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Zusammenfassung

Bislang werden verschiedene neurootologische Diagnosen, wie z.B. der Morbus Meniere oder die
sog. Vestibulare Migrane, allein auf der Basis einer Definition klinischer Symptome gestellt. Da sich
diese bei beiden Krankheiten deutlich Uberlappen, ist eine eindeutige Zuordnung nicht immer
moglich. Die Therapie beider Erkrankungen unterscheidet sich grundlegend, weshalb nach
zusatzlichen Parametern gesucht wird, die eine genauere Diagnosestellung ermoglichen. So wird
vermehrt z.B. die Bildgebung des Innenohrs mit der Magnetresonanztomographie (MRT)
eingesetzt, um Pathologien im Innenohr aufzudecken wie u.a. eine Stérung der Endolymph-
Flussigkeit. Ein Ungleichgewicht zwischen Endolymphbildung und Resorption kann zu einer
Flussigkeitsansammlung, dem sog. Endolymphhydrops (ELH), fiihren, welcher lange Zeit als
pathognomonisch fiir den Morbus Meniére gesehen wurde. Allerdings konnte inzwischen auch bei
anderen neurootologischen Erkrankungen ein ELH nachgewiesen werden, weshalb exakte
Auswertemethoden notwendig sind, um dessen pathologische Relevanz und krankheitstypische
Muster besser zu verstehen.

Diese Dissertation befasst sich mit der Entwicklung, Testung und Anwendung einer
quantifizierenden Methode der Innenohrbildgebung mit Hilfe kontrastmittelverstarkter, verzogerter
MRT. Hiermit kann kontrastmittelangereicherte Perilymphfllssigkeit mit speziellen MRT-
Sequenzen nachgewiesen werden. Basis der Quantifikation ist dabei ein dreidimensional und
automatisch ablaufender Algorithmus, der die kontrastmittelverstarkte Perilymphe von der
Endolymphe (welche kein KM aufnimmt) differenzieren kann. Ziel war es, in der Auswahl der
verwendeten Software auf proprietare, kommerziell vertriebene Software so weit wie moglich zu
verzichten. Die entwickelten Losungsansatze sollten flr den klinischen Alltag praktikable
Ansprlche bezlglich Rechenleistung und Bearbeitungszeit stellen.

Die Arbeit ,VOLT: a novel open-source pipeline for automatic segmentation of endolymphatic space
in inner ear MRI" ' befasst sich mit der semiautomatischen Auswertung von Innenohr-MRT-
Aufnahmen. Auf Basis von /focal-thresholding-Algorithmen wurde eine valide Methode entwickelt,
die bereits in Folgestudien ? Anwendung fand. Zur Segmentation wurde eine Deep-Learning-
Anwendung eingesetzt. Mit einem artifiziellen dreidimensionalen Testvolumen wurde die Leistung
der Methode auf Rohdaten mit Bewegungs- oder Rauschartefakten geprift. Es zeigte sich ein der
manuellen Segmentation ebenbiirtiges Ergebnis und eine Uberlegenheit insbesondere bei
artefaktreicheren Daten. Die berechneten Volumina korrelierten hochsignifikant mit den klinischen
Graduierungen.

Ziel der Arbeit ,Intravenous delayed gadolinium-enhanced MR imaging of the endolymphatic space:
A methodological comparative study” 2 war die klinische Anwendung der neuen semiquantitativen
Methodik bei einem grolReren Datensatz, um maogliche Fallstricke im alltaglichen Gebrauch zu
testen und um die Leistungen im Vergleich zu etablierten schnittbasierten Quantifizierungs-
methoden zu Uberprifen. Dazu wurde VOLT bei insgesamt 216 Innenohren von 75 Meniere-
Patientiinnen (55.2 + 14.9 Jahre) sowie 33 gesunden Proband:innen (46.4 + 15.6 Jahre)
angewendet. Hier zeigte sich ein nur geringer Einfluss von Signal-Rausch-Verhaltnis auf die
Graduierungen und eine insgesamt gute Korrelation aus klinischer Graduierung und VOLT-
Volumina. Fur die klinische Einordnung der verschiedenen Krankheitsentitaten waren die ELH-
Asymmetrie und die normalisierten ELH-Volumina am aussagekraftigsten.
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Zusammengefasst behandelt diese Dissertation somit eine neuartige Quantifizierungsmethode zur
Innenohrbildgebung, die schnell, einfach und glnstig anwendbar ist und zur besseren
Vergleichbarkeit von Innenohr-MRTs und damit zur besseren Abgrenzung verschiedener
Erkrankungen beitragen kann.
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Abstract

To date, various neuro-otological diagnoses, such as Meniere's disease or vestibular migraine, have
been made solely on the basis of clinical symptoms. As these often overlap in both diseases, a
clear classification is not always possible. The treatment of both diseases differs fundamentally,
which is why additional parameters are being sought to enable a more precise diagnosis. For
example, magnetic resonance imaging (MRI) is increasingly being used to detect pathologies in the
inner ear, such as disorders of the endolymphatic fluid. An imbalance between endolymph
formation and resorption can lead to an accumulation of fluid, the so-called endolymphatic hydrops
(ELH), which for a long time was seen as pathognomonic for Meniere's disease. However, ELH has
now also been demonstrated in other neuro-otologic diseases, which is why precise evaluation
methods are necessary to better understand its pathological relevance and disease-typical
patterns.

This dissertation deals with the development, testing and application of a quantifying method of
inner ear imaging using contrast-enhanced delayed MRI. This allows contrast-enhanced perilymph
fluid to be detected using special MRI sequences. The quantification is based on a three-
dimensional and automatic algorithm that can differentiate the contrast-enhanced perilymph from
the endolymph (which does not absorb contrast agent). The aim was to avoid proprietary,
commercially marketed software as far as possible. The solutions developed were to meet
practical requirements in terms of computing power and processing time for everyday clinical
practice.

The study "VOLT: a novel open-source pipeline for automatic segmentation of endolymphatic
space in inner ear MRI" ' deals with the semi-automatic evaluation of inner ear MRI images. Based
on local-thresholding algorithms, a valid method was developed, which has already been used in
follow-up studies 2. A deep learning application was used for segmentation. An artificial three-
dimensional test volume was used to test the performance of the method on raw data with motion
or noise artifacts. The results were on a par with manual segmentation and showed superior scores
especially for data with more artifacts. The calculated volumes correlated highly significantly with
the clinical graduations.

The aim of the study "Intravenous delayed gadolinium-enhanced MR imaging of the endolymphatic
space: A methodological comparative study" 2 was the clinical application of the new semi-
quantitative methodology on a larger data set to test potential pitfalls in everyday use and to verify
the performance in comparison to established slice-based quantification methods. For this
purpose, VOLT was applied to a total of 216 inner ears of 75 Meniere's patients (55.2 + 14.9 years)
and 33 healthy subjects (46.4 + 15.6 years). Here, there was only a slight influence of signal-to-
noise ratio on the graduations and an overall good correlation between clinical graduation and
VOLT volumes. The ELH asymmetry and the normalized ELH volumes were the most meaningful
for the clinical classification of the different disease entities.

In summary, this dissertation deals with a novel quantification method for inner ear imaging that is
quick, easy and inexpensive to use and can contribute to better comparability of inner ear MRIs and
thus to better differentiation of different diseases.
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Einleitung

Das Symptom Schwindel ist in der (Akut-) Medizin oftmals schwer diagnostisch einzugrenzen, da
Schwindel sowohl durch harmlose als auch lebensbedrohliche Ursachen ausgelost werden kann,
die aus Fachbereichen wie der Neurologie, der Hals-Nasen-Ohren-Heilkunde (HNO), der Inneren
Medizin und der Psychiatrie stammen koénnen ° Nach Kopfschmerz ist Schwindel das
zweithaufigste Leitsymptom in der Neurologie; die Lebenszeitpravalenz betragt 17-30% .

Schwindel als Leitsymptom im engeren Sinn (wie bei Drehschwindel) entsteht durch ein
Ungleichgewicht im vestibularen System, welches periphere vestibulare und zentrale vestibulare
Anteile besitzt. Entwicklungsgeschichtlich handelt es sich hier um ein altes System, welches teils
seit frihen evolutiondren Stufen konserviert und bei allen Sdugetieren bezlglich der peripheren
Sensororgane grundsatzlich dhnlich aufgebaut ist 7.

Es gibt verschiedene Ursachen fur akute Schwindelepisoden peripherer und zentraler Natur. Eine
mogliche Ursache flr eine akute Drehschwindelattacke ist der ,Morbus Meniere” (MM) mit der
typischen Trias aus einseitiger Horminderung, Tinnitus und Drehschwindel Uber einige Stunden.
Pathophysiologisch wurde ein Endolymphhydrops (ELH) angenommen, d.h. eine GberméRige
Ansammlung der Innenohrfllssigkeit Endolymphe. Die Diagnosestellung ist oft schwierig und es
konnen Mischsyndrome mit einer weiteren Erkrankung mit Drehschwindelepisoden, der
Vestibuldren Migrane (VM), vorliegen. Ein unbehandelter MM fiihrt zur Taubheit und einem
Schaden des Vestibularorgans. Medikamentdse Therapien sowie invasive Therapien nach
Eskalationsstufen konnen dies haufig verhindern, wenn die Erkrankung frihzeitig diagnostiziert und
behandelt wird. Deshalb wird nach zusatzlichen Untersuchungsverfahren gesucht, die eine friihe
Diagnose erlauben, moglichst so friih, dass noch keine bleibenden, neurophysiologisch messbaren
Defizite bei den Hohr- und Gleichgewichtstests vorliegen.

Die erstmalige in-vivo-Darstellung der Innenohrflissigkeitskompartimente per Magnetresonanz-
tomographie (MRT) beim Menschen erfolgte in 2007 & Durch die zunehmende Verfligbarkeit dieser
Bildgebungsmethode zeigte sich, dass ein ELH auch bei anderen Schwindelerkrankungen vorliegen
sowie auch ohne Krankheitswert oder jegliche Symptome bei gesunden Personen auftreten kann
9 Um die pathophysiologische Relevanz eines ELH realistisch einschétzen und verlasslich
vergleichen zu konnen, sind also Quantifizierungen der MRT-Befunde notig. Ziel dieser Arbeit war
daher die Entwicklung und Demonstration einer moglichen Quantifizierung per ,volumetrischem
local thresholding®, welche Uber die bisher bekannten, 2D-schnittbasierten Graduierungen
hinausgeht und im Wesentlichen automatisch ohne subjektive Einschatzung funktioniert.
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1.1 Hintergrund

1.1.1 Das zentral- und peripher-vestibulare System

Das vestibulare System dient der Haltungsregulation, der Blickstabilisation und der Bewegungs-
wahrnehmung und besitzt periphere (Gleichgewichtsorgan, N. vestibulocochlearis) und zentrale
(Ncl. vestibulares, Hirnstammbahnen, verschiedene Kortexregionen) Anteile. Die Signale des
Gleichgewichtsorgans werden Uber den Nervus vestibulocochlearis, welcher gemeinsam mit dem
N. facialis sowie der A. / V. labyrinthi durch den Meatus acusticus internus verlauft, in den
Hirnstamm geleitet und dort in den Vestibulariskernen verschaltet. Innerhalb des Hirnstamms
kommt es zu mehreren Kreuzungen, supratentoriell gibt es wohl sowohl intra- als auch
extrathalamische Bahnen zu verschiedenen kortikalen Arealen. Der vestibulare Kortex ist in der
Inselregion lokalisiert mit einer Zentrale im parieto-insuldren vestibuldren Cortex (PIVC)'®. Es
bestehen Interaktionen mit modulierenden und einer reziproken Inhibition unterliegenden
Einfllissen aus dem visuellen System sowie somatosensorischen und propriozeptiven Signalen
aus der Haltungsmuskulatur und den Extremitaten.

1.1.2 Anatomie und Physiologie des vestibuldren Endorgans

Das Gleichgewichtsorgan (Abbildung 1, ') ist im Felsenbein des Menschen lokalisiert und besteht
aus dem knochernen sowie dem membrandsen Labyrinth, der Cochlea und dem Nervus
vestibulocochlearis. Innerhalb des mit Perilymphe geflllten knochernen Labyrinths befindet sich
das membrandse, mit Endolymphe geflllte Labyrinth, ein schlauchartiges System, das in die drei
c-formig vom Vestibulum ausgehenden Bogengange hineinreicht, die Makulaorgane Utriculus und
Sacculus Uber den Ductus reuniens miteinander verbindet und mit der Scala media in der Cochlea
in Verbindung steht. In den hier lokalisierten Zellen der Stria vascularis wird die Endolymphe
produziert, fullt das membrandse Labyrinth und flieRt tber den Ductus endolymphaticus in den
blind endenden endolymphatischen Sack (ES), von wo sie sowohl resorbiert wird als auch in die
duleren Liquorrdume des Gehirns diffundiert 2. Der ES kann offenbar die Endolymphmenge
regulieren 1314 Chemisch ahnelt die Perilymphe der Extrazellularflissigkeit und ist natriumreich,
wahrend die Endolymphe Intrazellularflissigkeit ahnelt und kaliumreich ist. Diese unterschiedliche
lonenkonzentration fuhrt zu einem positiven elektrischen Potential der Endolymphe gegenuber der
Perilymphe. Die Perilymphe ist ein Ultrafiltrat des Liquors und steht ber den Aquaeductus cochleae
mit dem Liquorraum in Verbindung. Die drei mit Endolymphe gefiillten Bogengangsanteile des
membrandsen Labyrinths enden in Aufweitungen, an denen jeweils ein Sinnesorgan liegt. Bei
Drehbewegungen kommt es aufgrund der Tragheit der Fllssigkeiten sowie der gallertigen Masse
zu Auslenkungen der Sinneszellen und einer Zunahme der Basisaktivitat der Haarzellen. Nach
einem ahnlichen Prinzip funktionieren die Makulaorgane, die beiden Otolithen Sacculus und
Utriculus, in denen auf einer Epithelschicht mit Kino- u. Stereozilien die sog. Otokonien aus Calcium-
Carbonat (CaCO3) heften '°. Die Makulaorgane detektieren mittels in der jeweiligen Raumachse
angeordneten Kino- u. Stereozilien vertikale (Sacculus) und horizontale (Utriculus) Bewegungen.
Uber den Nervus vestibulocochlearis (bestehend aus N. vestibularis superior fir den Utriculus, Teile
des Sacculus sowie die Signale des anterioren und des lateralen Bogengangs, und dem N.
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vestibularis inferior fiir den Sacculus sowie dem posterioren Bogengang), werden die Signale des
vestibularen Endorgans in den Hirnstamm geleitet.

Die Innenohranatomie als biologisches System ist variabel mit teils signifikanten inter- und
intraindividuellen Unterschieden in Bogengangsradius, -planaritat und -winkel 6. Ein Zusammen-
hang zwischen dem bereits pranatal ausgebildeten knochernen Labyrinth und der Gleichgewichts-
funktion wurde i.R. dieser Variabilitdt nicht festgestellt. Es bestehen jedoch auch Anlage-
einschrankungen, die mit einer vestibuldren (oder cochledren) Unterfunktion einhergehen,
beispielsweise beim CHARGE-Syndrom "7, bei dem es aufgrund einer CHD7-Genmutation oftmals
zu Bogengangsdefekten kommt 8.

Bony and membranous labyrinths
Ampullae

Anterior semicircular canal and duct

Posterior semicircular Dura mater

anal and duct
¥ o Endalymphatic sac

Common body and Endolymphatic duct in vestibular agueduect
membranous limbs

o Utricle
Lateral semicircular
canal and duct Saccule

i Helicotrema of cochlea
Oric capsule

Stapes in oval Ductus reuniens
(vestibular) window
Scala vestibuli
Incus
Cochlear duct
Malleus.

Scala tympani
Tympanic cavity.

External acoustic meatus.

Umbao

Tympanic membrane.
Cochlear aqueduct
Round (cochlear) e
window (closed Fﬁ,‘»’
by secondary £ h. ' v
tympanic membrane) ik ra

Vestibule Otic capsule

Pharyngotympanic (auditony) fube

Abbildung 1: Uberblick Innenohranatomie (aus ,Netter's atlas of neuroscience’, Felten et al, 2076)

1.1.3 Vestibuldre Funktionsdiagnostik

Verschiedene Tests existieren, um das vestibuldare System zu untersuchen. Bereits im friihen 20.
Jahrhundert wurde der kalorische Nystagmus (durch Irrigation des horizontalen Bogengangs per
warmem und kaltem Wasser) von Robert Bardny (dem spateren Nobelpreistrager fiir Medizin und
Physiologie 1914) beschrieben'. Mit diesem, auch heute noch standardmaRig durchgefihrtem
Test lasst sich der Niederfrequenzbereich des Vestibulo-Okuldren-Reflexes testen, wahrend
schnelle Kopfdrehungen zur Seite bei simultaner visueller Fixation eines Punktes den
Hochfrequenzbereich Uberprifen (Kopfimpulstest, auch Halmagyi-Curthoys-Test ?°). Eine weitere,
heute nur noch seltener durchgeflihrte Untersuchungsmethode ist die Drehstuhluntersuchung, bei
der Dauer und Intensitét eines postrotatorischen Nystagmus beurteilt werden konnen 2!, Durch
zervikal und okular abgeleitete vestibular evozierte Potentiale lassen sich die Otolithenorgane
testen 22 und beispielsweise Storungen der knochernen Bedeckung einzelner Bogengénge
diagnostizieren ?%. Zentral-vestibuldare Stérungen filhren oftmals zu Auffélligkeiten in der



Einleitung 15

Neuroorthoptik und kénnen durch Augenfehlstellungen diagnostiziert werden?*. Als Akutzeichen
einer vestibuldren Tonusimbalance ist eine ocular tilt reaction moglich, eine Auge-Kopf-Neigung
um die Sehlinie als Achse, wodurch eine topodiagnostische Einordnung erfolgen kann 25. Wahrend
durch eine ausflhrliche klinische Untersuchung sowie eine strukturierte Anamnese viele
Schwindelerkrankungen bereits diagnostiziert werden konnen (und die Kombination klinischer
Zeichen einem frihen cMRT bei akuten zentralen vestibuldaren Syndromen gar Uberlegen ist, 2°),
braucht es dennoch oftmals Bildgebung, um andere Pathologien auszuschliellen oder die
Lokalisation genauer einzugrenzen.

