogenetic view of the organizational patterns found in the vestibular
cortical network

The need for fast, efficient information processing despite (func-
tional) brain expansion during evolution (Preuss, 2011; Sherwood et al.,
2012) is thought to have led to both lateralization and specialization
(Levy, 1969; Ringo et al., 1994). One may speculate that the separation of
a symmetrically from an asymmetrically organized vestibular system
reflects a phylogenetic evolution of various multisensory vestibular
functions. Here the vestibular system takes an intermediary position. This
view supports the concept that “symmetry”, “handedness-independ-
ency”, “multifunctionality” and “commonness of neuronal populations”
point to one system with an infrastructure based on brain hubs (cf. ‘hub
regions’ in Fig. 7A). In contrast, “asymmetry” (or lateralization or domi-
nance), “handedness-dependency”, functional specificity” and “unique-
ness of neuronal population” rather point toward a phylogenetically
“idiosyncratic” system (cf. ‘core regions’ in Fig. 7A), such as the estab-
lishment of language or higher visual functions (cf. Fig. 7B).

A symmetrically organized phylogenetically “older” system seems to
have been further developed by an additional asymmetric lateralized
“younger” system chiefly localized in the parieto-insular region. Asym-
metry developed together with sensorimotor specialization of handed-
ness and orientation (Brandt and Dieterich, 2015), both of which are
based on different spatial reference frames: handedness (e.g., manipu-
lation of objects) mainly on an ego-centric and orientation of the indi-
vidual in space mainly on an allo-centric reference frame. Note, that
within key structures of the vestibular system the ipsilateral
handedness-dependency was concentrated in the inferior insula and less
in the posterior insula (cp. Fig. 6A). One possible explanation for the
patterns of handedness-dependency from bottom to top might be that the
vestibular system lateralizes before the motor system and pre-determines
the lateralization of phylogenetically later developing cognitive func-
tions including its own higher functions (Brandt and Dieterich, 2017).

Methodological limitations

There are several methodical limitations in our study that need to be
considered in the interpretation of the data: First, we used ICA because it
allows the separation of overlapping sources. However, it is currently
unclear how multiple populations of neurons or a multisensory popula-
tion should be separated in fMRI data. For example, there may be many
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non-linearities in neuronal interaction and transformation into a hemo-
dynamic signal mixture that cannot be captured by linear ICA unmixing
algorithms. Second, a general problem with ICA is the initialization of the
algorithm using a random seed and the possibility of arriving at different
solutions in each run. A deterministic algorithm might be preferable if it
can also distinguish overlapping sources. Third, assignments of parcels
into “common” clusters were mainly driven by anatomical location. A
self-organizing collection of ICs into groups of spatially overlapping and
interacting regions would allow an operator-independent summary.
Fourth, it is unclear how changes in the number of components would
change the assignments of the parcels and therefore the grouping of
unique and common clusters. Currently, we chose the number of com-
ponents in such a way as to avoid overfitting and instability of the ICA
results. This needs to be investigated further, and would also benefit from
a deterministic algorithm that would also generate the number of parcels
independent of the user choice. At this point we can only point to the
results of Abou-Elseoud and coworkers (Abou-Elseoud et al., 2009; Abou
Elseoud et al., 2011) who showed for whole brain ICA that increases in
model-order leads to splits in some components but not in others and that
if splits occur then they seem to follow underlying functions and are not
arbitrary. Fifth, it is possible that the non-binary ICA-based approach
might be specific to the problem of separating highly multisensory re-
gions. Generally, parcellation should be considered as a strongly
context-dependent endeavor where methods used for different questions
will not show converging results, but different functional aspects of the
whole system (Haueis, 2012). This is not due to methodical limitations,
but relates to the fact that the brain is fundamentally fuzzy due to the
dense causal nature of structure-function relationships. Sixth, our
method, as well as, “classical” functional connectivity clustering methods
and border detection methods are dependent on thresholding which in-
troduces degree-vagueness as differences between parcels depend also on
the chosen threshold and thresholding method. Seventh, other cortex
areas involved in vestibular processing such as the precuneus and the
anterior cingulum were not represented within our mask, since we
wanted to keep our analyses both data-driven and spatially confined.

Conclusion

In conclusion, the bilateral vestibular cortical network should be
understood as an agglomeration of (for the most part) handedness-
dependent multiple interhemispheric symmetric (balanced) integrative
hub areas that surround an asymmetric (lateralized, dominant) multi-
sensory core region in the parieto-insular cortex, and with the inferior
insula as a target station for incoming lateralized vestibular information.
One may speculate that lateralized hemispheric function such as speech,
handedness, and higher cortical (cognitive) vestibular functions (e.g.,
large-scale spatial orientation) reflect the most recent evolutionary de-
velopments. Lateralization of multisensory vestibular function has im-
plications for neurological disorders: The frequency and severity of
hemispatial neglect and pusher syndrome which occur with right hemi-
spheric strokes of the middle cerebral artery which supplies the territory
of the vestibular insula and parietal operculum.
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BA: Broadman areal

C: Common cluster

CSF: Cerebrospinal fluid

fCBP: Functional connectivity based parcellation
IC: Independent component

ICA: Independent component analysis

IPL: Inferior parietal lobule

L: Left

LH: Left-handed

L-I: Laterality-index

MR: Magnetic resonance

MRI: Magnetic resonance imaging

MST: Medial superior temporal area

MSTd: Dorsal medial superior temporal area
M/STG: Middle and superior temporal gyrus
MT: Middle temporal area

OP: Operculum

OP2: Operculum 2

P: Parcel

P-P: Parcel to parcel correlation

P-RSN: Parcel to resting state network correlation
PET: Positron emission tomography

PIVC: Parieto-insular vestibular cortex

R: Right

RH: Right-handed

ROI: Region of interest

RSN: Resting-state network

SD: Standard deviation

STG: Superior temporal gyrus

SVV: Subjective visual vertical

TP: Temporo-parietal

U: Unique voxel

VOG: Videooculography

VOR: Vestibular-ocular reflex
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Abstract

Combining magnetic resonance imaging (MRI) sequences that permit the determination of vestibular nerve angulation
(NA =change of nerve caliber or direction), structural nerve integrity via diffusion tensor imaging (DTI), and exclusion of
endolymphatic hydrops (ELH) via delayed gadolinium-enhanced MRI of the inner ear (iMRI) could increase the diagnostic
accuracy in patients with vestibular paroxysmia (VP). Thirty-six participants were examined, 18 with VP (52.6 +18.1 years)
and 18 age-matched with normal vestibulocochlear testing (NP 50.3 +16.5 years). This study investigated whether (i) NA, (ii)
DTI changes, or (iii) ELH occur in VP, and (iv) to what extent said parameters relate. Methods included vestibulocochlear
testing and MRI data analyses for neurovascular compression (NVC) and NA verification, DTI and ELS quantification. As a
result, (i) NA increased NVC specificity. (ii) DTI structural integrity was reduced on the side affected by VP (p <0.05). (iii)
61.1% VP showed mild ELH and higher asymmetry indices than NP (p > 0.05). (iv) “Disease duration” and “total number of
attacks” correlated with the decreased structural integrity of the affected nerve in DTI (p <0.001). NVC distance within the
nerve’s root-entry zone correlated with nerve function (Roh=0.72, p <0.001), nerve integrity loss (Roh=—-0.638, p <0.001),
and ELS volume (Roh=-0.604, p <0.001) in VP. In conclusion, this study is the first to link eighth cranial nerve func-
tion, microstructure, and ELS changes in VP to clinical features and increased vulnerability of NVC in the root-entry zone.
Combined MRI with NVC or NA verification, DTI and ELS quantification increased the diagnostic accuracy at group-level
but did not suffice to diagnose VP on a single-subject level due to individual variability and lack of diagnostic specificity.

Keywords Vestibular paroxysmia - Endolymphatic hydrops - Endolymphatic space - MRI - Inner ear - Gadolinium-based
contrast agent - Intravenous - Vestibular nerve - Root-entry zone - DTI - Diffusion imaging

Abbreviations ANOVA  Analysis of variance
3D Three-dimensional A Side difference
AD Axial diffusivity DTI Diffusion tensor imaging
AEP Auditory evoked potential dvp Definite vestibular paroxysmia
Al Asymmetry index DWI Diffusion-weighted imaging
AICA Anterior inferior cerebellar artery ELH Endolymphatic hydrops
ELS Endolymphatic space
FA Fractional anisotropy
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FLAIR  Fluid-attenuated inversion recovery

NP Participants with normal vestibulocochlear
testing

HIT Head-impulse test

IAC Internal auditory canal

IE-Vnet Inner ear Vnet

iMRI Delayed intravenous gadolinium-enhanced

MRI of the inner ear
LH Left-handed

MASD  Mean of the absolute differences of the first
(1st) order

MA2SD Mean of the absolute differences of the second
(2nd) order

MD Mean diffusivity

MRI Magnetic resonance imaging

MSSD Mean of the squared differences of the 1st order

MS2SD  Mean of the squared differences of the 2nd
order

NA Nerve angulation

NVC Neurovascular compression

PCA Principal component analysis

PE Point of entry/exit for afferent/efferent fibers
out of/into the brainstem

PICA Posterior inferior cerebellar artery

PS Perilymphatic space

PLS Projection into latent space

PTA Pure tone audiometry

pVP Probable vestibular paroxysmia

RD Radial diffusivity

RH Right-handed

SCA Superior cerebellar artery

SPN Spontaneous nystagmus

SPACE  Sampling perfection with application-opti-
mized contrasts by using different flip angle
evolutions

SSP Statistical summary parameter

SVv Subjective visual vertical

TFS Total fluid space

TN Triggered nystagmus

TiN Trigeminal neuralgia

VA Vertebral artery

VM Vestibular migraine

VN Vestibular nerve

VOG Video-oculography

VP Vestibular paroxysmia

Introduction

Vestibular paroxysmia (VP) is a rare cause of short episodic
vertigo with or without auditory and vegetative symptoms [1].
The assumed mechanism is ephaptic discharges induced by

@ Springer

demyelination with succeeding hyperexcitability through neu-
rovascular compression (NVC) in the root-entry and transition
zone of the eighth cranial nerve [2—4]. Diagnostic criteria for
VP, as defined by the Classification Committee of the Barany
Society, are mostly based on patient history [5]. However, due
to symptom variability caused partly by an affection of differ-
ent audiovestibular parts of the eighth cranial nerve, diagnosis
is only considered definitive when responsive to carbamaz-
epine or oxcarbazepine.