1.1.4 Endolymphhydrops und episodische Schwindelerkrankungen

Differentialdiagnostisch zu bedenkende Krankheiten, die mit Drehschwindel von bis zu mehreren
Stunden Dauer einhergehen konnen, sind - wie oben erwéhnt - der Morbus Meniére (MM, 27 ) sowie
die Vestibulare Migrane (VM, 28 ). Wahrend bei beiden Erkrankungen oftmals wegweisende
Begleitsymptome vorhanden sind, die eine Unterscheidung ermoglichen (bspw. Phono-
/Photophobie, Kopfschmerz, Aurasymptomatik bei VM 2%, cochledre Symptomatik und
Horminderung bei MM ?7, siehe Abbildung 2), kann sich das klinische Bild auch stark dhneln,
insbesondere wenn Begleitsymptome weniger stark wahrgenommen oder erinnert werden. Zudem
kommen cochledre Begleitsymptome auch bei ca. 38% der Attacken einer VM vor 20 und kénnen in
etwa 30% der Attacken Uber Stunden anhalten 27,

Pathophysiologisch wurde beim MM das rezidivierende Einreilten der Reillnerschen Membran
aufgrund einer dbermafRigen Endolymphansammlung, die damit einhergehende Vermischung von
kaliumarmer Perilymphe und kaliumreicher Endolymphe sowie die daraus folgende Depolarisation
von vestibularen und cochleéren Haarzellen %2 angenommen. Ob das Flissigkeitsungleichgewicht
aufgrund einer Uberproduktion, einer Abflussstérung oder einer anderen Pathogenese entsteht, ist
weiterhin nicht eindeutig geklart 3. Der Vestibuldren Migréane liegt hingegen, vergleichbar zur
Kopfschmerzmigréane, eine sowohl konstitutionelle als auch trigemino-vaskular-modulierte
vestibulare Hyperexzitabilitdt zugrunde 3436,

Die Therapie der beiden Krankheiten unterscheidet sich erheblich: wahrend bei der VM
Migraneprophylaktika eingesetzt werden (bspw. Betablocker, Antikonvulsiva, Antidepressiva oder
Calciumkanalblocker %) und auch durch Lebensstilanpassungen 3 oder Nahrungs-
erganzungsmittel * eine Reduktion der Attackenfrequenz herbeigefiihrt werden kann, werden beim
MM (berwiegend der inverse H3-Rezeptor-Agonist (Betahistin 49) sowie im Falle eines
Nichtansprechens lokal invasive MalRnahmen (intratympanale Gentamicin-,
Kortikosteroidinstillation 4') verwendet. Operative Moglichkeiten sind die erstmals 1927
beschriebene Sakkotomie 42 oder als ultima ratio die Durchfihrung einer Labyrinthektomie oder
einer Neurektomie. Andere operative Ansatze wie die Tenotomie der M. stapedius-/M. tensor
tympani-Sehnen % oder die Anlage eines Endolymph-Perilymph-Shunts werden heute kaum mehr
verwendet 4.

Betahistin greift agonistisch an Histamin-H1-Rezeptoren und antagonistisch an Histamin-H3-
Rezeptoren an, welche bspw. im endolymphatischen Sack exprimiert werden #°. Eine Fehldiagnose
und eine daraus folgende inadaquate Behandlung eines MM kann zu dauerhaften Innenohrschaden
(bis hin zur volligen Ertaubung und dem Ausfall der Gleichgewichtsfunktion auf der betroffenen
Seite) fihren. Da ein MM auch beidseitig auftreten kann, ist dies eine haufige Ursache einer
beidseitigen Vestibularisschadigung, der bilateralen Vestibulopathie (BVP) 6.
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Da sich beide Erkrankungen — besonders in frihen Krankheitsstadien, in denen wir sie erkennen
wollen - nicht immer gut anhand der Symptome und der neurootologischen Befunde differenzieren
lassen, wird nach weiteren und verlasslicheren Biomarkern gesucht. Hier konnte das Innenohr MRT
mit Quantifizierung der Innenohrstrukturen zur Frage des ELH hilfreich sein.

Definitive VM Definitiver MM
Attackendauer 5 Minuten — 72 Stunden 20 Minuten — 12 Stunden
Attackenanzahl >5 >2
Cochledre Beteiligung = Tleftonsenke >30dB
Ohrsymptome - Tinnitus 0. Véllegeflihl, fluktuierend
Migranesymptome >50% der Attacken =
Migraneanamnese Ja (aktuell o. in Vorgeschichte) -

Abbildung 2: Diagnosekriterien der Barany-Socilety fur VM, MM nach Lempert et al, 2072 u. Lopez-
Escamez et al, 2015

1.2  Zeitverzogerte, kontrastmittel-verstarkte MRT Bildgebung des
Innenohrs

1.2.1 Grundlagen der Magnetresonanztomographie

Die Bildgebung per Magnetresonanz wurde erstmals in 1973 vorgestellt 47, die erste Darstellung
des menschlichen Gehirns in vivo per MRT erfolgte 1982 “8. Seit Mitte der 1980er Jahre werden
auch paramagnetische Gadolinium-Verbindungen als intravends verabreichte Kontrastmittel
eingesetzt 4950,

Die Kernspintomographie funktioniert, indem die Rotationsachse des Spins von Atomkernen mit
einer ungeraden Neutronen- o. Protonenanzahl durch ein starkes Magnetfeld ausgerichtet wird und
die um diese Achse prazessierenden Kerne mittels eines elektromagnetischen Hochfrequenz-
impulses einer entsprechenden Frequenz (Lamor-Frequenz) auf ein hoheres Energieniveau
ausgelenkt werden, weiterhin werden die Prazessionsbewegungen phasensynchronisiert. Die
hierbei aufgenommene Energie wird je nach Protonendichte des untersuchten Materials
unterschiedlich schnell wieder abgegeben, wahrend sich die Kerne wieder im statischen
Magnetfeld ausrichten (Langsmagnetisierung, T1-Relaxation) bzw. die Synchronisation der
Préazessionsbewegung abnimmt (T2-Relaxation, Transversalmagnetisierung). Dies kann mittels
Spulen detektiert werden. Durch Verwendung eines Magnetengradienten kann eine genaue
raumliche Lokalisation des Signals und aufbauend hierauf die Bildgebung erfolgen °'. Dies kann
sowohl zur Materialanalyse von bspw. Festkorpern eingesetzt werden, ist jedoch auch zur
Unterscheidung verschiedener biologischer Gewebe verwendbar. Gegeniber CT-Untersuchungen
sind vor allem die fehlende Strahlenbelastung und eine bessere Weichteilauflosung als Vorteile zu
nennen, wohingegen knocherne Strukturen per CT genauer darzustellen sind.
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Abbildung 3: T2-Aufnahme eines rechten Innenohrs. Gemall radiologischer Konvention beschreibt
die linke Bildseite dje rechte Patientenseite.

1.2.2 Vorteile multisequentieller MRT des Innenohrs

Erkrankungen, die durch strukturelle Verdanderungen (bspw. lokal raumfordernde Effekte wie beim
Vestibularisschwannom) zu Schwindel fiihren, kénnen durch Schnittbildgebung sicher erkannt und
therapiert werden; kontrastmittelverstarkte Sequenzen erreichen eine Sensitivitat und Spezifitat
von annadhernd 100% 52. Falle von bereits ausgedehnter lokaler Raumforderung mit Hirnstamm-
kompression und Inoperabilitdt * sind heute eine Ausnahme **. Viele Schwindelerkrankungen
gehen jedoch nicht mit einer rein strukturellen Schadigung einher und erfordern daher
multisequentielle Bildgebung. Wahrend eine kontrastmittelverstarkte T1-Sequenz Entzindungen,
Tumoren und Blutgefalle deutlich darstellt, konnen bspw. Gefali-Nerven-Kontakte durch den
Kontrast zum (hyperintensen) Liquor besser in hochaufgeldsten T2-Sequenzen visualisiert werden
%, insbesondere in Kombination mit GefaRdarstellungen (bspw. mittels time-of-flight-
Angiographie). Fir die Diagnostik verschiedener zentraler Schwindelerkrankungen konnen
weiterhin Protonenwichtung®® oder Diffusionssequenzen® hilfreich sein.

1.2.3 Arten verzogert kontrastverstarkter MRT des Innenohrs

Die verschiedenen Innenohrkompartimente sind einerseits biophysikalisch zu ahnlich, um in einer
nativen MRT-Untersuchung grundsatzlich verschiedene Signalintensitaten zu erzeugen und
andererseits in ihrer Ausdehnung so gering, dass eine direkte Darstellung der begrenzenden
Strukturen derzeit unterhalb der MRT-Nachweisgrenze, d.h. der kleinsten, MR-tomographisch
erreichbaren Auflosung liegt. Trotz vieler Fortschritte bezliglich MR-Sequenzen, Feldstarken etc. ist
die raumliche Auflosungsgrenze im Submillimeterraum %8. Daher konnte ein MM bislang nicht in
der strukturellen MRT dargestellt werden. Andere diffusionsbasierte Anséatze zur indirekten
Darstellung biologischer Mikrostrukturen werden bislang noch nicht klinisch angewendet %°. Zur
Beurteilung des Endolymphraums ist aktuell daher eine indirekte, kontrastmittelverstarkte,
strukturelle Methodik notwendig. In den Erstbeschreibungen & wurde eine lokale Kontrastmittel-
applikation gewahlt (Instillation durch das Trommelfell, Seitlagerung des Patienten und dadurch
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ermoglichte Diffusion des Kontrastmittels durch das runde Fenster in die Perilymphe), die MRT-
Bildgebung erfolgte dann 24h spater. Eine lokal-toxische Wirkung der verwendeten Gadolinium-
Losungen konnte bislang weder bestatigt noch sicher widerlegt werden, elektrophysiologische
Veranderungen waren jedoch zumindest im Tierversuch nachweisbar ©°.

Grundlegend limitierend kann auf diese Weise jedoch stets nur ein Innenohr untersucht werden.
Weiterhin ist die lokale Verteilung des Kontrastmittels oftmals inhomogen. Aus diesen Grinden
wurde die intratympanale Kontrastmittelgabe inzwischen Uberwiegend zugunsten der intra-
vendsen Applikation verlassen, welche 2010 erstmals beschrieben wurde 8. Hier besteht typischer-
weise eine Zeitspanne von 4-5 Stunden zwischen KM-Gabe und Bildakquise, in der eine
Kontrastmittelanreicherung in der Perilymphe erfolgt, wahrend die Endolymphe als eigens in der
Stria vascularis produzierte Fllssigkeit kein KM anreichert.

Ein weiteres grundsatzliches Problem der indirekten Endolymphdarstellung im MRT ist die
Abhangigkeit von einer gleichbleibenden und vergleichbaren KM-Aufnahme in der Perilymphe. Da
die untersuchte Struktur nur Uber die Kontrastmittelaufnahme der Umgebungsflissigkeit
dargestellt wird, beeinflussen Faktoren, die die dortige KM-Aufnahme beeintrachtigen, auch das
Abbildungsergebnis. Durch die systemische i.v.-Applikation sind methodenbedingt lokale
Inhomogenitaten zwar theoretisch ausgeschlossen, im Falle lokalisierter bzw. entzindlicher
Prozesse aber dennoch moglich. Mogliche Faktoren, die die Innenohrhomaoostase (und damit KM-
Anreicherung in der Perilymphe) beeinflussen konnen, sind vielfaltig 52754 und noch nicht
abschlieBend erforscht. Eine endgultig verallgemeinerbare Pharmakokinetik der Innenohr-
kontrastierung kann derzeit noch nicht angenommen werden. Uber den Zeitraum von 4-5 Stunden
zwischen KM-Applikation und Bildakquise sind viele individuelle Einflussfaktoren anzunehmen.

Durch die zunehmende Verfligbarkeit der MRT zeigte sich, dass ein ELH jedoch auch bei anderen
Schwindelerkrankungen vorliegen sowie auch ohne Krankheitswert oder jeglicher Symptome bei
gesunden Personen auftreten kann °. Weiterhin fand sich eine zeitliche Dynamik mit schwankender
Ausdehnung des ELH 5. Um die pathophysiologische Relevanz eines ELH realistisch einschétzen
und verlasslich vergleichen zu konnen, sind also Quantifizierungen der MRT-Befunde ndtig. Ziel
dieser Arbeit war daher die Entwicklung und Demonstration einer moglichen Quantifizierung per
volumetrischem /ocal thresholding, welche Uber die bisher bekannten, 2D-schnittbasierten
Graduierungen hinausausgeht und im Wesentlichen ohne menschlichen Input und damit ohne
subjektiv variable Auswerteparameter funktioniert.
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1.3 Quantifizierung des endolymphatischen Raums

1.3.1 Bestehende Ansatze (semi-quantitativ, atlas-basiert, semi-automatisiert)

Die radiologisch erhobenen Daten des Innenohr-MRTs konnen nach verschiedenen Gesichts-
punkten ausgewertet werden. Zur exakten Ausmessung des ELR ist eine manuelle Segmentation
notwendig, welche zeitaufwendig und subjektiv ist. Aus diesem Grund wurden verschiedene
Systeme zur Graduierung eines ELH etabliert, wobei die verbreitetsten in ¢ beschrieben sind. Allen
Systemen gemeinsam ist die 2D-schnittbasierte Auswertung sowie ihre Komplexitat, welche
einerseits eine grofRe Erfahrung der Untersucher:innen erfordert und andererseits die Vergleich-
barkeit der Ergebnisse reduziert. Eine verbreitete Quantifizierung ¢’ verwendet einen midmodiolaren
Schnitt (d.h., auf Hohe des modiolus cochleae, also der knéchernen Achse, um welche sich die
Cochlea windet) und teilt sowohl Cochlea als auch Vestibulum nach festgelegten Kriterien in ELH
dreier Schweregrade (Abbildung 4).

Abbildung 4: 2D-basierte Graduierung (Abbildung aus [Barath et al, 2074]). A: Normalbefund mi
interscalar septum (dinner Pfeil), scala tympani (groBBe Pfeilspitze), osseous spiral lamina/cochlear
auct (dicker Pfejl), scala vestibuli (kleine Pfeilspitze) Sakkulus (gestrichelter Pfeil), Utrikulus
(gepunkteter Pfell). B. cochledrer Hydrops Grad 7 mit Erweiterung und teilweiser Verlegung der scala
vestibuli (dicke durchgezogene Pfeile). Bei einem vestibuldren Hydrops Grad 1 fillt der erweiterte
Endolymphraum (gepunkteter Pfeil) liber 50% des Vestibulums aus, ein Perilymphsaum (gestrichelter
Pfeil) bleibt sichtbar. C. cochledrer Hydrops Grad 2 mit vollstandiger Verlegung der scala vestibul
(dicke, durchgezogene Pfeile). Bei einem vestibuldren Hydrops Grad 2 ist aufgrund der Erweiterung
des Endolymphraums kein Perilymphraum mehr sichtbar (gepunkteter Pfeil).

Ein erster Ansatz zur computergestitzten Analyse wurde 2015 von Girkov et al. 8 beschrieben.
Andere Ansatze zur quantitativen Auswertung wie Radiomics wurden ebenfalls erprobt .
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1.3.2 Herausforderungen einer automatisierten Auswertung des Innenohrs

Die indirekte Endolymphdarstellung im MRT hangt von der KM-Aufnahme der Perilymphe ab. Im
Falle einer insgesamt schwachen Kontrastierung kann insbesondere ein vollautomatisches
System nicht sicher den Unterschied zwischen einer Signalausloschung durch einen ELH oder aber
einer messtechnisch bedingten Minderkontrastierung beurteilen, auch die radiologische
Beurteilung kann sich hier oftmals nur schwerlich festlegen.

Die individuell variable Innenohranatomie darf ebenfalls nicht unterschatzt werden. Jegliche
Ansatze zur Automatisierung mussen diese Variabilitat sowohl in der Verarbeitung als auch in der
Auswertung integrieren, um individuelle Abweichungen von der Durchschnittsanatomie nicht zu
pathologisieren, relevante Befunde jedoch auch nicht zu tbersehen.

Ein weiteres Problem der in-vivo-MRT-Visualisierung der Innenohrfliissigkeiten stellt der fehlende
Goldstandard dar. In post-mortem Praparaten ist eine Beeinflussung des Endolymphraum bzw. der
begrenzenden Strukturen durch unvermeidbare bspw. Gefrierartefakte der standardmaligen
histologischen Aufarbeitung 7° zu erwarten. Auch ist aufgrund der Dynamik des ELH mit noch
Uberwiegend unerforschtem zeitlichem Verlauf 772 selbst bei Vorliegen von post-mortem
Praparaten kein direkter Vergleich der in-vivo und ex-vivo Methoden maglich. Tierversuche mit
experimentell herbeigefihrtem ELH 72 konnen zwar Bildgebung und Euthanasie u. post-mortem-
Beurteilung zeitlich abstimmen 74, stellen jedoch eine artifizielle Situation dar und sind nur begrenzt
auf den Menschen ubertragbar.

1.3.3 Grundlagen Bildverarbeitung: globale und lokale Binarisierung

Thresholding beschreibt in der digitalen Bildverarbeitung eine Methode zur Binarisierung von Daten
/5 anhand eines Schwellwerts. Ein Bild in Graustufen (bzw. ein in die einzelnen Farbkanéle
gesplittetes buntes RGB-Bild) lasst sich auf diese Weise in Vordergrund (weif3, 1) und Hintergrund
(schwarz, 0) aufteilen. Der einfachste denkbare Algorithmus wirde etwa alle Bildintensitaten
oberhalb eines globalen Mittelwerts t (+ einer optionalen Konstante ¢) als Vordergrund sowie alle
Intensitaten unterhalb dieses Wertes als Hintergrund einteilen (Abbildung 5).

pixel = ( pixel > mean - ¢ ) ? object : background

Abbildung 5: Anwendungsbeispiel eines globalen thresholds (mean)
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Elaboriertere Algorithmen arbeiten beispielsweise histogrammbasiert oder verwenden komplexere
Formeln zur Berechnung eines globalen threshold-Wertes t als Cutoff 75 Bei Rohdaten, deren
Intensitat je nach Bildbereich heterogen ist, kdnnen lokale Algorithmen angewendet werden, die
jeweils nur einen frei definierbaren Bildausschnitt fiir einen lokalen Grenzwert verwenden 7. Der
local-thresholding Algorithmus nach Bernsen 78 arbeitet bspw. mit einem frei definierbaren /ocal
contrast threshold. Wenn der /ocal contrast (lokales Maximum - lokales Minimum) in einer
bestimmten Bildregion grol3er oder gleich diesem Wert ist, wird der lokale t-Wert dem /ocal midgray
value gleichgesetzt, also dem Mittel aus lokalem Minimum und lokalem Maximum. Ist der /oca/
contrast unterhalb des contrast thresholds, wird die gesamte Region je nach Mittelwert aus
lokalem Minimum und lokalem Maximum entweder in Vordergrund oder in Hintergrund eingeteilt
(Abbildung 6).

if ( local contrast < contrast threshold )

pixel = ( mid gray >= 128 ) ? object : background
else

pixel = ( pixel >= mid gray ) ? object : background

Abbildung 6: Anwendungsbeispiel eines lokalen thresholds (Bernsen)

Wichtig ist die Anpassung der verwendeten Bildausschnitte je nach raumlicher Ausdehnung der
Zielstruktur, um Klassifizierungsfehler zu vermeiden. Ein zu kleiner Radius fihrt insbesondere bei
hoherem Bildrauschen zu einer fehlerhaften Unterteilung und Pseudokontrastierung eigentlich
homogener Bildareale, ein zu grolRer Radius kann kleinere Strukturen hingegen nicht mehr auflosen
und liefert dann nur noch einem globalen threshold vergleichbare Ergebnisse. Unabhangig vom
verwendeten Radius kommt es zur Ausbildung eines Halos um klare Kanten zwischen homogenen
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Flachen verschiedener Intensitdten mit der Ausdehnung des verwendeten Radius r (siehe
Abbildung 7).

Abbildung 7 Beispiele fehlerhafter Klassifikationen, gezeigt anhand des Bildausschnitts (b) eines
Testquadrats (a). Da Flache 2 dunkler als Fldche 7, jedoch heller als Flache 3 ist, entsteht be
Verwendung eines grolen Radius ein deutlicher Halo (siehe @) mit der Ausdehnung r, welcher bei
Verwendung eines kileinen Radius (siehe c) weniger stort. Bei verrauschten Bildern (e) kann ein
kleiner Radius jedoch keine Fldchen mehr darstellen (1) der groBere Radlius ist hier zuverldssiger (g).
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2. Paper I: VOLT: a novel open-source pipeline

Der Inhalt dieses Kapitels wurde als ,VOLT: a novel open-source pipeline for automatic
segmentation of endolymphatic space in inner ear MRI” veroffentlicht in:

Gerb J, Ahmadi SA, Kierig E, Ertl-Wagner B, Dieterich M, Kirsch V. VOLT: a novel open-source
pipeline for automatic segmentation of endolymphatic space in inner ear MRI. J Neurol 2020;
267(Suppl 1):185-96.

2.1 Kurzzusammenfassung

Um einen ELH im Innenohr-MRT vergleichen zu kénnen, missen die Ergebnisse quantifiziert und
objektiviert werden. In dieser Arbeit wird eine neuartige Methode zur automatischen
volumetrischen Auswertung von kontrastmittelverstarkter zeitverzogerter Innenohrbildgebung
(iIMRI) namens VOLT demonstriert.

VOLT (aus ,Volumetric Local Thresholding”) wurde auf einem Datensatz von Patientinnendaten D1
(bestehend aus 210 Innenohren von 105 Patient:innen, mittleres Alter 50.4 + 17.1 Jahre) entwickelt
und im Anschluss an einem kiinstlichen Testdatensatz D2 (bestehend aus einem Dummyvolumen
(bestehend aus einem 8Bit-Korper mit definierter geometrischer Binnenstruktur) mit artifiziellen
Bildartefakten verschiedener Auspragung und einem zur Entwicklung ungenutzen Patient:innen-
datensatz D3 (aus 20 handisch segmentierten Innenohren von 10 Patientinnen, mittleres Alter
46.8 +14.4 Jahre) validiert. Zur Beurteilung wurde einerseits der Sgrensen-Dice-Koeffezient 7°
errechnet, weiterhin wurde die Segmentationsgenauigkeit durch den Vergleich der jeweiligen
Volumina von Endolymphraum (ELR) und Perilymphraum (PLR) in manueller und VOLT-
Segmentation untersucht.

VOLT konnte insbesondere bei verrauschten Bildern eine bessere Segmentationsrate als ein
validierter Goldstandard liefern. Die errechneten Volumina korrelierten signifikant mit der klinischen
semiquantitaven Graduierung. Die Rechenzeit lag durchschnittlich unter 60 Sekunden.

VOLT ist somit ein zuverlassiges Werkzeug zur Objektivierung von iMRI und kann einen wichtigen
Beitrag in Big-Data-Analysen von Innenohr-MRT bei Patientiinnen mit episodischen Schwindel-
erkrankungen liefern.

2.2 Beitrag zu Paper |

JG: Studiendesign, Datenakquise, Programmierung, Algorithmuserstellung, statistische
Auswertung, Abbildungserstellung, Manuskriptentwurf und -korrektur. AA: Mitarbeit Algorithmus-
erstellung, Manuskriptentwurf und -korrektur, EK: Datenakquise, BEW: Datenakquise, radiologische
Beurteilung, MD: Studiendesign, Finanzierung, Manuskriptentwurf und -korrektur, VK:
Studiendesign, Abbildungserstellung, Manuskriptentwurf und -korrektur.
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Abstract

Background Objective and volumetric quantification is a necessary step in the assessment and comparison of endolymphatic
hydrops (ELH) results. Here, we introduce a novel tool for automatic volumetric segmentation of the endolymphatic space
(ELS) for ELH detection in delayed intravenous gadolinium-enhanced magnetic resonance imaging of inner ear (iMRI) data.
Methods The core component is a novel algorithm based on Volumetric Local Thresholding (VOLT). The study included
three different data sets: a real-world data set (D1) to develop the novel ELH detection algorithm and two validating data sets,
one artificial (D2) and one entirely unseen prospective real-world data set (D3). D1 included 210 inner ears of 105 patients
(50 male; mean age 50.4+17.1 years), and D3 included 20 inner ears of 10 patients (5 male; mean age 46.8 + 14.4 years)
with episodic vertigo attacks of different etiology. D1 and D3 did not differ significantly concerning age, gender, the grade
of ELH, or data quality. As an artificial data set, D2 provided a known ground truth and consisted of an 8-bit cuboid volume
using the same voxel-size and grid as real-world data with different sized cylindrical and cuboid-shaped cutouts (signal)
whose grayscale values matched the real-world data set D1 (mean 68.7 + 7.8; range 48.9-92.8). The evaluation included
segmentation accuracy using the Sgrensen-Dice overlap coefficient and segmentation precision by comparing the volume
of the ELS.

Results VOLT resulted in a high level of performance and accuracy in comparison with the respective gold standard. In the
case of the artificial data set, VOLT outperformed the gold standard in higher noise levels. Data processing steps are fully
automated and run without further user input in less than 60 s. ELS volume measured by automatic segmentation correlated
significantly with the clinical grading of the ELS (p <0.01).

Condusion VOLT enables an open-source reproducible, reliable, and automatic volumetric quantification of the inner ears’
fluid space using MR volumetric assessment of endolymphatic hydrops. This tool constitutes an important step towards
comparable and systematic big data analyses of the ELS in patients with the frequent syndrome of episodic vertigo attacks.
A generic version of our three-dimensional thresholding algorithm has been made available to the scientific community via
GitHub as an ImageJ-plugin.

Keywords Endolymphatic hydrops - Inner ear - MRI - Intravenous application - Contrast agent - Volumetric - Local
thresholding - Automatic segmentation
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Abbreviations

3D Three-dimensional

BI Blurriness

BPPV Benign paroxysmal positional vertigo

BVP Bilateral vestibulopathy

CISS Constructive interference in steady-state

DS Dice score

DSGZ Interdisciplinary German Center for Vertigo
and Balance Disorders

EF Endolymphatic fluid

ELH Endolymphatic hydrops

ELS Endolymphatic space

FLAIR Fluid-attenuated inversion recovery

GRAPPA  Generalized auto-calibrating partially parallel
acquisition

iMRI Delayed intravenous gadolinium-enhanced
magnetic resonance imaging of the inner ear

iv Intravenous

L Left

R Right

MD Meniére’s disease

MRI Magnetic resonance imaging

NEF Non-endolymphatic fluid

ROC Receiver operating characteristics

Sc Scatter

SD Standard deviation

Svv Subjective visual vertical

TLS Total fluid space

U Unclear

Vg Volume of the endolymphatic space

Vr Volume of the total fluid space

vHIT Videooculography during the head-impulse
test

VM Vestibular migraine

VN Vestibular neuritis

VP Vestibular paroxysmia

Introduction

Delayed intravenous gadolinium-enhanced magnetic reso-
nance imaging of the inner ear (iMRI) enables direct, in-
vivo, non-invasive verification of endolymphatic hydrops
(ELH) simultaneously in both inner ears [1]. This reasonably
recent methodical development introduced a broader, more
structured investigation to the clinical syndromes associated
with ELH, which up to then was thought to be pathogno-
monic to Meniére’s disease (MD) [2]. Today, the relation-
ship between ELH and MD symptoms (for review cp [3]),
as well as the specificity of ELH for MD, has come under
scrutiny. The underlying reason is that different ELH pat-
terns can be found not only in MD [4, 5], but also so far in
3.3-28% of healthy ears [6, 7], various inner ear [8—10] and
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central [11-14] pathologies, as well as in anatomic or vas-
cular abnormalities affecting endolymph resorption [15-17].

Because of this, objective and volumetric quantification
is considered a necessary step to assess and compare ELH
results. So far, the clinical gold standard assessment of the
endolymphatic space (ELS) is based on a semi-quantita-
tive and subjective grading reliant on a few MR slices in a
transversal plane. Current ELS MR volumetric assessment
approaches propose either manual or semi-automatic seg-
mentation [18]. Already a considerable improvement, these
approaches lack normalization and require lengthy user
interaction that is not suitable for use in more extensive
group studies or clinical routine.

Here, we introduce a novel tool for automatic volumetric
segmentation of the ELS for ELH detection in iMRI data.
The core component is a novel three-dimensional algorithm
based on Volumetric Local Thresholding (VOLT). The tool
was validated on artificial and prospective real-world data
sets.

Materials and methods
Data sets

The study included three different data sets: data set 1 (D1,
development data set) was used to develop the novel ELH
detection algorithm based on Volumetric Local Threshold-
ing (VOLT). Data set 2 (D2, artificial validation data set) and
data set 3 (D3, prospective validation data set) were used to
validate VOLT on entirely unseen data.

D1 and D3 included real-world data sets from consecutive
patients from the interdisciplinary German Center for Ver-
tigo and Balance Disorders (DSGZ) of the Munich Univer-
sity Hospital (LMU) between 2015 and 2019. Institutional
Review Board approval was obtained before the initiation
of the study (no 64115). Included patients had presented
with episodic vertigo attacks [19] and undergone iMRI as
part of their indicated clinical diagnostic workup to evalu-
ate their ELS. Their data sets were included after they had
given oral and written consent following the Declaration of
Helsinki. The inclusion criteria were age above 18 years.
Exclusion criteria were any MR-related contraindications
[20], poor image quality, or missing MR sequences. D1
included 210 inner ears of 105 consecutive patients (50
male; aged 19-84 years, mean age 50.4 + 17.1 years), and
D3 included 20 inner ears of 10 consecutive patients (5
male, aged 31-69 years, mean age: 46.8 + 14.4 years). D1
and D3 did not differ significantly concerning age, gender,
the grade of endolymphatic hydrops (ELH), or data quality
(intensity, mean grayscale value). A detailed description of
Dland D3 is given in Table 1.
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Table 1 Description of the real-
world data sets
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N (gender) Age Diagnosis ELH ELH grade  Data Quality
DI 105 504 +17.1  32% VM (n=33) 97 outof 210 ears 0.7+ 0.8 1.1+03
(50 male)  range 19-84 28% MD (n=29) 46.2% Range 0-3 Range 0.3-2.3
18% NV (n=19)
17% VP (n=18)
3% BVP (n=4)
2% BPPV (n=2)
D3 10 46.8 £ 144  10% VM (n=1) 7 out of 20 ears 0.7+09 1.1+03
(5 male) range 31-69  70% MD (n=17) 35% Range 0-2.5 Range 0.3-1.6

10% NV (n=1)
10% BPPV (n=1)

D1 and D3 included data sets from consecutive patients from the interdisciplinary German Center for Ver-
tigo and Balance Disorders (DSGZ), Munich, Germany. Included patients had presented with episodic ver-
tigo attacks and undergone delayed intravenous gadolinium-enhanced magnetic resonance imaging of the
inner ear (iMRI) as part of their indicated clinical diagnostic workup. Patients were clinically diagnosed
according to the several international guidelines, most of the classification committee of the international
Barény Society (https://www.jvr-web.org/ICVD.html or https://www.baranysociety.nl) and included the
diagnosis of VM [23], MD [24], VP [25], BPPV [26], BVP [1] and acute unilateral vestibulopathy/vestibu-
lar neuritis [2]. Grading of the ELH in the vestibulum and cochlea was based on criteria described previ-
ously [3], which constitutes a fusion of two classification systems [4, 5]. D1 and D3 did not differ signifi-
cantly concerning age, gender, the grade of ELH, or data quality

+standard deviation, BPPV benign paroxysmal positional vertigo, BVP bilateral vestibulopathy, ELH
endolymphatic hydrops, ELS endolymphatic space, iMRI delayed intravenous gadolinium-enhanced mag-
netic resonance imaging of the inner ear, MD Meniére's disease, N number of participants, VM vestibular

migraine, VP vestibular paroxysmia

As an artificial data set, D2 provided a known ground
truth to test and compare VOLT’s performance to an adapted
version of Otsu’s method [21], which is a recognized fore-
ground/background segmentation algorithm based on global
thresholding at an optimal histogram-derived cutoff. D2 con-
sisted of an 8-bit cuboid volume using the same voxel-size
and grid as real-world data with different sized cylindrical
and cuboid-shaped cutouts (signal) whose grayscale values
matched the real-world data set D1 (mean 68.7 + 7.8; range
48.9-92.8). To this structural basis signal, two types of noise
were added, which imitate the real-world variability of MRI
signals [22]. The noise was added stepwise in the form of
increasing blurriness noise (Gaussian blur kernel, SD range
1-6 voxel in x/y/z-direction; SD =standard deviations) or
increasing scatter noise (Gaussian, SD range of intensity
variation: 0-50 SD). D2 and its varying levels of noise can
be viewed in Fig. la.

D1 and D3-Clinical diagnosis and measurement
of the auditory, semicircular canal, and otolith
functions

Patients were clinically diagnosed according to the interna-
tional guidelines, most of the classification committee of the
international Barany Society (www.jvr-web.org/ICVD.html
or www.baranysociety.nl) for the diagnosis of vestibular
migraine [23], Meniere’s disease [24], vestibular paroxys-
mia [25], bilateral vestibulopathy [26], acute unilateral ves-
tibulopathy/vestibular neuritis [27] and benign paroxysmal

positional vertigo [28]. The diagnoses of the patients within
D1 and D3 can be viewed in Table 1.