Clinical and neurophysiological parameters vary in VP.
Patients can exhibit signs of mild to moderate unilateral nerve
failure [6, 7], excitation [8, 9], both [10, 11], or no dysfunc-
tion [12] in audiovestibular testing during attack-free intervals.
Therefore, a combination of neurophysiological and imaging
techniques is recommended to determine the affected side
and the degree of damage associated with VP [6]. However,
magnetic resonance imaging (MRI) findings of vascular com-
pression are not VP-specific or predictive for the affected side
because they are also observed in about 30% of healthy asymp-
tomatic subjects [6, 10]. Moreover, 7 Tesla T1 structural MRI
detected no abnormalities within the VP vestibular nerve in six
patients underlining that VP symptoms are not a sign of nerve
hypofunction [13].

The question was whether an MR imaging approach tai-
lored to VP could improve the overall predictive diagnostic
value in VP. Therefore, the combination of three sequences
permits the determination of vestibular nerve angulation,
structural nerve integrity via diffusion tensor imaging (DTI),
and non-invasive quantification of the endolymphatic space
(ELS) by delayed gadolinium-enhanced MRI of the inner ear
(iMRI) were used. Nerve angulation/distortion (NA) was pro-
posed to be a more specific imaging feature than NVC [14].
In addition, DTI revealed significantly lower anisotropy and
higher apparent diffusion coefficient in the affected trigemi-
nal root in trigeminal neuralgia than healthy controls [15].
Furthermore, iMRI is developing into a standard clinical tool
to investigate a possible endolymphatic hydrops (ELH) as a
cause of episodic vertigo, such as in Méniere’s disease [16, 17]
and vestibular migraine [18, 19]. Against this background, the
study investigated the following aspects:

(1) Can nerve angulation/distortion improve the NVC
informative value in VP?
(ii) Are there measurable structural differences in the
affected eighth cranial nerve in VP?
(iii) Does ELH play a role in VP?
(iv) To what extent are clinical, diagnostic, and MRI VP
parameters related?
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Materials and methods
Setting and institutional review board approval

All data were acquired at the Interdisciplinary German
Center for Vertigo and Balance Disorders (DSGZ) and the
Neurology Department of the Munich University Hospi-
tal (LMU) between 2018 and 2020. Institutional Review
Board approval was obtained before the initiation of the
study (no. 641-15). Furthermore, all participants provided
informed oral and written consent in accordance with the
Declaration of Helsinki before inclusion in the study.

Study population

Thirty-six consecutive participants, 18 patients with vestibu-
lar paroxysmia (VP) and 18 age-matched participants with
normal vestibulocochlear testing (NP), underwent MR imag-
ing with sequences that permit determination of vestibular
nerve angulation, structural nerve integrity via diffusion
tensor imaging (DTI), and delayed intravenous gadolinium-
enhanced magnetic resonance imaging (iMRI) for exclusion
or verification of ELH. Diagnosis of VP was based on the
Classification Committee of the Bardny Society 2016 [5].
Therefore, MRI results were excluded from the diagnostic
classification. NP were inpatients of the Neurology Depart-
ment without symptoms or underlying pathologies of the
vestibulocochlear system that underwent MRI with a con-
trast agent as part of their diagnostic workup and agreed to
undergo additional iMRI sequences after 4 h. Ethical con-
siderations did not allow us to include healthy volunteers
without a medical indication for an iMRI with a contrast
agent (see limitations for more information). NP underwent
audiovestibular testing to confirm the soundness of their
peripheral inner ear end-organs. The reasons for their admis-
sion to the clinic included movement disorders (n=4), epi-
lepsy (n=3), optic neuritis (n=2), polyneuropathy (n=2),
headache (n=2), idiopathic facial nerve palsy (n=1), viral
meningitis (n=1), subdural hematoma (n=1), spinal inflam-
matory lesion (n=1), and decompensated esophoria (n=1).
The laterality quotient for right-handedness was assessed
with the ten-item inventory of the Edinburgh test [20]. Inclu-
sion criteria were age between 18 and 85 years (VP, NP) and
normal audiovestibular testing to confirm the soundness of
their peripheral end-organs and the central vestibular sys-
tem (NP, see “Measurement of the auditory, semicircular
canal and otolith functions”). Exclusion criteria for NP were
current cochlear or vestibular disorders, a positive history
of vertigo-, balance-, or hearing disorders, as well as any
MR-related contraindications [21], poor image quality, or
missing MR sequences for NP and VP.

Measurement of the auditory, semicircular canal
and otolith functions

Diagnostic workup included a thorough neurological workup
(e.g., history-taking, clinical examination), neuro-orthoptic
assessment [e.g., Frenzel glasses, fundus photography and
adjustments of the subjective visual vertical (SVV)], video-
oculography (VOG) during caloric and head impulse test-
ing (HIT), as well as ocular and cervical vestibular evoked
myogenic potentials (o/cVEMPs), and pure tone audiometry
(PTA).

A tilt of the SVV is a sensitive sign of an acute gravicep-
tive vestibular tone imbalance. SVV was assessed with the
subject sitting upright in front of a half-spherical dome with
the head fixed on a chin rest [22]. A mean deviation of >2.5°
from the true vertical was considered a pathological tilt of
SVV [22].

The impairment of the vestibulo-ocular reflex (VOR) in
higher frequencies was measured by HIT [23] using high-
frame-rate VOG with EyeSeeCam ([24], EyeSeeTech,
Munich, Germany). A median gain during head
impulses < 0.6 (eye velocity in °/s divided by head velocity
in °/s) was considered a pathological VOR [25]. Further-
more, semicircular canal responsiveness in lower frequen-
cies was performed for both ears with 30° cold and 44°
warm water. Vestibular paresis was defined as > 25% asym-
metry between the right- and left-sided responses [26] or the
sum of the maximal peak velocities of the slow phase
caloric-induced nystagmus for stimulation with warm and
cold water on each side < 25°/sec [27]. The caloric asym-
metry index (Al;) was calculated based on the slow-phase

velocity of the caloric
. _ (Rago+Rygo)—(Lyzo +Lys0)
nystagmus:Al-[%] = AR Tt x 100.

Vestibular evoked myogenic potentials (VEMPs) are
short-latency, mainly otolith-driven vestibular reflexes
elicited by air-conducted sound (ACS), bone-conducted
vibration, or galvanic vestibular stimulation and recorded
from the contralateral inferior oblique eye muscle (ocular
or oVEMPs) or the ipsilateral sternocleidomastoid muscle
(cervical or cVEMPs). VEMPs were recorded with the
Eclipse platform (Interacoustics, Middelfart, Denmark) as
described previously [28, 29]. VEMP responses that were
discernible from background noise were included in the
analysis. Furthermore, only the asymmetry index (Aly,cy)
of VEMP amplitudes and latencies were analyzed to avoid
bias by examiners [30]. Amplitude side difference >50% was
considered pathological.

For cochlear function and acoustic processing, acousti-
cally evoked potentials (AEP) and pure-tone audiometry
(PTA) by air conduction at 250 Hz—8.0 kHz were performed.
PTA was based on both ears' four-tone average (arithmetic
mean) of the thresholds at 0.5, 1, 2, and 3 kHz. Hearing
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loss was defined as PTA > 25 dB [31]. In all tests, the con-
tralateral ear was masked by adequate noise. All audiometric
equipment is regularly recalibrated (every 6 months) accord-
ing to the local university equipment standard.

Nomenclature

In the following, “ipsilateral” refers to the clinically leading
side (or affected side) and “contralateral” to the opposite
side (or non-affected side). The definition of the “clini-
cally leading side (or affected side)” was based on clinical
and neurophysiological findings. Side—defining signs were
clear patterns of unilateral loss of audiovestibular function
[10]. In the case of patients presenting without a leading
clinical side, a pseudorandom number generator [“Mersenne
Twister” algorithm [31], uniform distribution] was used to
generate a random number between 1 (= minimum value)
and 9 (=maximum value). Even numbers meant “left
side = ipsilateral side,” and uneven numbers indicated
“right =ipsilateral side.” “Vertigo” pertains to attacks of
spontaneous spinning or non-spinning vertigo with a dura-
tion of less than 1 min, stereotyped phenomenology in a
particular patient that fits the criteria of VP [5], and is not
better accounted for by another diagnosis.

MR imaging approach tailored to VP

MR imaging in this study used combined sequences to inves-
tigate the peripheral vestibular system in VP (see Fig. 1).
Particular emphasis was put on the presence of neurovas-
cular compression (NVC) and structural DTI tractography
quantification along the intracisternal course of the eighth
cranial nerve. Another focus included the volumetric quanti-
fication of the endolymphatic space (ELS) within the mem-
branous and bony labyrinth of the audiovestibular end-organ.