Diagnostic workup included a careful neurological and
neuro-otological examination including neuro-orthoptic
assessment (e.g., Frenzel goggles; fundus photography
and adjustments of the subjective visual vertical (SVV) for
graviceptive vestibular function, for methods, see [29]),
video-oculography during the head-impulse test (vHIT)
for dynamic vestibular function (for methods, see [30, 31]),
audiometry, and MR imaging of the whole brain including
the cerebellopontine angle and brainstem.

D1 and D3-Sequence protocol and grading
of the delayed gadolinium-enhanced ivMRI
of the inner ear

Four hours after intravenous injection of a standard dose
(0.1 ml/kg body weight, i.e., 0.1 mmol/kg body weight) of
Gadobutrol (Gadovist®, Bayer, Leverkusen, Germany),
MR imaging data were acquired in a whole-body 3 T MR
scanner (Magnetom Skyra, Siemens Healthcare, Erlangen,
Germany) with a 20-channel head coil. Head movements
were minimalized in all three axes using a head position-
ing system for MRI (Crania Adult 01, Pearl Technology
AG, Schlieren, Switzerland). A 3D-FLAIR sequence was
used to differentiate endolymph from perilymph and bone,
and a CISS sequence to delineate the total inner ear fluid
space from the surrounding bone. A T2-weighted, three-
dimensional, fluid-attenuated inversion recovery sequence
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blurin s

bluriness

Fig.1 D2 artificial data set-visualization and results. As an arti-
ficial data set, D2 provided a known ground truth to test and com-
pare VOLT cutoff versions to Otsu’s method. a A transversal slice-
wise visualization of D2 in the middle. D2 can be viewed in the very
middle and included an 8-bit cuboid volume with different sizes of
cylindrical and cuboid-shaped cutouts (signal). To this signal differ-
ent types of real-world MRI imitating noise were added stepwise in
the form of increasing blurriness (Gaussian blur kernel, SD range
1-6 voxel in x/y/z-direction; SD =standard deviations, visualized to
the left) and increasing scatter (SD range of intensity variation: 0-50
SD, visualized to the right). b Based on empirical observations in the
development data set (D1), VOLT was compared to Otsu’s method
(O=grey) at three cutoff variations (c6=forest green, c8=red,
cl0=yellow). Both VOLT cutoff versions and Otsu’s method fared
better with blurriness noise (x-axis of the left graph) in compari-
son with scatter noise (x-axis of the right graph). More specifically,
VOLT cutoff versions showed a high level of agreement in terms of
Dice overlap (y-axis within the graphs) with Otsu’s scores in data sets
with low noise levels (please compare blurriness 2, framed in mint
green and scatter 20, framed in pink). The higher the noise level, the
more VOLT cutoff versions outperformed Otsu’s method (please note
blurriness 5, framed in purple and scatter 50, framed in blue). The
corresponding output (¢) can easily be compared with the ground-
truth by following said color frames. D2 data set 2, c6 cutoff 6, ¢8
cutoff 8, ¢10 cutoff 10, O Otsu’s method

(3D-FLAIR) with the following parameters: TR 6000 ms,
TE 134 ms, TI 2240 ms, FOV 160 x 160 mm?, 36 slices,
base resolution 320, averages 1, acceleration factor of 2
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using a parallel imaging technique with a generalized auto-
calibrating partially parallel acquisition (GRAPPA) algo-
rithm, slice thickness 0.5 mm, acquisition time 15:08 min
was carried out. A high-resolution, strongly T2-weighted,
3D constructive interference steady state (CISS) sequence
of the temporal bones was performed to evaluate the anat-
omy of the whole-fluid-filled labyrinthine spaces with the
following parameters: TR 1000 ms, TE 133 ms, FA 100°,
FOV 192 192 mm?, 56 slices, base resolution 384, aver-
ages 4, acceleration factor of 2 using GRAPPA algorithm,
slice thickness of 0.5 mm and acquisition time 8:36 min. The
presence of ELH was observed on the 3D-FLAIR images as
enlarged negative-signal spaces inside the labyrinth, accord-
ing to a previously reported method [32, 33]. The decision to
apply a single-dose contrast agent was made because of the
ongoing discussion about gadolinium deposition within the
dentate nucleus and globus pallidus after repeated adminis-
tration of gadolinium-based contrast agents [34—-37]. It was
not considered ethical to apply higher doses of contrast agent
if not necessary. Accordingly, only patients with a diagnostic
benefit were included in the study.

Evaluation of the iMRI and grading of the ELS was per-
formed independently by two experienced head and neck
radiologists and a neurologist who was blinded to the clini-
cal patient data. If discrepancies arose, a consensus was
reached by discussion. The characterization of the ELS in
the vestibulum and cochlea was based on criteria previously
described [12], which constitutes a fusion of two classifica-
tion systems [38, 39]. D1 and D3 did not differ significantly
concerning the grade of ELH. An overview of ELH grade
and data quality for data sets D1 and D3 can be viewed in
Table 1.

D1-Development of the automatic segmentation
tool for ELH detection based on Volumetric Local
Thresholding (VOLT)

VOLT was developed on the real-world data set D1 using
exclusively universal access software, namely 3D Slicer
version 4.11 toolbox [40] including the TOMAAT plugin
[15], as well as Imagel Fiji [41] including the “Fuzzy and
artificial neural networks image processing toolbox™ [42]
and the “MorphoLibJ Toolbox™ [43](see an overview of the
overall pipeline including VOLT-based ELS segmentation
in Fig. 2a, b).

Data pre-processing included the following steps

VOLT operates on a pre-segmented region-of-interest (ROI)
of the inner ear, which requires a series of data pre-process-
ing steps. First, FLAIR and CISS sequences were interpo-
lated to a voxel size of 0.25 mm X 0.25 mm X 0.25 mm using
a bicubic interpolation algorithm in Imagel. Then, left and
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a: data pre-processing

CISS
MRI-Scan

Eﬁ)’

FLAIR
MRI-Scan

Cropped
FLAIR

Contrast
Enhancement

VOLT generating
8 thresholded volumes
per reconstruction

3D
Reconstruction

Fig.2 VOLT flowchart and output examples. The flowchart shows a
step-by-step overview of the VOLT processing pipeline of a left inner
ear. The different steps correspond to the boxes in a counterclockwise
fashion (a, b, ¢). a Describes data pre-processing, b data processing,
and ¢ shows output examples. Within each box, processing steps fol-
lowing orange arrows indicate the order of the main program steps,
and green arrows indicate supporting steps. Data pre-processing (a)
consists of cropping the inner ear from CISS and FLAIR MR images
(only step requiring user input), co-registration, and using a cloud-
based deep convolutional neural network (CNN) to create a mask
of the inner ear. During data processing, (b) the mask is dilated to
include a small seam around the inner ear region-of-interest (ROI).
Then, a fusion volume is created, contrast-enhanced, and the fusion

L

Final Result
Fusion

Transversal Reconstruction &
Re-sampling into 1 Volume

volume is 3D reconstructed. VOLT is performed, volumes are
reconstructed into a transversal plane and re-sampled into one vol-
ume. After 3D blurring, single-voxel noise is removed, and a three-
dimensional outline based on the mask is added to the final result.
(c) depicts two output examples of the right inner ear. The upper row
shows the corresponding cropped FLAIR-MR image; the middle row
shows a 2D depiction of the VOLT output, and the lower row shows
the 3D visualization of VOLT-output. The inner ear to the left dis-
plays no endolymphatic hydrops (ELH). The inner ear to the right
displays an ELH grade 2. CISS constructive interference in steady-
state, MR magnetic resonance, FLAIR fluid-attenuated inversion
recovery, VOLT volumetric local thresholding

@ Springer



2 Paper |: VOLT: a novel open-source pipeline

29

$190

Journal of Neurology (2020) 267 (Suppl 1):5185-5196

right inner ears were cropped using a rectangular selection,
converted to nrrd-files, and imported into 3D-Slicer. To
obtain an ROI of the overall inner ear region, a voxel-wise
segmentation of this cropped region needed to be obtained.
To this end, we applied a recently proposed deep convolu-
tional neural network (CNN), deployed via the TOMAAT
module in 3D-Slicer [44]. This step first normalizes the
orientation of the cropped volume by affine image registra-
tion (BRAINSFit toolkit [45]) and then applies a pre-trained
volumetric CNN with V-net architecture [46]. The V-net
output yields a segmentation into two labels, either inner
ear or background. The “inner-ear” segmentation, hereafter
referred to as “mask”, was converted into an 8-bit binary
volume and volumetrically dilated using 3D morphological
filtering. As dilation adds a thin shell of anatomy surround-
ing the inner ear, this step allows the amount of false-nega-
tive classifications by the VOLT segmentation algorithm to
be reduced. An overview of the pre-processing required for
VOLT-based ELS segmentation can be viewed in Fig. 2a.

Data processing included the following steps

Two locally adaptive thresholding algorithms (“Bernsen”
[47] and “Mean”) were used in the three planes, and in four
varying radii, respectively, to differentiate between endo-
lymphatic fluid (EF) and non-endolymphatic fluid (NEF).
These intermediate segmentations were then reconstructed
in a transversal plane and aggregated into one final segmen-
tation volume. Close attention was paid to avoid the inclu-
sion of false positives into the ELS, by considering only
voxels within a volumetrically strict outer shell of the inner
ear (see pre-processing). As a next step, single-voxel-noise
was reduced using a 3D Gaussian blurring algorithm. The
first mask was used to create a single pixel-sized borderline
(=0.25 mm) in all three planes to ultimately avoid false-
positive classifications in the corner regions of these three
planes. The resulting 3D volume can then be regarded as a
probabilistic map of the inner ear, which included the clas-
sification into its two different compartments (endolym-
phatic and perilymphatic space). The final classification then
strongly depends on the chosen cutoff. Each cutoff matches a
percentage of positive classifications. For example, cutoff 6
(c6) corresponds to 79.2%, cutoff 8 (¢8) to 70.8% and cutoff
10 (c10) to 62.5% classifications into endolymphatic space.
Based on empirical observations in the development data
set (D1), VOLT was validated at three cutoff variations (c6,
c8, c10; Fig. 2b).

Automatization and pipeline creation
A script written in the IJ1M-macro-language was used

to automate pre-processing and processing in FIJI. User
input was required solely for supervision purposes during
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cropping, registration, and segmentation. The remaining
features (pre-processing, volumetric reconstruction, contrast
enhancement, fusion, thresholding, and post-processing)
work automatically.

D1, D2 and D3-Methods for validation

VOLT with three different cutoffs (c6, ¢8, c10) was validated
on the artificial data set D2 and the prospective real-world
data set D3. Segmentation accuracy was evaluated using
the Sgrensen-Dice overlap coefficient, which is defined as
2 * XN YV/IXI+1Y] for segmentations X and Y [48], as a
measure of region overlap between gold standard segmenta-
tion and the automatically obtained segmentations from the
VOLT pipeline.

Segmentation precision was estimated by comparing
the volume of the ELS (Vi) between segmentation meth-
ods. Structurally, the human inner ear can be pictured as
an external, bony hose system (called the bony labyrinth,
containing perilymph) and an inner hose system (called the
membranous labyrinth, containing endolymph). The total
lymph fluid space includes the inner hose system’s ELS and
the surrounding perilymphatic space.

Receiver operating characteristics (ROC) analysis was
used to show the (in)dependence of the performance of the
methods from the grade of the ELH or the distribution of
the fluids within the total fluid space (TFL) and the SNR of
the iMRI data set.

D1, D2 and D3 statistics and map display

The data were analyzed with SPSS 20.0 (SPSS, Chicago, IL,
USA). Differences between data sets overall were assessed
using a paired t-test, which was Bonferroni-corrected for
multiple testing and viewed at p <0.01 and p <0.05. Lin-
ear agreement between parameter pairs was calculated for
each method separately using the two-sided Spearman’s cor-
relation coefficient and reported at a significance level of
p<0.01 and p<0.05. For Receiver operating characteristics
(ROC) analysis, the original Fortran program JLABROC4
(by Charles Metz and colleagues, Department of Radiology,
University of Chicago; Java translation by John Eng, Russel
H Morgan Department of Radiology and Radiological Sci-
ence, Johns Hopkins University, Baltimore, Maryland, USA,
Version 2.0, March 2017) was used.

Results
VOLT implementation on D1

After implementation on data set D1, the novel tool for auto-
matic segmentation of the endolymphatic space (ELS) with
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a novel algorithm based on Volumetric Local Thresholding
(VOLT) ran smoothly and showed no operational or sta-
bility issues. VOLT does not require especially powerful
hardware or closed-source software. The only prerequisite
is the installation of universal access software, namely 3D
Slicer toolbox [40] including the TOMAAT plugin [15], as
well as Imagel] Fiji [41] including the “Fuzzy and artificial
neural networks image processing toolbox™ [42] and the
“MorphoLibJ Toolbox™ [43].

The only step requiring user input was the cropping step.
While this step required a rough selection of the inner ear
and could easily be automatized, it allowed a quick and easy
visual assessment of the source images and was therefore
considered a suitable quality control mechanism. Cropping
was performed in order to reduce computation time as well
as allow for easier registration of the inner ears; the registra-
tion step was necessary to ensure correct positioning of the
CISS-based hull relative to the FLAIR. For both registration
and CNN segmentation, the necessary user input was limited
to entering parameters and starting the process. After the
CNN segmentation the user had to save the segmentations
as a new file manually. As an orientation, pre-processing
steps of one single-subject data set can be performed in less
than ten minutes by an experienced user on a standard con-
sumer laptop (Windows10 (64Bit), Intel® Core i5-4200U
@1,6 GHz, 8 GB RAM).

Data processing steps are fully automated and run with-
out further user input in less than 60 s. Volumetric local
thresholds can be adapted to signal-to-noise ratio (SNR) of
different data sets. Output files include 3D volumetric quan-
tification of TLS and ELS in mm® and a 3D visualization of
the inner ear. Examples of single-subject VOLT-based inner
ear segmentations show different grades of ELH (Fig. 2c).

VOLT performance on artificial data set D2

D2 was created to have a ground truth data set featuring
challenges found in inner ear imaging, namely low contrast
and high noise. Similar to actual iMRI, the regions of inter-
est were three-dimensional volumes of different sizes. This
proofed to be difficult for 2D-algorithms, whereas three-
dimensional methods could analyze the data set better.

As an artificial data set, D2 provided a known ground
truth to test and compare VOLT’s performance to an adapted
version of Otsu’s method (O) [21], which is a recognized
foreground/background segmentation algorithm based on
global thresholding at an optimal histogram-derived cutoff.
Based on empirical observations in the development data
set (D1), VOLT was compared to O at three cutoff varia-
tions (c6, c8, c10). On average, over all noise conditions,
the Dice score (DS) of VOLT cutoff versions (c6: 90%, c8:
92%; c¢10: 92%) outperformed Otsu’s method (82%). Both
VOLT cutoff versions and Otsu’s method fared better with

blurriness noise (DS:0: 91%; c6: 92%, c8: 93%; c10: 94%)
in comparison with scatter noise (DS O: 82%; c6: 87%, c8:
91%; c10: 90%). More specifically, VOLT cutoff versions
showed a high level of agreement in terms of Dice overlap
with Otsu’s scores in data sets with low noise levels (Bl
1-4; Sc 10). The higher the noise level, however, the more
VOLT cutoff versions outperformed Otsu’s method (Bl 5-6;
Sc 20-60), with c8 showing an overall best performance
independent of noise levels. All results are presented in
Table 2 and Fig. 1b, c.

VOLT performance on prospective real-world data
setD3

D3 included previously entirely unseen real-world data
sets from 10 consecutive patients (=20 inner ears) and was
used to validate VOLT on entirely unseen data. Ear-specific
segmentation accuracy was evaluated using the Sgrensen-
Dice overlap coefficient (DS), and segmentation precision
were estimated by comparing the volume of the ELS (V).
Performance (DS) of VOLT with the three different cutoffs
¢6: 97.0% + 0.7, ¢8: 96.6% + 0.8, ¢10: 95.9% 97% + 0.9)
highly overlapped with the manual segmentation. On aver-
age, c8 gave a close representation of the actual volume
seen in the manual segmentation, while c6 tended to under-
estimate and c¢10 to overestimate the endolymphatic space
volume methodically. Note that the grade of ELH corre-
lated significantly with the endolymphatic volume of both
the manual segmentation method (two-sided, r(18)=0.475,
p=0.034) and with VOLT cutoff variations c6 (two-sided,
r(18)=0.553, p=0.011)—8 (two-sided, r(18) =10.566,
p=0.009)-c10 (two-sided, r(18)=0.569, p=0.009).
Receiver operating characteristics (ROC) analysis showed
the grade of the ELH to be a good classifier for the computed
volume of the ELS (fitted ROC area: 0.9). Table 2 shows an
overview of the performance and accuracy results of each
segmentation method. Figure 3 gives an ear-specific over-
view of each validation parameter.