Data acquisition

Four hours after intravenous injection of a standard dose
(0.1 mmol/kg body weight) of gadobutrol (Gadovist®,
Bayer, Leverkusen, Germany), MR imaging (MRI) data
were acquired in a whole-body 3 Tesla MRI scanner (Mag-
netom Skyra, Siemens Healthcare, Erlangen, Germany) with
a 20-channel head coil.

A high-resolution, strongly T2-weighted, spin-echo
3D-SPACE (three-dimensional sampling perfection with
application-optimized contrasts using different flip angle
evolutions) sequence delineated the total inner ear fluid
space from the surrounding bone. A T2-weighted 3D-FLAIR
(three-dimensional fluid-attenuated inversion recovery)
sequence was used to differentiate endolymph from peri-
lymph within the total fluid space (TFS). The 3D-FLAIR
sequence had the following parameters: TR 6000 ms; TE
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Fig. 1 MR imaging approach tailored to VP. This study investigated
the vestibular nerve with a MR imaging approach tailored to vestibu-
lar paroxysmia (VP). A 3D rendered T1-image visualizes the spatial
relationship between overlaid blood vessels (red), the eighth cranial
nerve (8 CN, yellow), and the vestibulocochlear end organ (white
shell). These key structures are further shown magnified in a circle
within a transversal slice of the cerebellopontine angle in the respec-
tive raw data with color-coded arrowheads pointing towards them.
Particular emphasis was put on the site of neurovascular compres-
sion (NVC, behind red arrowhead in the lower circle), and the DTI
tractography quantification of the cisternal segment of the eighth
cranial nerve (behind yellow arrowhead in the upper circle) between
the point of entry (PE: point of entry for afferent fibers, point of exit
for efferent fibers into/out of the brainstem) and the internal auditory
canal (IAC). In addition, the study focused on the volumetric quan-
tification of the endolymphatic space (ELS, behind the turquoise
arrowheads in the middle circle) within the membranous and bony
labyrinth of the inner ear. The upper arrowhead points toward the
cochlea, and the lower arrowhead points towards the vestibulum. The
corresponding volumetric visualization of these structures (ELS in
turquopoise) is depicted on the left, next to these structures. Visuali-
zation tools were a combination of 3D Slicer (https://www.slicer.org/,
version 4.11 [36]) and DSI Studio (http://dsi-studio.labsolver.org/,
version 2021-02-12).

134 ms; TI 2240 ms; FA 180°; FOV 160 x 160 mm?; 36
slices; base resolution 320; averages 1; slice thickness
0.5 mm. The 3D-SPACE sequence had the following param-
eters: TR 1000 ms; TE 133 ms; FA 100°; FOV 192 x 192
mm?; 56 slices; base resolution 384; averages 4; slice thick-
ness of 0.5. According to a previously reported method [32],
ELS was observed on the 3D-FLAIR images as enlarged
negative-signal spaces inside the labyrinth.

T1 and DTI structural sequences were used to localize
and quantify the vestibular nerve. T1-weighted magnetiza-
tion-prepared rapid gradient echo (MP-RAGE) sequences
had the following parameters: FOV 256 mm; isotropic
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spatial resolution of 1.0x 1.0x 1.0 mm?; TE 2.07 ms;
TR =1900 ms; number of slices 160. Diffusion tensor imag-
ing (DTI) sequences were measured with the following
parameters: 64 directions; 2.0x2.0%x2.0 mm? isotropic vox-
els; TE=95 ms; TR =9600 ms, bipolar diffusion scheme; b
values =0 and 1000 s/mm>.

Data analyses

Neurovascular compression and nerve angulation
of the eighth cranial nerve The vestibulocochlear (eighth
cranial) nerve was examined using a double oblique refor-
mat of the 3D-SPACE data, with the sagittal plane set in a
modified glabellomeatal line and the coronal plane set in
line with the vestibulocochlear nerve as suggested by [14].
An experienced head and neck radiologist (BEW) and two
neurologists (EK, VK), blinded to the clinical diagnosis,
assessed the data. If discrepancies arose, a consensus was
reached by discussion. Neurovascular compression (NVC)
was defined as a lack of a detectable layer of cerebrospinal
fluid between the eighth cranial nerve and any surrounding
blood vessel, as proposed by reference [10]. All identified
vessels were followed to their origin and classified anatomi-
cally. It was classified as an artery (vein) if retraceable to a
major arterial (venous) vessel. NVC between the point of
entry (PE: point of entry for afferent fibers, point of exit for
efferent fibers into/out of the brainstem) and the beginning
of the internal auditory canal (IAC) were called ‘cisternal,’
NVC within the IAC ‘meatal.” Nerve angulation (NA) was
defined as a change in direction or caliber of the vestibuloc-
ochlear nerve at the point of contact, as proposed previously
[14]. VP patients had been diagnosed before MRI acquisi-
tion based on the clinical diagnostic criteria.

Quantitative structural DTI assessment of the eighth cra-
nial nerve DTI preprocessing included noise correction
using MRTRIX3 [33-35]. TI-MPRAGE volume was
manually cropped using 3D-SLICER version 4.10.2 [36].
Automated brain extraction was performed with FSL BET
[37]. An artificial b0 volume was created using SynBO [38]
and used for geometric and susceptibility artifact correc-
tion using FSL Topup [39] and Eddy [40]. After bias field
correction using ANTS [41], a reference b0 was extracted
from the geometrically corrected diffusion-weighted imag-
ing (DWI). The preprocessed DWI was interpolated to a
voxel size of 1 mm® using MRTRIX3. A two-step-registra-
tion with 12 degrees of freedom was performed using the
BRAINSFIT module included in 3D-Slicer, with (j) coreg-
istration of the TI-MPRAGE (moving image) and the ref-
erence b0 (fixed image) and.”’j) coregistration of the high-
resolution 3D-SPACE (moving image) and the registered
T1-MPRAGE* (fixed image). Finally, a fusion volume of
b0 and registered 3D-SPACE was created using MRTRIX3.

DTI tractography and tract-specific analyses were per-
formed using DSI-Studio ([42], http://dsi-studio.labsolver.
org/). First, an automatic quality control routine checked
the b-table to ensure its accuracy [38]. Next, the diffusion
tensor was calculated. A deterministic fiber tracking algo-
rithm [43] was used with augmented tracking strategies
[44] to improve reproducibility. A spherical seed region
was placed at the IAC on the bO-SPACE fusion volume; a
spherical ending region was placed at the root-entry zone
of the eighth cranial nerve at the pontocerebellar angle.
The threshold settings were as follows: anisotropy thresh-
old: 0.5-0.7 Otsu’s threshold, change threshold: 20%,
angular threshold: 15-90 degrees, step size: 0.5-1.5 vox-
els. Tracks shorter than 15 mm or longer than 150 mm
were discarded. After 500 tracts were calculated, fiber
tracking was automatically terminated. Based on this first
approximation, the vestibulocochlear nerve was selected
based on the following criteria: (k) anatomically plausi-
ble direction, (kk) brainstem entry at the pontocerebellar
angle, and (kkk) visual correlation with the course of the
nerve in the bO-SPACE fusion volume. After identifying
the nerve, the tracts were manually adjusted to remove
unwanted fibers inside the brainstem, e.g., the vestibulo-
spinal tract. The generated tracts for the eighth cranial
nerves on both sides were stretched to an equal length,
allowing analysis of DTI parameters along the course of
the tract. A regression kernel size of 2.0 was used.

DTTI indices over fractional anisotropy (FA), mean dif-
fusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD) were investigated in the following three ways: (1)
Average tensor map approach: The average DTI indices
of the entire vestibular nerve (VN) were used as a surro-
gate marker for the overall VN integrity. (11) Localized
tensor map approach: Fiber tracts were assessed in 100
1% subsegments. The entire length (between PE and IAC)
of each subject’s VN fiber was 100%. In combination with
the affected side, the calculation of the NVC subsegment

__ PEtoNVC[mm] . _ .
[%] = PErIACImm] 100 enabled a localized NVC-specific

assessment of VN. (111) Successive differences tensor map
approach: The 100 generated 1% subsegments were trans-
formed into statistical summary parameters (SSP) to
reduce the statistical testing and extract relevant features.
SSP assessing the “overall” effects of VP vs. NP included

the “mean”, standard deviation”, and “inter-

9 <

median”,
quartile range” across all 100 generated 1% steps, i.e.,
treating each part of the nerve similarly to every other part,
as though each segment were a random manifestation of
one overall effect. Furthermore, the deviations along the
nerve were assessed via statistics of successive differences
of first (1st) and second (2nd) order. Successive differ-
ences of Ist order are the differences between every two
adjacent values of the 100 generated 1% steps divided by
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the first value to get a percentage. The 2nd order is the
repetition of the process using the generated 99 differences
of the Ist order step. The statistical parameters then cal-
culated were the mean of the squared differences (MSSD)
and the mean of the absolute differences (MASD). Note
that the squared differences allow a more substantial
weighting of large deviations even if few, while the abso-
lute differences do not weigh the larger deviations more
strongly than many small ones. Therefore, the mean
squared successive differences (MSSD: 1st order; MS2SD:
2nd order), and the mean absolute successive differences
(MASD: 1st order; MA2SD: 2nd order) were calculated as
a measure of the relative influence of larger deviations.
Due to the use of successive differences, SSPs treat local
parts of effectively 2 (1st order) and 4 (2nd order) seg-
ments of the nerve as though they are realizations of a
random process related to successive local deteriorations
of the nerve. Differential entropy [45] was calculated using
the 15, 27, and 50 nearest neighbors. SSP allows us to
assess the “disorderedness” of the whole nerve and the
successive differences. Each of these parameter classes
was grouped into collections, such as “central tendencies”
(mean and median), “dispersions” (standard deviation and
interquartile range), “successive differences 1st order”
(MSSD, MASD, and MSSD/MASD), “successive differ-
ences 2nd order” (MS2SD, MA2SD, and MS2SD/MA2SD
fraction), “raw entropy” and “successive difference
entropy". SSP group differences were assessed using prin-
cipal component analysis (PCA) using MATLAB’s built-in
pca.m in the statistics and machine learning toolbox. SSP
correlations to chosen clinical parameters (such as “dis-
ease duration”, “total number of attacks”, “the average
length of the attack”, and “the number of attacks in the last
three months”) were tested by projection into latent space
(PLS, [46-48]).