Discussion

An open-source tool for automatic volumetric segmenta-
tion of the endolymphatic space (ELS) for endolymphatic
hydrops (ELH) detection in intravenous, delayed, gadolin-
ium-enhanced magnetic resonance imaging of the inner ear
(iMRI) data was developed on a real-world data set includ-
ing 210 inner ears. The core component is a novel algorithm
based on Volumetric Local Thresholding (VOLT). Tool vali-
dation in two data sets, one artificial data set that provided
a known ground truth and one real-world that included 20
previously unseen inner ears, resulted in a high level of per-
formance and accuracy in comparison with the respective
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Table2 Overview of results

A
Data set Noise Scale Otsu’s Cutoff 6 Cutoff 8 Cutoff 10
D2 BI 1 99.4% 95.0% 98.0% 98.7%
2 97.6% 93.7% 95.5% 96.7%
3 93.8% 92.0% 93.4% 94.6%
4 90.3% 90.3% 91.2% 92.7%
6 85.8% 90.0% 90.8% 91.5%
Sc 10 98.5% 88.4% 93.6% 97.9%
20 88.7% 87.9% 93.0% 96.9%
30 81.2% 87.7% 92.2% 93.5%
40 76.1% 87.4% 90.5% 87.6%
50 74.3% 86.5% 88.0% 82.3%
60 73.2% 85.6% 86.3% 80.5%
B
Data set Validation M Cutoff 6 Cutoff 8 Cutoff 10
D3 DS Gold standard 97.0% + 0.7 96.6% + 0.8 95.9% + 0.9
range 95.6-97.9 range 95.0-97.7 range 93.8-97.2
Vg 16.7 mm’ +5.5 11.5mm’ +5.7 17.1 mm’ + 7.4 23.3 mm’ + 8.7
range 8.8-30.7 range 5.0-25.5 range 8.4-33.6 range: 13.0-41.0
Vg/M 1 0.7+£0.2 1+02 1.4+£03
range 0.4-0.9 range 0.7-1.5 range 1.0-2.1
' 276.2 mm? + 37.6 (range 223.6-347.6)

As an artificial data set, D2 provided a known ground truth to test and compare VOLT cutoff versions to Otsu’s method (O). A shows an over-
view of the Dice scores (DS) of each segmentation method (Otsu’s, cutoff 6, cutoff 8, cutoff 10) concerning the real-world MRI imitating noise
that was added stepwise in the form of increasing blurriness noise (Bl, Gaussian blur kernel, SD range 1-6 voxel in x/y/z-direction; SD = stand-
ard deviations) or increasing scatter noise (Sc, SD range of intensity variation: 0-50 SD). For visualization of the added noise and results, see
Fig. la. D3 included real-world data sets from consecutive patients from the interdisciplinary German Center for Vertigo and Balance Disorders,
Munich, Germany. Part B shows an overview of the results’ mean of each segmentation method (manual segmentation that was considered as
the gold standard and VOLT with three different cutoffs 6, 8, 10). Segmentation accuracy was evaluated using the Sgrensen-Dice overlap coeffi-
cient, and segmentation precision were estimated by comparing the volume of the ELS (V). The ratio V/M was supplied to show the deviation
of each cutoff from the gold standard, which was the manual segmentation. The V ranges include all different grades of endolymphatic hydrops

+standard deviation, B/ blurriness, DS Dice score, Sc scatter, Vy; volume of the endolymphatic space, V; volume of the total fluid space

gold standard (Otsu’s method and manual segmentation).
In the case of the artificial data set, VOLT outperformed the
gold standard in higher noise levels. VOLT endolymph vol-
ume significantly correlated with the clinical grading of the
ELS. VOLT operates on a pre-segmented region-of-interest
(ROI) of the inner ear, which requires a series of data pre-
processing steps (duration < 10 min). Data processing steps
are fully automated and run without further user input in
less than 60 s.

VOLT-performance and usability

Objective and volumetric quantification is a necessary step
to assess and compare ELH results between studies and
hospitals. So far, the clinical gold standard assessment
of the ELS is based on a semi-quantitative and subjec-
tive grading reliant on a few MR slices in the transversal
plane. In addition, different ELH classifications are being
used in parallel [38, 39, 49, 50]. While manual volumetric
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segmentation is the gold standard for volumetric quan-
tification, it is highly subjective and dependent on the
rater’s experience and knowledge, not to mention time-
consuming. VOLT allows objective, easily reproducible,
and reliable stand-alone volumetric ELH quantification
and grading, which closely matches manual segmentation,
highly correlates with clinical ELH grading, and performs
particularly well in data with a low signal-to-noise ratio.
The main advantage of VOLT is its local thresholding
algorithm, which enables more flexible and stable results
in comparison to global thresholding algorithms (such as
Otsu’s method). Inhomogeneous image intensities and
local brightness variations are adequately compensated
for [48, 51]. The robustness and flexibility of VOLT to
image artifacts can be further increased using different
radius sizes. Importantly, results in Fig. 1 demonstrate that
VOLT does not yield perfect segmentation in the absence
of noise (not probable in real-world data), but instead
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Fig.3 D3 prospective validation data set results. D3 was used to vali-
date VOLT on entirely unseen real-world data (20 inner ears). VOLT
with the three variations cutoff 6 (c6=dark green), cutoff 8 (c8 =red),
and cutoff 10 (c10=yellow) were compared to manual (M) segmenta-
tion (= grey, that was considered the gold standard). Ear-specific seg-
mentation accuracy was evaluated using the Sgrensen-Dice overlap
coefficient (DS, upper graph), and segmentation precision were esti-
mated by comparing the volume of the ELS (V, middle graph). Over-
all, DS of all three VOLT variations was high (c6: 97.0%=+ 0.7, c8:
96.6%=+ 0.8, c10: 95.9% 97%=+ 0.9). The influence of endolymphatic
hydrops (ELH=colored light green) and data quality (dQ =colored
blue) can easily be seen in the lowest graph. Data quality was defined
as mean the greyscale value (or intensity). Note that the grade of ELH
correlated significantly with the endolymphatic volume of both the
manual segmentation method (p <0.05) and VOLT cutoff variations
¢6-8—-10 (p<0.01). c6 cutoff 6, c8 cutoff 8, c10 cutoff 10, D3 data set
3, dQ data quality, DS Dice score, M manual segmentation

performs more favorably and more stably in the presence
of increased noise (very probable in real-world data).

Current ELS MR volumetric assessment approaches
remain few and involve a manual or semi-automatic segmen-
tation [6, 18, 50, 52]. Already a considerable improvement,
these approaches require lengthy user interaction that is not
suitable for use in more extensive group studies or clini-
cal routine. Also, the software used tends to be attached to
expensive software, and the uncompiled source is not avail-
able for public review.

VOLT runs smoothly and does not require especially
powerful hardware or closed-source software. As an orien-
tation, pre-processing steps of one data set can be performed
in less than ten minutes by an experienced user on a standard
consumer laptop. Data processing steps are fully automated
and run without further user input in less than 60 s. Volu-
metric local thresholds can be adapted to the signal-to-noise
ratio (SNR) of different data sets. Output files include 3D
volumetric quantification of TLS and ELS in mm? and a 3D
visualization of the inner ear. The endolymphatic volumes
conformed to those previously reported [53, 54].

VOLT flexibility-deep learning is beneficial
but not a requirement

Inner ear segmentation is a prerequisite step for VOLT-
based ELH segmentation and is currently performed via
a novel CNN-based deep learning approach [43], which
is deployed as a module in 3D-Slicer [40]. This CNN was
trained in-house at our department, on a separate iMRI data
set obtained on the same MRI scanner and with the same
imaging sequence parameters as our study. As such, this
method was a natural choice for inner ear ROI segmentation
in our data set, especially because segmentations were not
only highly accurate but also obtainable in comparably fast
execution time (<5 s). A downside is that this network likely
has difficulties in generalizing to data from other scanners or
imaging sequence settings, e.g., from other clinics. There-
fore, we do not assume a TOMAAT/V-Net segmentation as a
fixed component of the current ELH segmentation pipeline.
The inner ear ROI can also be obtained by other segmenta-
tion approaches, most prominently using atlas-based reg-
istration. Recently, two in-vivo MRI atlases and templates
were proposed, one offering a probabilistic segmentation
of the inner ear’s bony labyrinth [46], the other offering a
high-resolution multivariate template for T1-, T2- and CISS-
weighted MRI imaging [41]. Both atlases can yield accurate
segmentation of the inner ear ROI while being much more
generalizable to MRI data from previously unseen scan-
ners or acquisition sites, in particular, if multivariate MRI
appearances are available as in [41]. The downside of atlas-
based segmentation is the high computational complexity of
deformable atlas registration algorithms that align the atlas

@ Springer



2 Paper |: VOLT: a novel open-source pipeline

33

5194

Journal of Neurology (2020) 267 (Suppl 1):5185-5196

to the target volume. With carefully tuned parametrizations,
such algorithms can achieve highly accurate segmentation,
but segmentations can take 10 min to 2 h per volume [47],
compared to <5 s computation time for deep neural nets
such as [43]. Overall, we, therefore, recommend the usage
of deep neural nets for inner ear segmentation predictions;
however, the correct way to generalize the network to new
sites, e.g., via transfer learning, remains to be established
in future work.

Methodical limitations

There are methodical limitations in the current study that
need to be considered in the interpretation of the data. First,
the performance of VOLT is highly dependent on the seg-
mentation of the inner ear. An inner ear mask that includes
parts of the dark background voxels surrounding the inner
ear structures would lead to a false-positive attribution to
the ELS. VOLT’s high performance and accuracy values
are probably in part attributable to the novel CNN-based
deep learning approach. Second, VOLT does not include
any anatomical knowledge. In the best case, this means that
the algorithm is entirely unbiased, i.e., not influenced by any
prior morphological assumptions. The downside is a lack
of exclusion of apparent errors that would be noticed by the
human examiner.

An example would be segmentation errors that included
surrounding structures into the ROI. A human examiner
would know not to expect endolymph in the outermost tips
of the cochlea or vestibulum. However, an algorithm does
not. This is one reason VOLT is designed unusually strict
in margin areas. Finally, VOLT (or any ELS segmentation
method) is by nature highly dependent upon the resolution
and contrast of the MRI raw data to be able to distinguish
between endolymphatic and perilymphatic space.

Conclusion

We propose a novel pipeline for the automatic segmenta-
tion of endolymphatic hydrops in inner ear MRI. The core
component is a novel algorithm based on Volumetric Local
Thresholding (VOLT). Tool validation on artificial and real-
world data resulted in a high level of performance and accu-
racy, in particular in low signal-to-noise ratio. ELS volume
significantly correlated (p <0.01) with the clinical grading
of the ELS. A generic version of our three-dimensional
thresholding algorithm has been made available to the sci-
entific community via GitHub as an ImageJ-Plugin (https://
github.com/j-gerb/3d-thresholding/tree/master).
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Der Inhalt dieses Kapitels wurde als “Intravenous Delayed Gadolinium-Enhanced MR Imaging of
the Endolymphatic Space: A Methodological Comparative Study” veroffentlicht in:

Boegle R, Gerb J, Kierig E, Becker-Bense S, Ertl-Wagner B, Dieterich M, Kirsch V. Intravenous Delayed
Gadolinium-Enhanced MR Imaging of the Endolymphatic Space: A Methodological Comparative
Study. Front Neurol 2021; 12:647296.

3.1 Kurzzusammenfassung

Komparative Studien, welche Akquiseprotokolle von Innenohr-MRT (iMRI) vergleichen, fehlen
bislang. In dieser Arbeit wurden 75 Patient:innen mit MM (mittleres Alter: 55.2 + 14.9 Jahre) und
33 gesunde Probanden (mittleres Alter: 46.4 + 15.6 Jahre) untersucht, um die MR-Eigenschaften
des Endolymphraums abhangig von der Bilderstellung sowie in Zusammenschau mit den
klinischen und neurophysiologischen Testergebnissen zu beurteilen sowie zu analysieren,
inwieweit ein ELH selbst das MR-Signal beeinflussen kann.

Alle Probanden wurden neuro-otologisch untersucht (inklusive Wasserkalorik, Kopfimpulstest u.
Hortest). Die MRT-Daten wurden sowohl semiquantitativ als auch mittels VOLT ausgewertet.

In der Studie konnte gezeigt werden, dass Signal-Rausch-Verhaltnis (SNV) und Signalintensitat (S|,
gemessen an mehreren manuell ausgewahlten Regionen im endo- und perilymphatischen Raum,
Hirnparenchym, Felsenbeingewebe sowie der Umgebung auerhalb des Schadels) weder ELH-2D-
noch 3D-Quantifizierungen beeinflussen und beide miteinander hochsignifikant korrelieren, wobei
die 3D-Auswertung weniger Varianz zeigte. Als klinische Parameter waren Asymmetrie-Index und
raumlich normalisierter ELH (d.h. Endolymphvolumen/Innenohrvolumen) am aussagekraftigsten.

Zusammenfassend sollten 3D-Auswertungen oder international etablierte semiquantitative
Methoden angewandt werden. Fir die Auswertung klinischer Verlaufsparameter sind 3D-
Quantifikationen am geeignetsten und damit kiinftig zu fordern.

3.2 Beitrag zu Paper |

RB: Studiendesign, Datenanalyse, Manuskriptentwurf. JG, EK, SB-B, und BE-W: Datenakquise,
Datenanalyse, Manuskriptentwurf. MD: Studiendesign, Finanzierung, Manuskriptentwurf. VK:
Studiendesign, Datenakquise, Datenanalyse, Manuskriptentwurf, Finanzierung.
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In-vivo non-invasive verification of endolymphatic hydrops (ELH) by means of intravenous
delayed gadolinium (Gd) enhanced magnetic resonance imaging of the inner ear
(IMRI) is rapidly developing into a standard clinical tool to investigate peripheral
vestibulo-cochlear syndromes. In this context, methodological comparative studies
providing standardization and comparability between labs seem even more important,
but so far very few are available. One hundred eight participants [75 patients with
Meniere’s disease (MD; 55.2 + 14.9 years) and 33 vestibular healthy controls (HC;
46.4 + 15.6 years)] were examined. The aim was to understand () how variations
in acquisition protocols influence endolymphatic space (ELS) MR-signals; (i) how ELS
quantification methods correlate to each other or clinical data; and finally, (i) how
ELS extent influences MR-signals. Diagnostics included neuro-otological assessment,
video-oculography during caloric stimulation, head-impulse test, audiometry, and
iMRI. Data analysis provided semi-quantitative (SQ) visual grading and automatic
algorithmic quantitative segmentation of ELS area [2D, mm?] and volume [3D, mm?3]
using deep learning-based segmentation and volumetric local thresholding. Within
the range of 0.1-0.2 mmol/kg Gd dosage and a 4h + 30min time delay, SQ
grading and 2D- or 3D-quantifications were independent of signal intensity (SI) and
signal-to-noise ratio (SNR; FWE corrected, p < 0.05). The ELS quantification methods
used were highly reproducible across raters or thresholds and correlated strongly
(0.3-0.8). However, 3D-quantifications showed the least variability. Asymmetry indices
and normalized ELH proved the most useful for predicting quantitative clinical data.
ELH size influenced Sl (cochlear basal turn p < 0.001), but not SNR. Sl could not
predict the presence of ELH. In conclusion, (1) Gd dosage of 0.1-0.2 mmol/kg after
4h +£ 30min time delay suffices for ELS quantification. (2) A consensus is needed
on a clinical SQ grading classification including a standardized level of evaluation
reconstructed to anatomical fixpoints. (3) 3D-quantification methods of the ELS are best
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suited for correlations with clinical variables and should include both ears and ELS values
reported relative or normalized to size. (4) The presence of ELH increases signal intensity

in the basal cochlear turn weakly, but cannot predict the presence of ELH.

K. L tolvmbhatic hvd:

Y

INTRODUCTION

In-vivo non-invasive verification of endolymphatic hydrops
(ELH) by means of delayed gadolinium (Gd) enhanced magnetic
resonance imaging of the inner ear (iMRI) is rapidly developing
into a standard clinical tool to investigate episodic vertigo (1-
3). This is due to iMRI allowing pre-mortem detection of
ELH for the first time (4, 5), demonstrating that ELH is not
pathognomonic to Meniére’s disease (MD) (6-8), but rather
a concomitant that can be found in various etiologies of
episodic vertigo (9-13). Consequently, the clinical prevalence
and pathophysiological significance of ELH has yet to be
conclusively clarified. Understanding the underpinnings of the
ELH syndrome requires a systematic investigation of pathologies
involving endolymphatic space (ELS) changes as well as its base
physiological condition.

Data acquisition protocols have undergone a continuous
optimization of MR sequences (14, 15), as well as a steady
minimization of procedural invasiveness (via a shift from
intratympanic to intravenous application), duration and Gd
dosage (16-18). A variety of cochlear and vestibular ELH
quantification conventions have been suggested, including ELS
semi-quantitative visual grading (19-25), manual measurement
(26-28), semi-automatic (29, 30), and automatic algorithmic area
ratio (AR), and volumetric segmentation (31, 32).