Semi-quantitative visual grading and 3D-quantification
of the endolymphatic space Semi-quantitative (SQ) visual
grading of the endolymphatic space (ELS) was performed
independently by an experienced head and neck radiologist
(BEW) and two neurologists (JG, VK) who were blinded to
the clinical patient data. The ELS’s characterization in the
vestibulum and cochlea was based on previously described
criteria [49].

3D-quantification of the ELS consisted of three steps:
first, segmentation of the total fluid space (TFS) was based
on [E-Vnet [50], a recently proposed and pre-trained volu-
metric deep learning algorithm with V-net architecture that
was deployed via the TOMAAT module [51] in a 3D-Slicer
toolbox (version 4.11 [36]). Second, ELS and perilym-
phatic space (PS) were differentiated within the TFS using
Volumetric Local Thresholding (VOLT; [52]) with Image]
Fiji [53], the “Fuzzy and artificial neural networks image

@ Springer

processing toolbox” [54], and the “MorphoLibJ Toolbox™
[55]. The resulting 3D volume included classification into
two different compartments (ELS and PS), examined at cut-
off 6. Third, measurements were performed using the ‘Ana-
lyze Regions (3D)’ plugin of the “MorpholibJ Toolbox”
[55]. The method is described in more detail in previous
publications [52].

ELS symmetry between both inner ears was assessed
using two parameters: Absolute ELS side difference, where
A = |ELS; — ELS,|, and ELS,; is the 3D-quantification of the
ipsilateral ELS and ELS,. of the contralateral ELS in mm?.
Normalized ELS side difference, with an asymmetry index,

Al[%] = % X 100, where the value is independent
of the individual TFS.

Statistics and validation parameters

Analyses were performed using the Statistical Package for
Social Sciences software (SPSS, Inc, Chicago, IL, USA)
or using self-written scripts in MATLAB, version 7.19.0
(R2019b), including the “Statistics and Machine Learning”
toolbox provided with MATLAB (Natick, Massachusetts:
The MathWorks Inc). Categorical values are reported as the
number of cases that fit the category/number of patients in
the examined group [%]; ordinal or scalar values are pre-
sented as (mean + standard deviation).

NVC and ELS parameter

One-way analysis of variance (ANOVA) for multiple com-
parisons, which was post-hoc Bonferroni-corrected for mul-
tiple testing, was used for scalar (ELS volumetric quantifica-
tion result, clinical diagnostic raw data) and ordinal (ELH
semi-quantitative visual scoring result) values. Group dif-
ferences were assessed between all VP vs. NP and definite
VP vs. NP. Linear agreement between parameter pairs was
calculated for each method separately using the two-sided
Spearman’s correlation coefficient. Results were reported at
a significance level of p <0.05 and p <0.001, corrected for
multiple comparisons.

DTl parameter

DTI continuous data types were assessed for differences
in “central tendency “(e.g., average or median) and “dis-
persion” (e.g., variance) between groups (VP vs. NP). The
group differences were assessed using the non-parametric
Wilcoxon rank-sum test for differences in medians between
the groups and via the Brown—Forsythe test for group
differences in variance of the two groups via the median
absolute deviation. The collections named above (“cen-

tral tendencies”, “dispersions”, “successive differences 1st
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order”, “successive differences 2nd order”, “raw entropy,”
and “successive difference entropy”) were aggregated into
single variables using principal component analysis (PCA)
and choosing only the most significant principal component
score as the representation of the collection for group dif-
ference assessment. The group differences were assessed by
the non-parametric Wilcoxon rank-sum test for differences
in “medians” between the groups and via the Brown—For-
sythe test for group differences in variance of the two groups
via the “median absolute deviation”. The correlation of the
“collections’’ to disease parameters, such as “disease dura-
tion”, “number of attacks”, “average duration of attacks”,
and “number of attacks in the three months prior to examina-
tion”, was assessed via projection to latent space PLS analog
to previous work [47, 48, 56]. In addition, rank-correlations
were assessed as the input matrix for the singular value
decomposition, which contained scores with ranks corre-
lated to disease parameters. To test these correlations, we
use permutation testing as suggested in the previous work
[48], using 1000 permutations of the disease parameter in
question and counting each correlation more significant than
the reference (unpermuted) correlation as a failure of the
test, setting the p-value of the test as the number of failures
divided by the total number of permutations, i.e., p <0.001.

Interparametric correlations

Correlations between clinical and diagnostic features, NVC
distances [mm)], structural DTI quantifications, and ELS vol-
umes were assessed with a PLS approach (analog to “Inter-
parametric correlations”). Results were reported at correla-
tion coefficient > 0.5 for all measures and significant in 1000
permutation tests, i.e., p <0.001.

Results
Clinical syndrome and treatment in VP patients

Eighteen VP patients (6 females; aged 28—84 years, mean
age 52.6+18.1 years; 17 right-handed (RH), one left-
handed (LH)] and 18 age-matched NP (13 females; aged
25-78 years, mean age 50.3 +16.5 years; 18 RH) were
included in the study. VP patients could be further divided
into ten definite (dVP, three females; aged 29-61 years,
mean age 52.5+ 8.8 years; 10 RH) and eight probable VP
patients (pVP, four females; aged 49-77 years, mean age
63.6+8.9 years; 7 RH, 1 LH). A detailed description of the
VP groups’ symptomatology with accompanying complaints
and signs, duration of attacks and disorder, and therapeutic
success are given in Table 1.

Eleven patients were treated with carbamazepine (5 dVP:
minimal dose 200 mg/d, maximal dose 600 mg/d; 6pVP:

minimal dose 200 mg/d, maximal dose 800 mg/d), 3 patients
were treated with lacosamide (2 dVP, 1 pVP: 100 mg/d) and
2 patients received oxcarbazepine (1 dVP, 1 pVP: 900 mg/
day). Two patients received a combination of lacosamide (2
dVP: minimal dose 100 mg/d, maximal dose 300 mg/d) with
either carbamazepine (200 mg/d) or oxcarbazepine (900 mg/
d.

Clinical examination and neurophysiological testing

In 8/18 VP patients (44.4%; dVP: 3/10, 30%; pVP: 5/8,
62.5%), the neurophysiological testing pattern was unre-
markable. 7/18 VP patients (38.9%; dVP: 5/10, 50%; pVP:
2/8, 25%) showed a clear pattern of unilateral reduction of
audiovestibular function. The remaining 3/18 VP patients
(16.7%; dVP: 2/10, 20%; pVP: 1/8, 12.5%) revealed complex
neurophysiological patterns representing decreased as well
as increased eighth cranial nerve function, that is, a combi-
nation of nerve lesion (=hypofunction) and nerve irrigation
(=hyperexcitability) within the same side. Beyond that, no
significant group differences or correlations with clinical
parameters were found. A detailed description of the clinical
and neurophysiological results is given in Table 2.

MR imaging approach tailored to VP

Neurovascular compression (NVC) and nerve angulation
(NA) (aim i)

In 15/18 VP patients (83.3%; dVP: 8/10, 80%; pVP: 7/8,
87.5%) and 10/18 NP (55.6%), a NVC between the eighth
cranial nerve and a blood vessel was detected. The contacts
were documented between the nerve and the anterior infe-
rior cerebellar artery (AICA; VP: 10/15, NP: 10/10), the
posterior inferior cerebellar artery (PICA; 2/15 VP), the
superior cerebellar artery (SCA; 1/15 VP), and the ver-
tebral artery (VA; 1/15 VP). In another patient, the NVC
was between a vein and the nerve. The VP mean distance
between the PE and the NVC was 6.1 +2.8 mm (range
1.5-9.6 mm; dVP 6.2 +3.1 mm, range 1.8-9.6 mm; pVP
6.0 +2.7 mm, range 1.5-9.5 mm), the mean VP diam-
eter of the compressing vessels was 0.7+0.1 mm (dVP
0.7+0.1 mm, range 0.6-0.8 mm; pVP 0.8 +0.1 mm, range
0.6—1.0 mm). The NP mean distance between PE and NVC
was 6.6 +4.3 mm (range 1.3-14.2 mm), between NVC and
IAC 9.7+ 1.3 mm (range 7.8—-11.9 mm), and the mean NP
diameter 0.8 + 0.3 mm (range 0.5-1.3 mm). NA at the con-
tact site was seen in 8/15 NVC (53.3%; dVP: 6/8, 75%; pVP:
2/7,28.5%). In comparison, NA was only seen in 2/10 NVC
(20%) in NP.

In 6/18 VP patients (33.3%; dVP: 1/10, 10%; pVP: 5/8,
62.5%), the neurophysiological testing pattern and course of
the nerve were unremarkable. Clinical side and NVC were
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Table 1 Clinical syndrome and treatment effects

VP

All

Definite

Probable

Vertigo

Spontaneous onset

Provocation of syndrome

Frequency of attacks

Attack duration [in seconds]

Total number of attacks

Number of attacks in the last 3 months
Time since the first attack [in yrs]
Time since the last attack [in days]
Accompanying symptoms

Nausea and/or vomiting

Perspiration

Oscillopsia

Disturbances of gait and stance
Headache

History of migraine

Hypacusis

Tinnitus

Feeling of pressure within ear

Under therapy with an anticonvulsant®
Improvement under therapy

55.6% Rotational
33.3% To-and-fro
11.1% Lightheadedness

16/18 (88.9%)

44% No provoking factors
11% Ipsilateral head rotation
33% Bilateral head rotation
5% Head inclination

33% Head reclination

55.6% Several times/day
27.8% 2-3 times/week
11.1% 2-3 times/month
5.6% once/month

21.7+42.6 (6-180)
437.5+458.5
60.1+£47.1
34437
32.8+57.2 (1-210)
14/18 (77.8%)

4/18 (22.2%)

1/18 (5.6%)

14/18 (77.8%)

7/18 (38.9%)

3/18 (16.7%)

2/18 (11.1%)

3/18 (16.7%)

4/18 (22.2%)

1/18 (5.6%)

17/18 (94.4%)
10/18 (83.3%)

60% Rotational
30% To-and-fro
10% Lightheadedness

8/10 (80%)

50% No provoking factors
20% Ipsilateral head rotation
20% Bilateral head rotation
10% Head inclination

60% Several times/day
30% 2-3 times/week
10% 2-3 times/month

10.5+ 1.7 (3-60)
549.1+578.9
60.0+39.6
3.1+29
40.1+63.0 (1-210)
9/10 (90%)

2/10 (20%)

0/10 (0%)

8/10 (80%)

5/10 (50%)

1/10 (10%)

1/10 (10%)

1/10 (10%)

2/10 (20%)

1/10 (10%)
10/10 (100%)
10/10 (100%)

50% Rotational
37.5% To-and-fro
12.5% Lightheadedness

8/8 (100%)
37.5% No provoking factors

50% Bilateral head rotation

12.5% Head reclination

50% Several times/day
25% 2-3 times/week
12.5% 2-3 times/month
12.5% once/month

35.8+60.0 (3-180)
312.0%£251.1
60.3+58.0
3.8+4.6
23.8+51.6 (1-150)
5/8 (62.5%)

2/8 (25%)

1/8 (12.5%)

6/8 (715%)

2/8 (25%)

2/8 (25%)

1/8 (12.5%)

2/8 (25%)

2/8 (25%)

0/8 (0%)

7/8 (87.5%)

25% No improvement
75% Unknown

#Carbamazepine (200-600 mg/d), oxcarbazepine (900 mg/d), or lacosamide (100-300 mg/d)

found to correspond in 3/18 VP (16.7%, dVP 3/10, 30%),
contradictory in 3/18 VP (16.7%; dVP 2/10, 20%, pVP 1/8,
12.5%), or inconclusive in 6/18 VP (33.3%; dVP 4/10, 40%,
pVP 2/8, 25%). A detailed description of the NVC results
can be seen in Table 3.

DTl tractography of the vestibular nerve (aim ii, aim iv)

Average (1) and localized (11) tensor map approaches showed
no significant differences or correlations. However, within
the successive difference map approach (111), the most sig-
nificant group differences (VP vs. NP) were found for the 1st
order successive difference aggregated data collections (1st
principal component). This means that in the overall effect
along the whole nerve (between PE and IAC), VP showed
a higher difference between the ipsilateral and contralateral
nerve than NP, where both sides were similar. This supports
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the theory that there is a measurable structural difference
in the affected nerve compared to the non-affected nerve in
VP. An overview can be seen in Table 4. Here, VP and NP
differed significantly in their DTI parameter median differ-
ence (A in FA, RD, AD, MD) between the ipsilateral and
contralateral side of the 1st order successive difference data
(MSSD, p<0.05, corrected for multiple testing). The aggre-
gated data for the ipsilateral and the difference between the
ipsilateral vs. contralateral side and the average (mean) are
shown in Fig. 2A.

PLS correlations between the disease parameters “disease
duration” and “total number of attacks” and the 1st order of
successive differences were significant at p <0.001 (no fail-
ures in 1000 permutation tests) with an r-squared of 0.596.
The scatter plot of the ranked “disease duration” data and
ranks of the 1st order successive difference PLS scores with
an overlayed trendline can be viewed in Fig. 2B.
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Table 2 Clinical and neurophysiological testing

VP NP

All Definite Probable All

n=18 n=10 n=8 n=18
Age [in years] 52.6+18.1 52.5+8.8 63.6+8.9 50.3+16.5
Age range 28-84 29-61 49-71 25-78
Gender 6 females 3 females 4 females 13 females
Handedness 17RH, 1 LH 10 RH 7RH, 1LH 18 RH

Clinical pattern

TN
SPN

Nystagmus after hyperventilation

Ocular torsion

SVV deviation

HIT pathological

HIT AI [%]

Calorics pathological
Calorics Al [%]

cVEMP pathological
cVEMP amplitude Al [%]
oVEMP pathological
oVEMP amplitude Al [%]
PTA pathological

PTA presbycusis-typical
AEP

44.4% Unremarkable
38.9% Lesion
16.7% Lesion & Irrigation

1/18 (5.6%)

1/18 (5.6%)

5/14 (35.7%)

0/18 (0%)

3/18 (16.7%)

6/18 (33.3%)
7.2+6.1(0.5-24.4)
4/18 (22.2%)
23.2+25.3 (4.0-88.7)
3/11 (27.3%)

19.4 +14.6 (3.0-52.0)
3/11 (27.3%)
17.0£10.9 (2.0-36.0)
5/16 (31.3%)

3/16 (18.8%)

2/5 (40%)

30% Unremarkable
50% Lesion
20% Lesion & Irrigation

62.5% Unremarkable
25% Lesion
12.5% Lesion & Irrigation

100% Unremarkable

0/18 (0%)

1/10 (10%) 0/8 (0%)

1/10 (10%) 0/8 (0%) 0/18 (0%)

3/8 (37.5%) 2/6 (33.3%) 0/18 (0%)

0/10 (0%) 0/8 (0%) 0/18 (0%)

2/10 (20%) 1/8 (12.5%) 0/18 (0%)

5/10 (50%) 1/8 (12.5%) 0/13 (0%)
9.0+£7.5(0.5-24.4) 5.0+2.7 (1.1-10.8) 52+53(0-17.4)
4/10 (40%) 0/8 (0%) 0/13 (0%)

26.1+£23.2 (4.8-80.4) 19.7£28.9 (4.0-88.7) 13.4+10.3 (2.0-36.2)
3/6 (50%) 0/5 (0%) 0/7 (0%)

21.8+£18.6 (3.0-52.0) 17.0£11.0 (4.0-31.0) 14.3+13.9 (0.2-37.3)
3/6 (50%) 0/5 (0%) 0/7 (0%)

13.2+7.9 (5.0-25.0) 20.8+13.1 (2.0-36.0) 8.3+7.6(2.1-21.3)
3/9 (33.3%) 2/7 (28.6%) 2/3 (60%)

0/9 (0%) 3/7 (42.9%) 2/2 (100%)

1/2 (50%) 1/3 (33.3%) 0/0 (0%)

Abbreviations: AEP auditory evoked potential, A/ asymmetry index, cVEMP cervical VEMP, HIT head-impulse test, LH left-handed, oVEMP
ocular VEMP, PTA pure tone audiometry, RH right-handed, SPN spontaneous nystagmus, SVV subjective visual vertical, TN triggered nystag-
mus, VEMP vestibular evoked myogenic potential

Endolymphatic space (ELS) characterization (aim iii)

Following a 3-point ordinal scale [57], semi-quantitative
ELS (sqELS) classification showed no evidence of
endolymphatic hydrops (ELH) in either VP or NP. However,
in a 4-point ordinal scale [49], a mild ELH (grade 1) was
discernible in 11/18 patients (VP 61.1%, dVP 5/10, 50%;
pVP 6/8, 75%). This means that the extent of ELH was low.
ELH was most pronounced on the ipsilateral side and in
definite VP patients (VP: quLSz;Sl.: grade 0.4 + 0.6, range
0-1.5; dVP: quLSZXf: grade 0.5 + 0.6, range 0-1.5;

pVP:quLS(’V{J: grade 0.4 + 0.6, range 0-1.5). This pattern

ipsi
was mirrored in the volumetric ELS (VELS) quantification
(VP: vELS]: 9.6 + 4.2 mm’, range 4.7-17.9 mm’; dVP:
vELSZXf: 10.2 + 4.6 mm?>, range 5.2-17.9 mm?;
pVP:vELSfp‘if: 8.7 + 3.7 mm?>, range 4.7-15.4 mm?). In

comparison, 5/18 NP (27.8%) showed a mild ELH with an
altogether lower mean semiquantitative and volumetric ELS
quantification (sgELS™" : grade 0.2 + 0.4, range 0—1;

vELSZ‘:an: 8.9+ 2.5 mm’, range 5.2-13.9 mm?). VP and NP
differed significantly regarding the extent of the asymmetry
index of the inner ear and vestibulum volume (p <0.05,
ANOVA, corrected for multiple testing). Definite VP and
NP, on the other hand, differed significantly regarding the
extent of the asymmetry index of the vestibulum volume and
difference in volume between ipsi- and contralateral side
(p <0.05, ANOVA, corrected for multiple testing). No
correlations were found between electrophysiological data
or degree of ELH and disease duration or number of attacks.
A detailed description of the ELS results can be seen in
Table 5.