Given the plurality of approaches (some manual, some
algorithmic), not all published results are inherently comparable.
ELH features may vary greatly depending on ELS classification
(for an overview, see Table 1) and data analysis choices. In
this context, methodological comparative studies providing
normalization and standard values between the methods and
classifications used seem all the more important but still

Abbreviations: +, standard deviation; 2D, two-dimensional; 3D, three-
dimensional; AR, area ratio; Al, asymmetry index; B, bilateral; ¢, cochlea;
contra, contralateral; CEMD, central eye movement disorder; CISS, constructive
interference in steady-state; d, definite; Diff-ER, ELS ratio of the side difference;
DL, deep learning; ELH, endolymphatic hydrops; ELS, endolymphatic space;
ER, ELS ratio; FLAIR, fluid-attenuated inversion recovery; Gd, gadolinium;
GBCA, Gd-based contrast agents; Gd-DOTA, gadoteric acid (trade name:
Dolarem®); Gd-Do3A, gadobutrol (trade name: Gadovisl@/); Gd-DTPA-BM,
gadodiamide (trade name: Omniscan®); Gd-DTPA, gadopentetic acid (trade
name: Magnevist®); Gd-HP-DO3A, gadoteridol (trade name: ProHance®);
GLM, general linear model; GRAPPA, generalized auto-calibrating partially
parallel acquisition; HC, healthy controls; HIT, head-impulse test; iMRI, delayed
intravenous gadolinium-enhanced MRI of the inner ear; ipsi, ipsilateral; iv,
intravenous; L, left; R, right; MD, Meniere’s disease; minEn, minimum energy
statistic; MMD, maximum mean discrepancy; MRI, magnetic resonance imaging;
n, number; p, possible; ROI, region-of-interest; std, standard deviation; SNR,
signal-to-noise ratio; SVV, subjective visual vertical; TES, total fluid space; v,
vestibulum; vHIT, video-oculography during head-impulse test; VM, vestibular
migraine; VOG, video-oculography.

hatic space, inner ear imaging, gadolinium based contrast agent,

ydrops,
intravenous, convolutional neural network, deep learning, volumetric local thresholding

remain rare. On this note, this study aims to investigate the
following questions:

(i) How variations in data acquisition protocols, such as Gd
dosage or time delay, influence signal intensity (SI) and signal-
to-noise ratio (SNR) within the ELS.

(ii) How ELH measures correlate with each other, as well as
with clinical symptoms or neurophysiological testing.

(iii) How ELH influences SNR and SI within the ELS.

MATERIALS AND METHODS

Setting and Institutional Review Board
Approval

All data was acquired at the Interdisciplinary German Center
for Vertigo and Balance Disorders (DSGZ) and the Department
of Neurology of Munich University Hospital (LMU) between
2016 and 2019. Institutional Review Board approval was
obtained before the initiation of the study (no. 641-15). All
participants provided informed oral and written consent in
accordance with the Declaration of Helsinki before inclusion in
the study.

Study Population

One hundred eight consecutive participants [75 patients with
Meniere’s disease (MD) and 33 vestibular healthy controls (HC)]
underwent delayed intravenous gadolinium-enhanced magnetic
resonance imaging (iMRI) for exclusion or verification of ELH.
The diagnosis of Meniere’s disease (MD) was based on the
Classification Committee of the Béarany Society 2015 (33).
HC were inpatients of the Department of Neurology without
symptoms or underlying pathologies of the peripheral and
central vestibular and auditory system that underwent MRI with
a contrast agent as part of their diagnostic workup and agreed
to undergo iMRI sequences after 4h. HC underwent audio-
vestibular testing to confirm the soundness of their peripheral
end organs. The reasons for their admission to the clinic included
movement disorders (n = 6), epilepsy (n = 5), optic neuritis
(n = 4), trigeminal neuralgia (n = 4), headache (n = 4),
idiopathic facial nerve palsy (n = 3), viral meningitis (n =
3), subdural hematoma (# = 2), spinal inflammatory lesion (n
= 1), and decompensated esophoria (n = 1). The laterality
quotient for right-handedness was assessed with the 10-item
inventory of the Edinburgh test (34, 35). The inclusion criterion
was age between 18 and 85 years. The exclusion criteria were
other neurological or psychiatric disorders, as well as any MR-
related contraindications (36), poor image quality, or missing
MR sequences.

Frontiers in Neurology | www.frontiersin.org
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TABLE 1 | Semi-quantitative (SQ) grading conventions at a glance.

Nakashima et al. Giirkov et al. (24)
(19) Yang et al. (25)

Barath et al. (20)

Attyé et al. (81)

ELH MRI: A Methodological Comparative Study

Kirsch et al. (22)
Boegle et al. (present
data)

Bernaerts et al. (21)
Bernaerts and de
Foer (23)

COCHLEA
Slice of Midmodiolar level  Not specified Midmodiolar level
evaluation
Grade O No displacement  No enlargement of No displacement of
of RM, interscalar ~ ELS, PLS is clearly RM, interscalar
septum, scala visible septum, scala tympani,
tympani, cochlear cochlear duct, scala
duct, scala vestibuli visible
vestibuli visible
Grade 1 Displacement of  ELS is enlarged and Irregular dilation and
RM, cochlear duct bulging into PLS partial obstruction of
< scala vestibuli the scala vestibuli,
cochlear duct indirectly
visible as nocular black
cut-out of the scala
vestibuli
Grade 2 Scala media is
scalloping into the:
Displacement of  scala tympani, PLS has
RM, cochlear duct  a semicircular
> scala vestibuli appearance
Grade 3 A severely distended No scala vestibuli
scala media causes a  visible
flattened appearance of
the perilymph space
VESTIBULUM
Slice of Lowest slice of Same as Nakashima Midmodiolar level
evaluation  vestibulum L-SCC et al. (19)
still visible
Grade O AR <33.3% AR <50%, sacculus
and utriculus are
distinguishable
Grade 1 33.3%< AR
<50%
Grade 2 AR =50%, PLS
remains visible with
AR 50% circular rim
enhancement
Grade 3 No PLS visible

Same as Nakashima
etal (19)

Axial slice through
inferior part of
vestibulum

SURI <1, no saccular

abnormality

SURI =1

No sacculus visible

Midmodiolar level

“X-mas tree” made of
circles with “very thin,
clear, hypointense line”
(cp. Figure 1A).

“X-mas tree” with “X-mas
lights”, where ELS is
slightly enlarged and
indirectly visible as a nodular
black cut out (cp.

Figure 1B).

“X-mas tree” with “X-mas
balls”, where ELS is
bulding into scala tympani
whilst giving the PLS a
semicircular appearance
(cp. Figure 1C).

“X-mas tree” with “X-mas
garlands”, where ELS is
distended and causes a
flattened appearance of the
PLS (cp. Figure 1D)

Vestibulum inferior part;
L-SCC still visible

Sacculus < utriculus,
otoliths still distinguishable
(cp. Figure 1A).
Sacculus (sign should
remain as is) utriculus,
otoliths are still
distinguishable (cp.
Figure 1B).

Sacculus & utriculus are
confluent, PLS rim visible
(cp. Figure 1C).

No otolith organs
distinguishable, no PLS
visible (cp. Figure 1D).

Midmodiolar level

“Very thin, clear,
hypointense line”
(=non-enhancing scala
media or ELS) between
clearly enhancing scala
vestibuli and scala tympani
(=PLS)

“X-mas tree” (=enhancing
scala vestibuli and scala
tympani) with “X-mas
balls” (=nodular
enlargement non-enhancing
scala media)

“X-mas tree” (=enhancing
scala vestibuli and scala
tympani) with “X-mas
garlands” (=linear enlarged
non-enhancing scala media)

Vestibulum inferior part

AR <50%,sacculus <
utriculus, otoliths are
distinguishable

Sacculus = utriculus,
otoliths are distinguishable

Sacculus and utriculus are
confluent, PLS remains
visible with circular rim
enhancement

No PLS visible

AR, area ratio; ELS, endolymphatic space; L-SCC, lateral semicircular canal: PLS, perilymphatic space; SURI, ratio > 1 between the area of the sacculus and the area of the utriculus,
RM, Reissner's membrane. The bold text highlights the main or most important characteristics.

Nomenclature

In the following, “ipsilateral” refers to the clinically leading side
(or affected side) and “contralateral” to the opposite side (or non-
affected side). In the case of patients presenting without a leading
clinical side, a pseudorandom number generator [“Mersenne
Twister” algorithm (37), uniform distribution] was used to
generate a random number between 1 (=minimum value) and 9

Frontiers in Neurology | www.frontiersin.org

(=maximum value). Even numbers meant “left side = ipsilateral
side” and uneven numbers indicated “right = ipsilateral side.”
“Vegetative symptoms” refers to nausea and/or vomiting due
to the episodic vertigo attack. “Ear symptoms” includes attack-
associated tinnitus, hearing loss, ear pressure, and/or ear pain
both uni- and bilaterally that fit the criteria for MD. “Other ear
symptoms” refers to non-MD ear symptoms.

3 April 2021 | Volume 12 | Article 647296



3 Paper IlI: Intravenous Delayed Gd-Enhanced MRI

40

Boegle et al

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 stimulation and head
impulse test (HIT), as well as ocular (o) and cervical (c)
vestibular evoked myogenic potentials (VEMPs) and pure tone
audiometry (PTA).

A tilt of the SVV is a sensitive sign of a graviceptive
vestibular tone imbalance. SVV was assessed with the subject
sitting in an upright position in front of a half-spherical dome
with the head fixed on a chin rest (38). A mean deviation
of >2.5° from the true vertical was considered a pathological
tilt of SVV.

The impairment of the vestibulo-ocular reflex (VOR) in
higher frequencies was measured by HIT (39) using high-
frame-rate VOG with EyeSeeCam [(40), 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 (41). Furthermore, canal responsiveness in
lower frequencies was assessed by caloric testing with VOG,
which was performed for both ears with 30°C cold and
44°C warm water. Vestibular paresis was defined as >25%
asymmetry between the right- and left-sided responses (42).
The caloric asymmetry index (Alg) was calculated based on
the slow-phase velocity of the caloric nystagmus: Alc [%] =
(RyzectRyge ) —(LazoctLaec) o 10,

(R33e c+Rage0)+(Lazog+Lasec)

Vestibular evoked myogenic potentials (VEMPs) are short-
latency, mainly otolith-driven vestibular reflexes elicited by air-
conducted sound (ACS), or bone-conducted vibration (BCV)
and recorded from the inferior oblique eye muscle (ocular
or oVEMPs) or the sternocleidomastoid muscle (cervical or
cVEMPs). VEMPs were recorded with the Eclipse platform
(Interacoustics, Middelfart, Denmark), as described previously
(43,44). Only those VEMP responses that were clearly discernible
from background noise were included in the analysis. To
avoid bias due to examiners, only the asymmetry index
(ALyjcv) of VEMP amplitudes and latencies was analyzed in
detail (45).

Delayed Intravenous
Gadolinium-Enhanced MRI of the Inner Ear
Data Acquisition

Four hours after intravenous injection of a standard dose (0.1-
0.2 mmol/kg body weight, i.e., 0.1 —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 (Magnetom Skyra, Siemens Healthcare, Erlangen,
Germany) with a 20-channel head coil. We used a 3D-FLAIR
sequence to differentiate endolymph from perilymph and bone,
and a CISS sequence to delineate the total inner ear fluid
space from the surrounding bone. The T2-weighted, three-
dimensional, fluid-attenuated inversion recovery sequence (3D-
FLAIR) had the following parameters: TR 6,000 ms, TE 134 ms,

Frontiers in Neurology | www.frontiersin.org
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TI 2,240 ms, FA 180°, FOV 160 x 160 mm?, 36 slices, base
resolution 320, averages 1, acceleration factor of 2 using a parallel
imaging technique with a generalized auto-calibrating partially
parallel acquisition (GRAPPA) algorithm, slice thickness 0.5 mm,
acquisition time 15:08 min. The high-resolution, strongly T2-
weighted, 3D constructive interference steady state (CISS)
sequence of the temporal bones was performed to evaluate the
anatomy of the whole-fluid-filled labyrinthine spaces and had
the following parameters: TR 1,000 ms, TE 133 ms, FA 100°,
FOV 192 x 192 mm?, 56 slices, base resolution 384, averages 4,
acceleration factor of 2 using GRAPPA algorithm, slice thickness
of 0.5mm and acquisition time 8:36 min. The presence of ELH
was observed on the 3D-FLAIR images as enlarged negative-
signal spaces inside the labyrinth, according to a previously
reported method (18, 46).

Signal Quality Assessment
Signal quality was validated using signal-to-noise ratio (SNR)
and signal-homogeneity (SH) in different regions of interest
(ROIs). ROIs were labeled in the left and right inner ear
within the “endolymph” and “perilymph” fluid, “cochlear
basal turn” as well as in the surrounding tissue or subject
matter, such as the “petrous bone;” medulla,”
and “air.”

In detail, the endolymph ROI consisted of 0.6 mm? circular
2D-selections of the left/right utricle. The perilymph ROIs
2 circular 2-D selections in the

» o«

cerebellum,

consisted of multiple 0.6 mm
perilymphatic space (PLS) on both sides and were spread within
the inner ear to obtain a signal intensity map. Said selections
were placed in the vestibulum, twice inside the basal cochlea
turn, the apex cochleae, the horizontal semicircular canal (hSCC)
as well as the posterior SCC (pSCC). ROIs in the surrounding
tissue or subject matter (“petrous bone,” “cerebellum,” “medulla
oblongata,” and “air”) consisted of 60.8 mm? circular selections.
Signal intensity extraction (mean, minimum, and maximum)
was performed on axial slices of the FLAIR raw images via
the “Analyze Regions” plugin of the “MorphoLib] toolbox” (47)
within Image] (48).

SNR was calculated in each ROI as SNR (ROI) = ;‘%g:)) ,ie.,
the fraction of mean signal intensity in an ROI S(ROI), and the
standard deviation (STD) of the region labeled “air,” std(air). The
label “air” was defined as “MRI signal measure of background
variations in the signal devoid of fluid.” In other words, a region’s
SNR was calculated as a mean signal relative to the extent of the
background variation.

The signal’s statistical homogeneity was examined between
ROIs for each group, and between groups for each ROIL. SH was
defined as the identical distribution of two samples except for
shifts and scaling of the overall distribution. The median of each
sample was removed and the interquartile range was scaled to
the value of one. The two samples were then compared using the
minimum statistical energy [minEn; (49)] and the maximum mean
discrepancy [MMD; (50)], whilst adding 10,000 permutations
with a threshold of maximally one failed test to reach statistical
significance. Consequently, two samples were deemed to have
different distributions if they diverged in shape, either due to
kurtosis, skewness or the extent, and number of outliers. Note
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that no correction for multiple testing was applied in these
tests in order to be more sensitive toward violations of SH, i.e.,
significant differences.

Semi-quantitative Grading of the Endolymphatic
Space

Semi-quantitative (SQ) grading of the endolymphatic space
(ELS) was performed independently by three experienced head
and neck radiologists or neurologists (BE-W, VK, and JG)

ELH MRI: A Method

Comparative Study

who were blinded to the clinical patient data. Rater statistical
homogeneity was calculated just as the signal’s statistical
homogeneity. The ELS’s characterization in the vestibulum and
cochlea was based on criteria previously described (22) and
can be viewed in Table 1 and is described in further detail in
Figures 1A,B, grade 0-3.

The characterization describes a 4-point grading for the
cochlear and vestibular ELH. The cochlear grading is done on the
midmodiolar level (19) and the vestibular grading on the inferior

FIGURE 1 | Semi-quantitative (SQ) grading used for the endolymphatic hydrops. The vertical columns show the different semi-quantitative (SQ) grades from 0 to 3
used [cf. Table 1; according to a classification first described in Kirsch et al. (9)]. The horizontal rows each give an overview of how each grade looks (A), in FLAIR raw
data (B), after VOLT processing (C), as used for 2D quantification (D), and as used for 3D quantification (E). A detailed description of each grade is given in the
second paragraph of subsection ‘Semi-quantitative Grading of the Endolymphatic Space’

2 3
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part of the vestibulum, where the left semicircular canal (L-SCC)
is still visible (19). The cochlear grading can be thought of as
a fusion of previously described grading suggestions (21-24).
Grade 0 (no vestibular ELH) can be reduced to “X-mas tree built
from circles that are divided by “very thin, clear, hypointense
lines” [cp. also Figure 1 of (23), Figure 1A in (21)] that represent
the non-enhanced ELS (scala media) between the enhanced PLS
(scala vestibuli and tympani). Grade 1 (mild cochlear ELH) can
be reduced to “X-mas tree with lights,” where the ELS is slightly
enlarged and indirectly visible as a nodular black cut out of the
scala vestibuli [cp. further Figure 2 in (24), Figure 1B in (21)].
Grade 2 (marked cochlear ELH) can be reduced to “X-mas tree
with X-mas balls,” where the ELS is bulging into the scala tympani
whilst giving the PLS a semicircular appearance [cp. Figure 3 in
(24)]. Grade 3 (severe cochlear ELH) can be reduced to “X-mas
tree with garlands,” where the severely distended ELS is causes a
flattened appearance of the PLS [cp. also Figure 4 in (24), Figure
5A in (21), Figure 1C in (20)]. The vestibular grading is a fusion
of previously described grading suggestions (21-23). Grade 0
(no vestibular ELH) can be reduced to “sacculus<utriculus,
where the otolith organs are distinguishable and the sacculus is
smaller than the utriculus [cp. also Figure 2A in (21), Figure
6 in (23)]. Grade 1 (mild vestibular ELH) can be reduced to
“sacculus>utriculus,” where the sacculus is as large or larger
than the utriculus [cp. also Figure 2B in (21), Figure 9 in (23)].
Grade 2 (marked vestibular ELH) can be reduced to “sacculus and
utriculus are confluent;” where the otoliths organs are no longer
distinguishable with a surrounding PLS rim [cp. also Figure 2C
in (21), Figure 7 in (23)]. Grade 3 (severe vestibular ELH) can
be reduced to “otolith organs not distinguishable” with no PLS
visible [cp. also Figure 2D in (21), Figure 8 in (23)].