Clinical side and ELS quantification lateralization were
inconclusive in 13/18 VP (72.2%; dVP 8/10, 80%; pVP 5/8,
62.5%), and found to correspond in 3/18 VP (16.7%, dVP
1/10, 10%; pVP 2/8, 25%). In 2/18 VP patients (11.1%; dVP
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Table 3 Neurovascular

compression (NVC) and nerve ve NP
angulation (NA) results All Definite Probable All
NVC incidence 15/18 (83.3%) 8/10 (80%) 718 (87.5%) 10/18 (55.6%)
NVC location
Cisternal 16/20 (75%) 7/10 (70%) 9/10 (90%) 10/16 (62.5%)
Meatal 4/20 (25%) 3/10 (30%) 1/10 (10%) 6/16 (37.5%)
NVC side
Unilateral 10/18 (55.6%) 6/10 (60%) 4/8 (50%) 2/10 (20%)
Bilateral 5/18 (27.8%) 2/10 (20%) 3/8 (37.5%) 7/10 (70%)
To clinical side
Norm 6/18 (33.3%) 1/10 (10%) 5/8 (62.5%) 18/18 (100%)
Corresponding  3/18 (16.7%) 3/10 (30%) - -
Contradictory ~ 3/18 (16.7%) 2/10 (20%) 1/8 (12.5%) -
Inconclusive 6/18 (33.3%) 4/10 (40%) 2/8 (25%) -
Vessel
AICA 10/15 (66.7%) 5/8 (62.5%) 57 (71.4%) 10/10 (100%)
PICA 2/15 (13.3%) 2/8 (25%) - -
SCA 1/15 (6.7%) 1/8 (12.5%) - -
VA 1/15 (6.7%) - 1/7 (14.3%) -
Venous 1/15 (6.7%) - 1/7 (14.3%) -
NA 8/15 (53.3%) 6/8 (60%) 2/7 (28.6%) 2/10 (20%)

PE to NVC [mm]
PE to IAC [mm]
Diameter [mm)]

6.1+2.8 (1.5-9.6)
10.0+£1.5 (7.5-13.1)
0.7+0.1 (0.6-1.0)

6.2+3.1(1.8-9.6)
9.9+2.0(7.5-13.1)
0.7+0.1 (0.6-0.8)

6.0+2.7 (1.5-9.5)
10.1+1.0(8.8-11.3)
0.8+0.1 (0.6-1.0)

6.6+4.3(1.3-14.2)
9.7+1.3(7.8-11.9)
0.8+0.3 (0.5-1.3)

Abbreviations: AICA anterior inferior cerebellar artery, JAC internal auditory canal, NA nerve angulation/
distortion, NVC neurovascular compression, PE point of entry/exit for afferent/efferent fibers out of/into
the brainstem, PICA posterior inferior cerebellar artery, SCA superior cerebellar artery, VA vertebral artery

1/10, 10%; pVP 1/8, 12.5%), the neurophysiological testing
pattern and ELS were unremarkable. NVC side and ELS
quantification lateralization were inconclusive in 12/18 VP
(66.6%; dVP 7/10, 70%, pVP 5/8, 62.5%), contradictory in
3/18 VP (16.7%; dVP 2/10, 20%; pVP 1/8, 12.5%), found to
correspond in 2/18 VP (11.1%; pVP 2/8, 25%), or normal in
1/18 (5.6%; dVP 1/10, 10%).

Interparametric correlations (aim iv)

The distance between PE and NVC (PE-to-NVC [mm]) cor-
related with audiovestibular function, i.e., neurophysiologi-
cal testing (Roh 0.72, p <0.001), structural nerve integrity,
i.e., DTI SSPs (Roh —6.638, p<0.001), and inner ear ELS
(Roh —6.604, p <0.001). Scatter plots with trendlines are
shown in Fig. 3.

Discussion
The current study focused on a detailed characterization

of structures affecting the cisternal part of the eighth
cranial nerve to increase the diagnostic value of MRI in
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patients with vestibular paroxysmia (VP) using an MR
imaging approach tailored to VP. The high-resolution MRI
sequences were used to determine neurovascular compres-
sion (NVC) and nerve angulation/distortion (NA), struc-
tural nerve integrity via diffusion tensor imaging (DTI),
and in-vivo non-invasive verification of endolymphatic
hydrops (ELH). The findings were the following: 1. Previ-
ously established evidence on the typical clinical and het-
erogenous diagnostic picture could be confirmed. 2. Nerve
angulation (NA) increases NVC diagnostic specificity in
VP (aim i); 3. DTI showed structural differences in the
affected vestibular nerve in VP at group-level (p <0.05),
(aim ii); 4. Endolymphatic space (ELS) asymmetry index
was mildly but significantly increased at group-level
(p <0.05), (aim iii); 5. “Disease duration” and “total
number of attacks” correlated positively with DTI, i.e.,
with structural nerve integrity (Roh=0.594, p <0.001),
(aim iv); 6. Distance between PE (point of entry/exit for
afferent/efferent fibers out of/into the brainstem) and NVC
(“PE-to-NVC”) correlated positively with audiovestibu-
lar function (Roh=-0.72, p <0.001) and negatively with
structural nerve integrity (Roh=-10.638, p <0.001), or
volume of the inner ear ELS (Roh=-10.604, p <0.001),
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Table 4 Structural quantification of the eighth cranial nerve

DTI parameters

VP

NP

All

Definite

Probable

All

Fractional anisotropy (FA)

Ipsilateral
Mean
A

FA MSSD
Ipsilateral
Mean
A

Radial diffusivity (RD)
Ipsilateral
Mean
A

RD MSSD
Ipsilateral
Mean
A

Axial diffusivity (AD)
Ipsilateral
Mean
A

AD MSSD
Ipsilateral
Mean
A

Mean diffusivity (MD)
Ipsilateral
Mean
A

MD MSSD
Ipsilateral
Mean
A

0.1592+0.0385
0.1604+£0.0230
—0.0024 +0.0392

1.908¢ —3+2.862¢ -3
2.674e-3+3.572¢ -3
—1.532¢-3+6.679¢ -3+

2.3997+0.4198
2.4064 +0.3451
—0.0134+0.3857

9.691e—4+1.397¢-3
2.541e—-3+6.488¢ -3
—3.145¢ -3+ 1.104e -2+

3.022+0.4824
3.0475+£0.3979
—0.0509+0.4389

8.618¢—4+1.30le-3
2.606e —3+6.760e -3
—3.488¢—3+1.154e -2+

2.607+0.437
2.620+0.362
—0.026+£0.399

9.191e-4+1.359¢ -3
2.553¢~3+6.586¢ -3
—3.268¢-3+1.121e-2+

Successive differences SSP (1st PCA)

Ipsilateral
Mean
A

0.8098 +1.3694
0.5392+0.7161
0.8684 +1.2049+

0.1504+£0.0167
0.1565+0.009
—0.0121+0.0242

2.473¢-3+3.757¢-3
2.735¢-=3+3.37¢-3
—0.52¢-3+6.893¢-3

2.4275+0.3895
2.4486+0.3103
—0.0422+0.3677

4.734¢—-4+5.624e -4
3.991e-4+3.512¢-4
1.486e¢ —4+5.045¢ -4

3.045+0.4975
3.099+0.3898
—0.108 +£0.4166

4.294e -4 +4.750e — 4
4.142e —4+£3.672¢ -4
3.048¢—5+5.120e — 4

2.633+0.424
2.666+0.336
—0.064+0.381

4.493e-4+£527% -4
3.950e—4+3.447¢ -4
1.085¢-4+4.937¢—-4

0.3259+£0.7166
0.3397+£0.5816
0.4044+£0.5756

0.1701£0.0548
0.1652+0.0336
0.0098+0.0518

1.212¢-3+0.847¢-3
2.598¢ —3+4.046¢ -3
—2.793¢-3+6.632¢ -3

2.3649 +0.4800
2.3536£0.3996
0.0226 +0.4298

1.589¢—-3+1.882¢-3
5.219¢-3+9.345¢-3
—7.26le-3+1.615¢-2

2.993+0.4953
2.983+0.4250
0.020+0.4840

1.402¢ -3+1.793¢ -3
5.346¢ —3+9.765¢ -3
—7.886e—3+1.683 -2

2.574+0.481
2.563+0.407
0.022+0.441

1.506e —3+1.848¢ -3
5.251e-3+9.497¢-3
—7.489¢-3+1.639¢ -2

1.4147+1.7724
0.7887+0.8261
1.4485+1.5517

0.1528 +£0.0299
0.0018 +0.0260

0.855¢—3+0.454¢ -3
0.656¢ —3+0.931e -3+

2.2799£0.2675
0.0952+0.2742

8.471e-4+1.930e-3
3.975¢-4+3.244¢ -3+

2.869+0.3001
0.124+0.3851

8.412¢-4+1.902¢ -3
3.664 e —4+3.293e -3+

2.476+£0.273
0.105+0.309

8.379¢ —4+£1.920e -3
0.385¢-3+3.263¢ -3+

0.2681+1.1389
0.2117+0.8312
0.2214+1.0932+

+Wilcoxon rank sum test in their medians for VP (all) vs. NP, where p <0.05, or ++ if p <0.001

Abbreviations: A =difference between ipsilateral and contralateral side, AD axial diffusivity, FA fractional anisotropy, MD mean diffusivity,
MSSD Mean of the squared differences of the first (1st) order, PCA principal component analysis, RD radial diffusivity, SSP statistical summary

parameter

(aim iv). At the group level, there were significant differ-
ences between VP participants and NP. In sum, the pre-
dictive value of MRI is increased. However, on a single-
subject level, the methodology’s specificity is insufficient

to diagnose VP.