2D- and 3D-Quantification of the Endolymphatic
Space

Segmentation of the total fluid space (TFS) was based on
a recently proposed (Ahmadi et al., under review) and pre-
trained volumetric deep convolutional neural network (CNN)
with V-net architecture (51) that was deployed via the TOMAAT
module (52) in 3D-Slicer toolbox [version 4.11 (53)]. ELS and
PLS were differentiated within the TFS using Volumetric Local
Thresholding [VOLT; (31)] using Image] Fiji (48) with the “Fuzzy
and artificial neural networks image processing toolbox” (54) and
the “MorphoLib] Toolbox” (47).

The resulting 3D volume can be regarded as a probabilistic
map of the inner ear, which includes the classification into its two
different compartments (ELS and PLS). The final classification
strongly depends on the chosen cutoff. Based on empirical
observations (31), 2D- and 3D-quantifications were examined at
three cutoff variations (c6, c8, and c10). Each cutoff matches a
percentage of positive classifications. For example, cutoff 6 (c6)
corresponds to 79.2%, cutoff 8 (c8) to 70.8%, and cutoff 10 (c10)
to 62.5% classifications into endolymphatic space. Examples of
the pipeline outputs can be viewed in Figure 1C.

2D-quantification was done on axial slices of the VOLT
volume. The mid-modiolar level was chosen for the cochlea
and the inferior part of the vestibulum where the lateral
semicircular canal (L-SCC) is still visible was selected for the
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vestibulum. However, the majority of volumes allowed for both
a cochlear and vestibular measurement on the same slice.
Easier visual selection was enabled by a look-up-table (LUT,
“phase”) included in Image] that was applied to the VOLT
volumes. An example can be seen in Figure 1D. Areas were then
measured using the “Analyze Regions” plugin which is part of the
“Morpholib] Toolbox” (47).

3D-quantification was done on the VOLT volume that
included the entire inner ear. The cochlear volume was cropped
using a cylindrical volumetric selection and applied to the VOLT
volumes. The volume of the vestibulum including otolith organs
and semicircular canals arose from subtracting the cochlear
volume from the inner ear VOLT volume. Measurements were
performed using the “Analyze Regions (3D)” plugin of the
“Morpholib] Toolbox” (47). A visualization can be seen in
Figure 1E.

Parameters Derived From Endolymphatic Space
Measures

The ELS ratio, ER [%] = % x 100, was calculated for 2D- and
3D-quantification of the ELS analogous to the area ratio (AR)
in previous classification conventions (19-21). ER indicates the
relative size of the ELH to the TFS and as such is independent
of the absolute size which might differ between subjects (for
example due to body size).

ELS symmetry between both inner ears was assessed via the
ratio of ELS side differences Diff — ER [%] = ERi — ERc, where
ERi and ERcare the respective ipsilateral and contralateral ELS
ratios in percent relative to the TFS. Another parameter was the
asymmetry index, Al [%] = % x 100, where ELS; is the
semi-, 2D- or 3D-quantification of the ipsilateral ELS and ELS.
of the contralateral ELS. The asymmetry index can be interpreted
as a normalized difference and as such is also independent of the
individual TFS.

Areas and volumes were normalized according to their TFS,

if crvaTFSGp ap = eivfaTFS fggn apyap + 2.5 % std (TFS),
where “e” is the individual value and “mean” is the mean of
the respective group (HC or MD). For an overview of TFS, see
Figure 6.

Statistics and Validation Parameters

All statistics were implemented with self-written scripts in
MATLAB version 7.19.0 (R2019b) using the “Statistics and
Machine Learning” toolbox provided with MATLAB (Natick,
Massachusetts: the MathWorks Inc). ELS quantification
measures were validated and compared using parameters
describing different characteristics on different levels (ie.,
between groups, ELS analysis methods, and diagnostic methods)
and between different entities (i.e., inter-rater, inter-threshold,
and inter-ROI). Parameters considered the ordering of subjects
between samples (concordance), Spearman correlations between
samples (rank-correlation), the form of the distribution of
samples via “minimum statistical energy” and “maximum mean
discrepancy” (statistical homogeneity), and covariance between
samples via ANCOVA (analysis of covariance). All statistical
tests used multiple comparison correction, if multiple tests
(e.g., more than two regions or two thresholds) were compared
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independently with each other. The FWE level was set at p
= 0.05/N with N being the number of tests (e.g., regions,
thresholds), i.e., Bonferroni correction.

Influence of Gd Dosage, Gd Time Delay on SNR and

via SNR on SQ Grading, 2D- or 3D-Quantitatification

The influence of Gd dosage and time delay (from Gd injection
to MR measurement) on the SNR and signal intensity (SI), as
well as SNR, Gd dosage and time delay on SQ grading, 2D-
or 3D- quantification measures was evaluated using ANCOVA
modeling. The model included interaction of the group with
each individual variable as well as the interaction of group,
dosage and time delay variables. Additionally, covariates of no
interest, such as age and BMI, were included. In other words,
we checked whether SNR, Gd dosage, and Gd time delay each
had an influence on the ELH measure in question, as well as the
interaction of Gd dosage and Gd time delay, allowing for the
possibility that the relationship might be different for each group.

Interrelations Between SQ Gradings and 2D- or 3D
Quantification

Statistical Homogeneity

Statistical homogeneity between SQ grading, and 2D- or
3D- quantification methods between groups was, in principle,
calculated in the same way as the signal statistical homogeneity
(cf. signal quality validation). First, the median of each group
was removed and the interquartile range was scaled to the value
of one. The two groups were then compared using minEn and
MMD test statistics whilst using 10,000 permutations between
groups. Any instance of a random permutation with a higher test-
statistic than the unpermuted groups was considered a failure.
The groups were deemed statistically homogeneous if at most one
test failed, otherwise the groups were deemed inhomogeneous,
as they could be distinguished based solely on their distribution
shape (kurtosis and skewness or the extent and number of
outliers). Note that no correction for multiple comparisons was
performed here in order to be more sensitive to violations of SH,
i.e., significant differences.

Rater Repeatability and Reliability

Repeatability and reliability of the three different raters for SQ
grading, as well as of the three different thresholds (c6, c8, and
¢c10) for 2D- or 3D-quantification were measured using rank-
based correlations and Kendall's W measure for concordance
(55). This assessment shows whether the ordering of subjects
between raters is similar and therefore can be assumed to be
repeatable over the raters. Furthermore, we compared ratings
by subtracting the SQ grading scores between raters to see if
the extent of differences in rating values differed. Correction for
multiple comparisons, i.e., multiple tests was done over data types
(SQ, 2D and 3D), therefore p(pwp) = 0.05 was set to p = 0.05/N
with N = 3 for the three data types.

Interrelations Between SQ Grading, 2D-

and 3D-Quantification

Interrelations between SQ grading, 2D- and 3D-quantification
were examined via Spearman, i.e., rank-based correlations.
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Significant rank correlations indicated that the ordering
of subjects was very similar or concordant across these
measures. Rank-correlation was used so that linear as
well as non-linear relationships could be examined and
the gradings (ordinal measures) could be related to the
quantitative measures. Correction for multiple comparisons
perwey = 0.05/N, ie., Bonferroni correction, was done over
all pairs of correlations in each correlation matrix, i.e., for
SQ-x-2D quantification and SQ-x-3D quantification N =
12-x12 = 144 and for the correlation of asymmetry indices
N = 6-x6 = 36.

Influence of Thresholds on Quantitative Measures

The influence of VOLT thresholds (c6, ¢8, and c10) on group
differences was assessed using general linear model (GLM)
based two-sample t-tests (including age as a covariate of no
interest). The resulting slopes for the effects of thresholds and
their standard errors were used to calculate t-statistic values
for each group comparison at each threshold. Furthermore, a
slope difference test (56) was used to check if group differences
depended on the VOLT thresholds. A slope difference test
compares differences in slopes with standard errors for the group
differences across thresholds to determine if group differences
depended on the cutoff-threshold. Correction for multiple
comparisons ppwg) = 0.05/N, i.e., Bonferroni correction, was
done for three tests of between threshold comparisons resulting
from three thresholds (c6,c8,c10), i.e., c6-vs-c8, c6-vs-c10, and
c8-vs-c10, and therefore N = 3.

Covariance of Clinical Measures and iMRI

Clinical (e.g., disease duration, number of attacks) and diagnostic
measures (e.g., HIT, calorics, and VEMPs), as well as parameters
derived from ELS measures in SQ gradings and 2D- and 3-
D quantifications (ER, Diff-ER, and AI) were included in an
analysis of covariance (ANCOVA). An overview of clinical
symptoms and diagnostic measures can be viewed in Table 2.
Furthermore, the analysis accounted for categorical variables,
such as symptoms like headache, and continuous covariates,
such as body mass index (BMI) and the age of the patients. For
detection of diverging trends between MD or HC, parameters
derived from ELS measures were allowed interactions with the
group. That means each group was allowed to have a different
trend in the model. We used Bonferroni-correction for the post-
hoc assessment of the individual factors in the ANCOVA.

Influence of ELH Presence on SNR and Sl

The influence of the presence and extent of ELH on SNR and
SI was examined with two approaches. First, SNR and SI data
were investigated using classifications derived from SQ grades
and 3D-quantification measures. The SQ grades were used to
distinguish between “no ELH” and “ELH present,” while the
3D-quantification was used to distinguish between “low/small
ELH” and “high/large ELH.” For the classification using SQ
grades, all grades equal to zero (SQ grade == 0) were allocated
to “no ELH” and the rest to “definite ELH present.” For the
classification using 3D-quantification, data values below the
median were in the “low ELH” class and data values above the
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TABLE 2 | Clinical syndrome and diagnostic characteristics.

MD HC
All Definite Probable All
n=175 n=35 n=40 n=33
Age [in years) 552 +£14.9 54.8+ 141 55.6 +15.8 4214189
Age range 22-81 2777 22-81 20-84
Gender 36 females 14 females 22 females 19 femnales
Handedness 97% RH, 3% LH 100% RH 93% RH, 7% LH 97% RH, 3% LH
(A) Clinical syndrome
Type of vertigo 73% Ro, 25% Sw, 2% Lh 83% Ro, 14% Sw, 3% Lh 64% Ro, 33% Sw, 3% Lh -
Duration of illness [in months] 56.8 +88.7 49.0+ 849 63.5 £92.4 -
Number of attacks altogether 48.7 £ 56.6 47.2 + 491 49.8 £62.7 -
Number of attacks in the last 3 months 150 +37.8 18.5+52.4 124+212 -

32+30(05-12)
36.1 £ 43.4 (1-180)

6.7 + 8.7 (0.5-24) -
33.9 & 47.0 (1-180) -

Duration of attacks [in hours] 5.0+6.9(0.5-24)

Time since last attack [in days] 35.1 & 44.7 (1-180)

Nausea, Vomiting 86.7% 97.1% 77.5% -
VM-Headache 1.3% 0% 2.5% -
Sensitivity to light or noise 9.7% 8.6% 10.0% -
Focal neurological deficits 8.0% 0% 15% -
History of migraine 1.7% 3.1% 0% -
Family history of migraine 5.1% 0% 11.5% -
Other-Headache 22.7% 28.6% 17.5% -
MD-Ear-symptoms 84.0% 94.3% 75.0% -
MD-bilateral 25.3% 31.4% 20.0% -
MD-ipsilateral 81.3% 94.3% 70.0% -
MD-contralateral 8.0% 11.4% 5.0% -
Other-Ear-symptoms 8.0% 2.9% 12.5% -
Other-bilateral 8.0% 2.9% 12.5% -
Other-ipsilateral 9.3% 0% 15% -
Other-contralateral 0% 0% 0% -
(B) Diagnostic characteristics

CEMD 9.3% 2.9% 15% 0%
PEMD ipsilateral 53.3% 60.0% 47.5% 0%
SVV ipsilateral, pathologic 28% 34.3% 22.5% 0%
Caloric ipsilateral, pathologic 83.6% 94.3% 73.7% 0%
Caloric contralateral, pathologic 0% 0% 0% 0%
Caloric bilateral, pathologic 1.4% 0% 2.6% 0%

Caloric ipsilateral [°/s]
Caloric contralateral [°/s]

Caloric Asymmetry-Index [%]

HIT ipsilateral, pathologic
HIT bilateral, pathologic

HIT ipsilateral [gain at 80ms]

HIT contralateral [gain at 60 ms]
Audio MD-typical ipsilateral

Audio MD-atypical ipsilateral

Audio Presbyacusis-typical

Audio low-frequency ipsilateral [dB]
Audio low-frequency contralateral [dB]

7.6+ 6.9 (0.8-40.6)
12.8 + 8.4 (1.6-55.0)
34.8 +22.7 (0.7-90.6)
48.4%
6.3%

0.8 +0.2 (0.2-1.1)
0.8 £0.2 (0.4-1.1)
76.2%

3.2%

0%

413 + 231 (8.0-110.0)
2114+ 14.4 (7.0-77.0)

7.8+ 7.8(0.9-40.3)
138+ 9.7 (1.6-56.0)
36.4 + 23.3 (0.9-40.6)
51.6%
6.5%

0.7 4 0.2 (0.2-1.02)
0.8 0.2 (0.4-1.01)
93.3%

0%

0%

49.9 + 203 (10.0-110.0)
20.3 4 116 (7.0-63.0)

7.5+ 6.1(0.8-34.4)
11.9 +£7.0 (2.7-32.5)
33.3 + 22.2 (0.8-90.6)
45.5%
6.1%

0.8 +0.2 (0.4-1.1)
0.9 £ 0.1(0.6-1.09)
60.6%

6.1%

0%

33.7 £ 22.9 (8.0-92.0)
20.3 + 11.6 (7.0-63.0)

13.8+ 4.5 (3.8-24.2)
19 + 11 (4.8-50.1)
0.2 +19.8 (0.8-48.3)
0%
0%

1404 (0.8-1.1)
0.9+ 0.1(0.8-1.0)
0%

0%

0%

20.0 + 3 (8.0-35.0)
18 + 6 (15-33.0)

CEMD, central eye movement disorder; Lh, light-headedness; PEMD, peripheral eye movement disorder; Ro, rotational vertigo; Sw, swaying vertigo.
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median in the “high ELH” class. The SNR and SI data were
analyzed using two-sample ¢-tests and Wilcoxon rank-sum tests
for differences from these classifications. The two tests (ie.,
a parametric and non-parametric test), were used to ensure
that any of the significant differences found were not purely
dependent on the assumed distribution. Correction for multiple
comparisons pwg) = 0.05/N, ie., Bonferroni correction, was
done for five tests between regions (split by ELH) comparisons,
i.e., N = 5 (see Figures 5A,B).

Then, the inverse question was asked. This time SQ and 3D-
quantification values were compared following SI or SNR value
classification and then analyzed accordingly for differences with
two-sample -tests and Wilcoxon rank-sum tests. For both STand
SNR classification, “low SI or SNR class” was defined by their
values below the respective median, and “high SI or SNR class” by
their values above the respective median. Correction for multiple
comparisons pwg) = 0.05/N, ie., Bonferroni correction, was
done separately for the test between SNR (split by ELH 3D-
quantification) and 3D-quantification (split by SI). The number
of tests for the SNR comparison was N = 2, and the number of
tests for ELH 3D-quantification was N = 4 (see Figures 5C,D).

RESULTS

Descriptive Statistics

Seventy-five MD patients (35 females; aged 22-81 years, mean
age 56.6 &+ 14.9 years; 97% RH) and 33 HC participants (20
females; aged 20-84 years, mean age 42.1 & 18.9 years; 94% RH)
were included in the study. An overview of the most important
clinical features in MD compared to HC can be seen in Table 2.
An overview of the ELS grading for HC and MD can be viewed
in Table 3.

Influences of Signal Quality on ELS
Quantification Methods (i)

o The signal intensity (SI) of each region of interest significantly
(FWE-corrected, p < 0.05) depended on Gd dosage (range:
0.08-0.28 ml/kg; mean + std: 0.17 £ 0.05 ml/kg; 48% of
subjects got 1 dose, 12% 1.5 doses; 40% got 2 doses of 0.1
ml/kg) and Gd time delay (range: 2h and 51 min to 5h and
20 min; mean =+ std: 4h and 24 4+ 25min; 25% are between
3 and 4h, 50% are between 4 and 4h and 31 min and the
remaining 25% were longer). However, the effect sizes (eta-
squared) were small (5-12%).

e The mean SNR (range: 24.8-130.49; mean =+ std: 64.82

=+ 20.64) was significantly related to Gd dosage and time

delay (FWE-corrected, p = 0.006), but only 6.8% of the
total variance (r-squared) could be explained. If looked at
separately, Gd dosage (4.2%, FWE-corrected, p = 0.03) and

Gd time delay (5.3%, FWE-corrected, p = 0.02) explained

even less of the variance. See Figure2 for an overview

of the minor influence of the iMRI acquisition parameters
on SNR.