In the following, we discuss these findings compared
to previously published VP studies and the significance of
dedicated VP MRI to quantify ELS and vestibular nerve
structural integrity, its clinical implications, and recom-

mendations for future studies and methodical limitations.
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Aggregated successive difference DTI data
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"Disease duration" over PLS-score of successive difference variables

X
X
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tiedrank("Disease duration")
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Fig.2 DTI tractography results. Compiled results of DTT group dif-
ferences (A) and correlations (B): The upper graphic (A) shows the
aggregated group difference data for the ipsilateral, the difference
between ipsilateral and contralateral sides, and the average (mean)
of both sides as boxplots with overlaid data points. The VP data is
shown in red with a gray background, and the NP data is shown in
black with a white background. Significant differences in the median
between the groups are marked by a black star “*”, with a signifi-
cance level p<0.05. The lower graphic (B) depicts PLS rank-cor-
relations between disease parameter “disease duration” and the 1st
order of successive differences. The scatter plot of the ranked “dis-
ease duration” data and ranks of the 1st order successive difference
PLS scores are shown as black crosses, with an overlayed trendline
in red. The explained variance r-squared was 0.596 with significance
p<0.001 (no failures in 1000 permutation tests)

Confirmation of previously established VP evidence
(aim i)

VP pathophysiology seems to be best explained by a “dual”,
i.e., combined peripheral and central pathology [10]. While
NVC is a necessary factor for the development of clinical
symptoms [58—60], a central cranial nerve nuclei pathology
with increased excitability or even a dysfunction at the level
of thalamic-cortical projections, as well as on a cortical level
with a reduced inhibitory projection to the cranial nerve
nuclei develop [61, 62]. Furthermore, additional unknown
factors are thought to play a role [63].

This study’s clinical and diagnostic results mirror
the clinical picture of this vestibular NVC syndrome.
The current VP cohort was characterized by the typical
monomorphic clinical syndrome [2-4] and accompanied
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by a heterogeneous [12, 64] diagnostic neurophysiological
picture (25-50% unremarkable, 33—45% pattern of reduction
of audiovestibular function [6, 12], 17-30% complex
neurophysiological pattern representing decreased as well as
increased nerve function [8, 9, 11] as a combination of nerve
lesion and nerve irrigation within the same side [10]). NVC
was found in 83.3% of the current study and occurred along
the whole intracisternal part of the nerve, particularly within
the root entry and transition zone. Meatal NVC is rarer but
did also occur. Most frequently, the compressing vessel
could be attributed to the AICA (75%), but other vessels,
such as the vertebral artery (VA, 10%), PICA (5%), or a vein
(10%), are possible [10]. This was also true in the current
study (AICA 66.7%, PICA 13.3%, VA 6.7%, SCA 6.7%, vein
6.7%). However, vascular loops as normal variants without
clinical symptoms were found in about 25-30% (and in our
control group about 50%) [65]. As an additional feature, NA
increased NVC's specificity in VP [14]. Fittingly, they were
3:1 more frequent in VP than in NP and 2:1 more frequent
in definite VP than in probable VP of our study.

Structural abnormalities of the vestibular nerve
revealed by DTI (aim ii)

NVC syndromes entail a local peripheral nerve compression.
It, therefore, seems reasonable to assume a DTI structural
correlation in the affected nerve of VP patients. The cur-
rent study found measurable DTI structural differences in
the median difference between the affected and non-affected
side of the first order successive difference data of the eighth
cranial nerve in VP at group level (p <0.05; Fig. 2A) that
correlated with “disease duration” and “total number of
attacks” (p <0.001; Fig. 2B). Nevertheless, the average and
localized tensor map approaches were not successful. Dif-
ferent factors could play a role here. One reason may be the
low sensitivity of the method. In the future, this could be
resolved by choosing high spatial resolution nerve-specific
DTI over whole-brain DTI [66], specialized vestibular nerve
DWI acquisition strategies for each subsegment [67], and
optimized protocols concerning resolution, phase encoding
[68], or the number of b-shells [69]. Another reason may be
that although local compression of the peripheral nerve by
the peripheral NVC is necessary for developing the clinical
symptoms, the microstructural lesion does not remain local
or is less pronounced than expected. A 7 Tesla T1-sequence
with and without contrast agent in 6 VP patients showed no
structural abnormalities [13]. Beyond that, to the best of our
knowledge, nothing has been published on structural nerve
abnormalities in VP.

In contrast, many studies exist on MR structural nerve
abnormalities in the trigeminal NVC syndrome, trigeminal
neuralgia (TiN), a disease with similar underlying patho-
physiology [70]. The results were inhomogeneous, too.
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Table 5 Semi- and 3D-quantification of the endolymphatic space

VP NP
All Definite Probable All
To clinical side
Norm 2/18 (11.1%) 1/10 (10%) 1/8 (12.5%) 18/18 (100%)
Corresponding 3/18 (16.7%) 1/10 (10%) 2/8 (25%) -
Inconclusive 13/18 (72.2%) 8/10 (80%) 5/8 (62.5%) -
To NVC side
Norm 1/18 (5.6%) 1/10 (10%) - 16/18 (88.8%)
Corresponding 2/18 (11.1%) - 2/8 (25%) 1/18 (11.1%)
Contradictory 3/18 (16.7%) 2/10 (20%) 1/8 (12.5%) 1/18 (11.1%)
Inconclusive 12/18 (66.6%) 7/10 (70%) 5/8 (62.5%) -
Inner ear
ELH 11/18 (61.1%) 5/10 (50%) 6/8 (75%) 5/18 (27.8%)
Side of ELH
Unilateral 7/18 (38.9%) 3/10 (30%) 4/8 (50%) 3/18 (16.7%)
Bilateral 4/18 (22.2%) 2/10 (20%) 2/8 (25%) 2/18 (11.1%)
sqELS [grade]
Ipsilateral 0.4+0.6 (0-1.5) 0.5+0.6 (0-1.5) 0.4+0.4 (0-1) 0.2+0.4 (0-1)
Contralateral 0.3+0.4 (0-1) 0.3+0.4 (0-1) 0.3+0.4 (0-1) 0.2+0.3 (0-1)
Al [%] 11.1+79.8 (—1-100) 16.7+75.3 (— 100-100) 5.6+90.5 (— 100-100) 0+81.7 (- 100-100)
vELS [mm’]
Ipsilateral 9.6+4.2 (4.7-17.9) 10.2+4.6 (5.2-17.9) 8.7+3.7 (4.7-15.4) 8.9+2.5(5.2-13.9)
Contralateral 7.9+2.9 (4.7-13.0) 8.5+3.4(4.2-13.0) 7.1+£2.2 (4.6-10.6)
A 1.7+2.2 (-2.4-6.1) 1.7+2.2 (-0.6-6.1) 1.7+2.4 (-2.4-4.8) 0.1£1.9(-2.6-3.9)
Al [%] 8.6+11.3 (—20.4-25.9)+ 8.3+9.1 (—4.3-20.8) 8.8 +14.3 (—20.4-25.9) 0.1+10.8 (—20.3-16.4)+
TES [mm’] 275.8+26.3 (232.1-321.7) 277.5+24.3 (247.6-311.3) 273.8+30.3 (232.1-321.7) 261.9 +34.3 (193.4-309.3)
Cochlea
ELH 6/18 (33.3%) 3/10 (30%) 3/8 (37.5%) 2/18 (11.1%)
Side of ELH
Unilateral 4/18 (22.2%) 2/10 (20%) 2/8 (25%) 1/18 (5.6%)
Bilateral 2/18 (11.1%) 1/20 (10%) 1/8 (12.5%) 1/18 (5.6%)
ELS [grade]
Ipsilateral 0.4+0.6 (0-2) 0.5+0.7 (0-2) 0.4+0.5 (0-1) 0.2+0.4 (0-1)
Contralateral 0.2+0.4 (0-1) 0.1+0.3 (0-1) 0.3+0.5 (0-1) 0.1+0.3 (0-1)
Al [%] 50+75.6 (— 100-100) 75 +£50 (0-100) 25+95.7 (- 100-100) 25+95.7 (- 100-100)
ELS [mm’]
Ipsilateral 29+1.5(1.1-6.5) 3.1+1.8(1.1-6.5) 27+1.2(1.3-4.4) 2.5+1.2(0.5-5.2)
Contralateral 2.6+1.3 (1.0-5.6) 2.8+1.3(1.2-3.4) 24+1.2(1.0-3.9)
A 03+1.2(-1.6-3.2) 0.3+1.4(-15-3.2) 04+2.0(-2.3-4.5) 0.1+1.4(-2.7-2.7)
Al [%] 4.9+21.9 (—40.8-36.7) 2.2+26.6 (—40.8-36.4) 8.2+15.5(-13.2-36.7) 5.84+32.7(—71.4-81.8)
TES [mm’] 90.8+9.3 (73.1-104.68) 90.3+9.0 (78.8-104.7) 91.4+10.3 (73.1-104.7) 87.3+15.0 (51.1-120.5)
Vestibulum
ELH 9/18 (50%) 4/10 (40%) 5/8 (62.5%) 5/18 (27.8%)
Side of ELH
Unilateral 6/18 (33.3%) 2/10 (20%) 4/8 (50%) 3/18 (16.7%)
Bilateral 3/18 (16.7%) 2/20 (20%) 1/8 (12.5%) 2/18 (11.1%)
ELS [grade]
Ipsilateral 0.4+0.5 (0-1) 0.4+0.5 (0-1) 0.4+0.5 (0-1) 0.2+0.4 (0-1)
Contralateral 0.4+0.5 (0-1) 0.4+0.5 (0-1) 0.4+0.5 (0-1) 0.2+0.4 (0-1)
Al [%] 0+89.4 (— 100-100) 0+89.4 (— 100-100) 0+ 100 (- 100-100) 0+89.4 (—100-100)
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Table 5 (continued)

VP NP
All Definite Probable All
ELS [mm?]
Ipsilateral 6.7+3.1 (1.6-12.0) 7.1+£3.3(2.9-12.0) 6.1+3.0 (1.6-11.5) 6.6+2.2(2.9-11.9)

Contralateral 5.3+2.0(3.0-9.2)
A 14+1.6(-23-44)
Al [%] 8.6 +15.6 (—41.1-28.5)+

5.7+2.3(3.0-9.2)

TFS [mm®] 185.0+19.1 (150.3-218.4)

14+1.3(-0.6-3.6)%
9.8+9.0 (—6.4-19.5)+

187.1+17.4 (168.1-211.0)

4.8+1.3 (3.5-7.0)
14+2.0(-2.3-44)
7.3+21.3 (-41.1-28.5)

—02+1.7(=3.72.D)%
—1.4+142 (=32.5-
25.8)+,+

182.4+22.1 (150.3-218.4) 175.8 +£19.6 (144.4-208.5)

+ ANOVA for VP (all) vs. NP, where p<0.05, or ++ if p<0.001
<+ ANOVA for VP (definite) vs. NP, where p <0.05, or << if p<0.001

Abbreviations: A =difference between ipsilateral and contralateral side, Al asymmetry index, ELH endolymphatic hydrops, ELS endolymphatic

space, sq semi-quantitative, v volumetric, TFS total fluid space

Some DTI studies showed microstructural alterations in
fractional anisotropy (FA) and mean diffusivity (MD) values
between affected and non-affected TiN sides [71-73] that
could be used for postoperative longitudinal control [74].
However, other studies showed no correlation between DTI
parameters and clinical symptoms, such as illness duration
or severity of compression [75].

Mild ELH in VP discernible (aim iii)

Following the 4-point ordinal scale, semi-quantitative clas-
sification of the ELS for the vestibulum and cochlea [49, 76],
volumetric quantification in the current study disclosed a
mild yet significantly increased asymmetry index of the inner
ear and vestibulum when compared to NP. These findings are
overlooked by a part of the 3-point ordinal scale ELH clas-
sification of the vestibulum [77]. This can be explained by
the fact that these classifications were calibrated on patients
with Méniere’s disease when ELH was viewed as pathog-
nomonic to MD, which tends to have a larger ELH [17].
Fittingly and further underlying its pathophysiological rel-
evance, varying degrees of ELH are also nearly universally
present in post-mortem human temporal bone [78, 79] and
iMRI studies on subjects with a history of MD [16, 18, 19,
32]. However, in-vivo iMRI studies also showed a relatively
high prevalence in the healthy population (via iMRI [80],
as well as in post-mortem studies [81]) and in patients with
other vestibular disorders such as vestibular migraine [18,
19], vestibular schwannoma [82], or bilateral vestibulopathy
[83]. Consequently, ELH is being re-evaluated as a non-
pathognomonic phenomenon that should not directly indi-
cate MD [84]. In this context, finer graduation in the lower
ELH grades is useful not to overlook milder cases of ELH,
be it in a 3-point ordinal scale [57] or a 4-point ordinal scale
ELH classification of the vestibulum [49].
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With respect to the current study, VP seems to be another
vestibular disorder that can entail mild ELH. Although non-
specific, this finding may be one of several parameters that
help diagnose the affected side (view Fig. 3). ELH has been
tied to many pathophysiological theories, such as post-viral
autoimmune mechanisms, anatomic or vascular abnormali-
ties affecting endolymph resorption, and different factors
relating to water homeostasis [85-87]. The pathogenetic
mechanism for higher inner ear ELS volumes in VP seems
to be related to the NVC lying in the root entry zone of the
intracisternal part of the eighth cranial nerve (p <0.001).
The nerve compression might then lead to a disturbance in
the inner ear fluid homeostasis, either directly or via a cen-
tral pathology inducing hyperexcitability within the cranial
nerve nuclei or reduced inhibitory projection to the cranial
nerve nuclei.

Interparametric analyses corroborate NVC
syndrome (aim iv)

The nearer the NVC was to the PE, the poorer audioves-
tibular function (p <0.001) and nerve structural integrity
(»<0.001), and the larger inner ear ELS (p <0.001) were.
The intracisternal part of the eighth nerve starts covered
by central myelin (i.e., oligodendrocytes, also called root
entry zone), then 6-15 mm as measured from the PE [88]
oligodendrocytes change into Schwann cells [89], which is
called the transition zone. The present interparametric analy-
ses corroborate the pathophysiological theory [2, 10] that the
intracisternal part of the eighth cranial nerve covered by cen-
tral myelin (i.e., oligodendrocytes) seems to be particularly
vulnerable for deficits induced by NVC and that the NVC
seems to be a necessary precondition factor to develop VP.
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Fig.3 Interparametric correla-
tions. Scatter plot depiction with
trendlines of the correlations of
“distance between PE and NVC
(PE-to-NVC [mm])” and the
eighth cranial nerve (A) audi-
ovestibular function, i.e. neu-
rophysiological testing (caloric
stimulation, HIT and PTA),

(B) structural nerve integrity
(DTI SSPs, or deviations of
successive DTI differences), and
inner ear ELS volumes (C). A
decreasing distance between PE
to NVC can be translated into
the transition zone of the eighth
nerve (6-15 mm as measured
from the PE, where oligoden-
drocytes change into Schwann
cells [89]), and the root-entry
zone from 6 mm downwards
[88]. In consequence, the posi-
tive correlation of PE-to-NVC
to audiovestibular function (A,
Roh 0.72, p <0.001) indicates
better function the more the
NVC lies outside the root-entry
area of the intracisternal part of
the eighth cranial nerve, and not
covered by central myelin (oli-
godendrocytes), but peripheral
myelin (Schwann cells). Con-
versely, the negative correlation
of PE-to-NVC to nerval struc-
tural microstructure DTI SSPs
(B, Roh —6.638, p<0.001), or
inner ear ELS volumes (C, Roh
—6.604, p<0.001) indicates
less nerve deterioration, or less
ELS volume the higher the PE-
to-NVC distance. Altogether,
these correlations link the suttle
clinical, diagnostic, DTI-proxy
for nerve microstructure, and
ELS volume findings in VP to
NVC, and in particular to NVC
being in the root-entry zone.
Abbreviations: ELS endolym-
phatic space, NVC neurovas-
cular compression, PE point of
entry/exit for afferent/efferent
fibers out of/into the brainstem,
PE-to-NVC distance between
PE and NVC [mm], SSP sum-
mary statistic parameters, or
deviations in successive differ-
ences.

Clinical implications and recommendations

for future studies

In VP, no “vestibular” symptom has a precise meaning
in topology or nosology [1], which makes corroborating
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evidence from quantifiable features all the more critical.
The current VP study should be understood as a proof-of-
concept study for using MR imaging tailored to VP as a
complementary clinical tool to investigate the vestibular
end organ. On a single-subject level, MRI tailored to VP

@ Springer
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can deliver additional quantifiable features for diagnosing
VP. Especially the verification of NA and mild ELH can
increase the overall predictive value of MRI. Nevertheless,
the specificity of the methodology is not yet sufficient to
diagnose VP by MR imaging.

The improvement of the MR sequences, especially
DTI (as mentioned in “Mild ELH in VP discernible, (aim
iii)”), holds potential. This study’s sequence acquisition
parameters represent a compromise between novel
technical possibilities, resolution, and reasonable scan
time while enabling a wide range of clinical applications.
Novel MR neurography imaging techniques might prove
helpful for the investigation of the structural integrity of
the vestibular nerve, such as high-resolution isotropic
[90], driven equilibrium (drive) [91], or 3D cranial nerve
[92] MR imaging. In addition, similar to trigeminal nerve
analyses, atlas-based segmentation might prove helpful
[93]. Another approach to improve the MRI investigation
of the neurovascular compression site could be the addition
of magnetic resonance subtraction [94]. Furthermore,
techniques beyond DTI tractography might unlock the
mesoscopic potential of diffusion-weighted imaging [95].
Another aspect would be to investigate the structural
and functional connectivity and disturbances in cortical
networks since there also seems to be a central aspect in the
pathophysiology of VP.

Methodological limitations

Two major limitations of the current study need to be con-
sidered: First, the limited number of subjects included, and
second, the circumstance that iMRI imaging for the control
group (NP) could only be done in patients with other (neuro-
logical) pathologies that did not affect the peripheral or cen-
tral vestibulocochlear systems. First, given the variation in
symptomatology, a higher number of VP participants would
be desirable. If possible, 20 participants per clinical pattern
should be included. Second, influences of the NP’s underly-
ing neurological pathologies on the ELS appeared unlikely
(view inclusion and exclusion criteria, Sect. 2.2.) but cannot
entirely be excluded. However, ethical considerations did
not allow us to include healthy volunteers without a medi-
cal indication for an iMRI with contrast agent. The decision
to avoid unnecessary contrast agent application was based
on prior findings of signal intensity increases in the dentate
nucleus and globus pallidus on T1-weighted MR images
after applying MR contrast agents that are still under investi-
gation [96-98]. Third, the study lacks histological confirma-
tion of endolymphatic hydrops since the in-vivo acquisition
of histological specimens is currently not possible.

@ Springer

Conclusion

This study is the first to link eighth cranial nerve function,
microstructure, and endolymphatic space changes in VP
patients to clinical features and neurovascular compres-
sion in the root-entry zone (correlation coefficient> 0.5,
p<0.001). Significant differences were reached at group
level (ANOVA, p <0.05, corrected for multiple testing).
However, moderate specificity of MR NVC and NA evi-
dence, DTI quantification, or ELH verification means they
do not suffice to diagnose VP on a single-subject level.
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