The mean SNR was significantly different between the MD and

HC group (p < 0.05). SNR asymmetry between left and right

ear was not significantly related to Gd dosage, Gd time delay,

or Gd dosage x Gd time delay.
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e SQ gradings and 2D- or 3D- quantifications were not
significantly related to Gd dosage, Gd time delay, Gd dosage
x Gd time delay interaction, SI or SNR (FWE corrected, p
< 0.05). There were some simple significant relationships (p
< 0.05 uncorrected) for the iMRI variables with Gd dosage
and SNR, but all these relationships were small in effect size
(around 0.5-5% omega squared).

Interrelations Between ELS Quantification
Methods (ii)
e Inter-rater SQ gradings (R1-3) were statistically homogeneous,
as were 2D- and 3D- quantification values including ipsi- and
contralateral or cochlea and vestibulum.
Inter-rater SQ gradings (R1-3) were highly matched in the
vestibular (v) and cochlear (c) part of the inner ear for all
subjects (HC, MD) and slightly less for MD only. The results
can be viewed in Table 4 (column SQ) and suggest a high but
imperfect reproducibility due to remaining variability.
Inter-threshold (c6, ¢8, and c10) 2D- and 3D-quantification
was highly concordant. These results can be viewed in Table 4
(column 2D and 3D) and indicate an almost perfect agreement
over VOLT thresholds with a basically perfect reproducibility.
e SQ grades correlated strongly with 2D-quantification values
(range of correlation from 0.3 to 0.7) and 3D-quantification
values (range of correlation from 0.3 to 0.7). The correlations
of 2D- and 3D-quantification values with SQ grades was
mainly driven by the MD group, due to the higher variability
within the group, compared to HC group which did not vary
much in grades or 2D- and 3D-quantification values (cp.
Figure 3, plots on the left and in the middle).
e 2D- and 3D-quantification correlated substantially (range of
correlation from 0.3 to 0.8) for the total inner ear, cochlea,
and vestibulum on both the ipsilateral and contralateral
side. However, there were no significant correlations of the
ipsilateral with the contralateral sides (cp. Figure 3, plots
on the right). Algq (asymmetry-index of SQ quantification)
correlated significantly (range of correlation from 0.3 to 0.7)
with Alp and Al3p (asymmetry-indices of 2D- and 3D-
quantification) except for the cochlear Al in the 2D- and
3D-quantifications in the c6-cutoff (cAI, and cAlgsD, cp.
Figure 3).
Inter-rater SQ grading differences did not differ strongly
between R1-3. Figure 4 shows the results in more detail. For
the vestibular part, the percentage of ratings that agreed, i.e.,
showed zero differences, was 54.6% (R2-R1), 50% (R3-R1),
and 67.6% (R3-R2), while the percentage of differences of
maximally one grade apart was 85.2% (R2-R1), 90.7% (R3-
R1), and 98.2% (R3-R2). For the cochlear part, the percentage
of ratings that agreed was 53.7% (R2-R1), 53.7% (R3-R1),
and 71.3% (R3-R2), while the percentage of differences of
maximally one grade apart was 88.9% (R2-R1), 90.7% (R3-R1),
and 97.2% (R3-R2).
Inter-threshold 2D- and 3D-quantification measures were
statistically homogenous and showed group differences for
each threshold.
Clinical variables correlated with symmetry parameters
derived from SQ grading and 2D- or 3D-quantification
values such as the asymmetry index (AI) or the plain ELH
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FIGURE 2 | Influence of gadolinium (Gd) dosage and Gd time delay on the signal-to-noise ratio (SNR) (belonging to question i). The scatter plot of the signal-to-noise
ratio (SNR) over the gadolinium (Gd) dosage (in ml, plot in the top left), of the SNR over the time delay (in minutes, plot in the top right) and of the SNR over the
interaction of Gd dosagextime delay (ml x minutes, plot in the bottom). SNR data points are plotted as black crosses and the trend lines of the fitted model are
plotted as red lines. The SNR depended significantly on dosage, time delay as well as the interaction of dosage x time delay. However, the effect size was very small
(4.2, 5.8, and 8.8% of explained variance, respectively). The SNR displayed here “SNR mean” is the mean of the SNRs calculated for each region of interest, i.e., the
two inside the basal cochlear turn (CBT), the apex cochleae (AC), the horizontal semicircular canal (\SCC) as well as the posterior SCC (pSCC). For each region, the
SNR is the mean signal divided by the standard deviation of the region labeled “air.” The left and the right ear are averaged for each region, before regions are
averaged to form “SNR mean”.

TABLE 4 | Interrelations between ELS quantification methods.

Vestibulum
3D 2D

(A) MD + HC
W 0.99 0.99
p-Value 6e-180 7e-175
F-Value 2381 2133
(8) MD
w 0.99 0.99
p-Value 4e-125 7e-129
F-Value 238.5 268.5

Cochlea

sa 3D 2D sa
0.74 0.99 0.97 0.70
5e-26 1e-180 3e-124 1e-20

57 242.2 69.9 4.7
0.71 0.99 0.98 0.62
2e-15 2e-128 2e-103 8e-09

4.9 264.5 120.3 3.2

W = Kendall’s coefficient of concordance between multiple rankings. Its value ranges from 0 to 1, unity being attained for perfect agreement between rankings.

difference between ipsilateral and contralateral side for the
inner ear, vestibulum, and cochlea. The AI worked for un-
normalized data and its results were comparable to the
normalized data, while the pure differences between ipsilateral
and contralateral sides were only useful when the data was
first normalized to the fraction ER [%] of the total fluid
space (TFS, cf. legend on standard values). This indicates
that relative proportions of both ears, and the relative size
of ELH are most useful for predicting quantitative clinical
data from iMRI measures. Fittingly, vestibular AI for the
3D-quantification data explained 35% of the variance of the

Frontiers in Neurology | www.frontiersin.org

number of attacks in the 3 months prior to the examination
and another 16% of variance could be explained by the
Al for the 3D-quantification data of the whole of the
inner ear (vestibular and cochlear parts combined). A more
detailed clinical study and discussion can be found in another
work (57).

Influences on Signal Quality (jii)
e There were significant differences in SI due to the presence
of ELH in the following ROIs: cochlear basal turn [p(;_testy

April 2021 | Volume 12 | Article 647296
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FIGURE 3 | Significant correlations between endolymphatic hydrops (ELH) quantification methods (belonging to question ii). The top row shows the correlations
between semi-quantitative (SQ) gradings (x-axis) and 2D- or 3D- quantification values (y-axis) for vestibulum (v) or cochlea (c), and for the ipsilateral (ipsi) or contralateral
side (contra). In addition, SQ gradings are rater-specific (R1-R3), and 2D- or 3D- quantification values are cutoff-specific (¢6, ¢8, and ¢10). The higher the significant
results (p < 0.05 FWE-corrected) correlated, the more they are colored in yellow (thresholded to 0-0.8). Overall, SQ gradings and 2D- or 3D-quantification values
correlated with the respective other method, although to a higher extent on the ipsilateral side (on the contralateral side in ¢10) and vestibular part of the inner ear. The
bottom row shows the corresponding correlations between methods (SQ gradings and 2D- or 3D- quantification values) for the respective asymmetry-index (Al).
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= 0.0009 and p(rank—sum) = 0.0003], apex cochleae [p(_ies)
= 0.002 and P(rank_sum) = 0.001], hSCC [p(_tesny = 0.038
and p(rank—sum) = 0.022], and pSCC [p(i_testy = 0.046 and
Plrank—sum) = 0.018]. Generally, higher ELH 3D-quantification
values had higher SI values. However, due to a significant
spread, SI could not distinguish the presence of ELH from
the absence of ELH (tested by means of the split of SI values
based on defining “absence of ELH” as an SQ grading equal
to zero and “presence of ELH” as all grades higher than
zero). Fittingly, the opposite approach (splitting ELH values
by SI brightness) did not show significant differences. For
an overview, please see Figure 5. The signal intensity SI was
significantly different between the MD and HC group for both
ROIs in the cochlear basal turn, but not for the cochlear apex,
hSCC, or pSCC (p < 0.05 FWE). The group differences in
iMRI variables between the MD and HC groups persisted
after removing effects of Gd dosage, time delay, and SNR,
indicating that iMRI assessment was not significantly affected
by the differences in Gd dosage, time delay, and SNR in the
present dataset.

e SNR was not influenced significantly by the presence or
absence of an ELH. Selecting SNR values for all SQ grades =0
(“absence of ELH”) and comparing them with the remaining
SNR values (where SQ grades >0, “presence of ELH”) led
to two-sample t-test p = 0.99 and two-sample rank-sum test
p = 0.94. Furthermore, comparing the SNR values for low

Frontiers in Neurology | www.frontiersin.org

ELH values (3D-quantification values below the median) with
SNR values for high ELH values (3D-quantification values
above the median) did not show any significant differences
in SNR (two-sample t-test p = 0.31 and two-sample rank-
sum test p = 0.45). Analog to this, splitting ELH values due
to low SNR values vs. high SNR values did not result in
significant differences [p(;—testy = 0.66 and prank—sum) = 0.47
on the ipsilateral side and p(—_testtesty = 0.2 and p(rank—sum)
= 0.16 for the contralateral side]. For an overview, see
Figure 5.

Standard Values

e Areas and volumes were normalized according to their TFS
(total fluid space/surface) and can be viewed in Figure 6.

e Our calculations showed that the chosen threshold did not
change the group differences between MD and HC. The
grading-specific 2D- and 3D-quantification values, the TFS
values and resulting ratios can be seen in Figures6, 7.
Furthermore, we show the relationship of 2D- and 3D-
quantification for the vestibular and cochlear part broken
down by SQ grades in Figure8 and Table5. While
grades increase, one can observe that 2D- as well as 3D-
quantification increased.

e ELH 3D-quantification values (see also Figure 6): The
medians (ipsilateral, contralateral) of the vestibular data were
(15 mm?, 11 mm?) for the MD group and (12 mm?, 12 mm?)

April 2021 | Volume 12 | Article 647296
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FIGURE 4 | Inter-rater and -threshold between ELH quantification methods (oelonging to question ii). Shown are differences between the three raters. The differences
between raters are shown as percentages of the total number of subjects rated. Most grades between raters agree (no difference; in blue), and the next largest
difference was by 1 grade (in green), the remaining differences between raters were mostly 2 grades (in yellow) and rarely 3 grades (in red) apart.

for the vestibular healthy control (HC) group. The medians of

the cochlear data were (5.4 mm?, 4.6 mm®) for the MD group

and (4.6 mm?®, 4.7 mm?) for the HC group.
e Total fluid space (TES) 3D-quantification values of the
vestibular and cochlear part of the inner ear [in mm?] that
were used for normalizing the data of each individual to
generate ELS ratio (ER) [%], the percentage of the TFS
occupied by the ELH. The medians (ipsilateral, contralateral)
of the vestibular TFS data were (182 mm?®, 183 mm?) for
the MD group and (179 mm?, 181 mm?) for the HC group.
The medians of the cochlear TFS data were (93 mm?,
93 mm?) for the MD group and (88 mm?, 90 mm?®) for
the HC group.
Therefore, the medians (ipsilateral, contralateral) of the
vestibular ER [%)] data were (8.8%, 6.3%) for the MD group
and (6.3%, 6.5%) for the HC group. The medians of the
cochlear ER [%] data were (6.0%, 5.1%) for the MD group and
(5.1%, 5.0%) for the HC group.
ELH 2D-quantification values (see also Figure7): The
medians (ipsilateral, contralateral) of the vestibular data were
(3.6 mm?, 2.2 mm?) for the MD group and (2.3 mm?,
2.4 mm?) for the vestibular healthy control (HC) group.
The medians of the cochlear data were (1.2 mm?, 0.8
mm?) for the MD group and (1.1 mm?, 1.0 mm?) for the
HC group.
Total fluid surface (TFS) 2D-quantification values of the
vestibular and cochlear part of the inner ear, in [mm?]
that were used for normalizing the data of each individual
to generate ELS ratio (ER) [%], the percentage of the TFS

Frontiers in Neurology | www.frontiersin.org

occupied by the ELH. The medians (ipsilateral, contralateral)
of the vestibular TES data were (20.1 mm?, 20.8 mm?) for
the MD group and (20.9 mm?, 20.4 mm?) for the HC group.
The medians of the cochlear TFS data were (16.4 mm?, 16.1
mm?) for the MD group and (15.9 mm?2, 15.8 mm?) for the
HC group.

Therefore, the medians (ipsilateral, contralateral) of the
vestibular ER [%] data were (19.2%, 10.5%) for the MD group
and (10.7%, 11.7%) for the HC group. The medians of the
cochlear ER [%] data were (7.9%, 5.3%) for the MD group and
(6.3%, 6.3%) for the HC group.

DISCUSSION

This methodological study with 108 participants (75 MD, 33
HC) focused on comparability and parametrization of different
ELS quantification methods (SQ grading of three raters, 2D- or
3D-quantification of three cutoffs) used in iMRI and their (i)
interrelations with subtle variations in data acquisition protocols
(that influence SNR or SI); (ii) correlations to each other,
clinical symptoms, or neurophysiological testing; and (iii) the
influence of ELH on signal quality. The results were as follows:
(i) Within the range of 0.1-0.2 mmol/kg (mean =+ std: 0.16
=+ 0.05 mmol/kg) Gd dosage and a 3h 41 min to 5h 19 min
(mean =+ std: 4h 39min £ 25min) time delay, SQ gradings,
and 2D- or 3D-quantifications were independent of signal
intensity (SI) and signal-to-noise ratio (SNR), but they were
found to be significantly related to Gd dosage and time delay
themselves. (ii) The ELS quantification methods used were highly

April 2021 | Volume 12 | Article 647296
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Tor

reproducible across raters (SQ gradings) or thresholds (2D-
and 3D-quantification), although 3D-quantifications showed
least variability in comparison to 2D-quantifications and SQ
gradings. The relative proportions of both ears, and the
relative size of ELH proved to be most useful for predicting
quantitative clinical data from iMRI measures. (iii) ELH size
significantly influenced SI but not SNR. In contrast, SI could
not predict ELH size. In the following, results (i-iii) will
be discussed.

Within a Specific Dosage and Time Delay
Range ELS Quantification Methods

Remain Independent of Signal Intensity (i)
The 3D fluid-attenuated inversion recovery (3D- FLAIR)
imaging used has high sensitivity to low concentrations of
Gd-based contrast agents (GBCA) in fluid compared with
conventional Ti-weighted imaging (58). In particular, the
heavily T,-weighted 3D-FLAIR imaging with a long effective
echo time is very sensitive to subtle T1 shortening and can
detect low concentrations of GBCAs in the perilymphatic
space after intravenous administration of a single dose of

GBCA (18, 59, 60). In the tested Gd dosage and Gd

Frontiers in Neurology | www.frontiersin.org

time delay range (see above), at most weak influences on
SNR and no influence on ELS quantification methods were
found. It can therefore be assumed that, although Gd dosage
and Gd time delay certainly have an influence on iMRI
quality parameters, the sweet spot for ELH quantification by
iMRI is within the range of the tested parameters. These
results tie in well with earlier studies that showed strongest
enhancement in 3D FLAIR sequences between 3 and 6h
(61), and optimally 4h (62) after intravenous administration
of 0.1 mmol/kg gadolinium diethylenetriaminepentaacetic acid
(standard dose Gd-DTPA, Magnevist®), or 45h (63) after
intravenous administration of a standard dose gadoteridol
(0.1 mmol/kg Gd-HP-DO3A, ProHance®), double dose (0.2
mmol/kg) Gd-HP-DO3A (64) or triple dose (0.3 mmol/kg) of
Gd-DTPA-BMA, Omniscan® (65).

Another feature of the good performance within the
chosen ranges may be the homogeneous distribution
of the contrast agent in the entire volume of the inner
ear (66, 67).

Further improvement of SNR and visualization in terms of
rapid, morphological enhancement for analysis of the temporal
and spatial distribution in the PLS of the inner ear can be
achieved through careful selection of MR sequences (59, 68),
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[in mm?3] (middle row) that were used for normalizing the data of each individual to ELS ratio (ER) [%], the percentage of the TFS occupied by the ELH (bottom row).

combination (69, 70), and post-processing (14) of MR sequences,
MR Gd complex (71), MR coil, and MR field strength (72).

Is There a Hierarchy Within ELS
Quantification Methods? (ii)

In line with the only comparative methodological study of ELS
quantification methods published to date in 11 participants (9
patients and 2 healthy controls) (26), SQ grading and 2D-
or 3D- quantification methods were found to be reliable and
useful for the diagnosis of endolymphatic hydrops. However,
the degree of reliability based on comparisons between raters
or thresholds increased from SQ grading to 2D- and again
to 3D-quantification methods. The increase in repeatability
corresponds to the decrease in dependency of human decision
(visually > specific slice in 2D > whole volume in 3D) and
increase of automatization and data points (semi-quantitative <
area < volume).

Another aspect that makes relying solely on SQ grading
tricky is the comparability of methods between different research
groups, besides inter-rater disparities. SQ grading conventions
(cf. Table 1) vary in grading resolution from three [in cochlea
(19-21, 23) and vestibulum (19, 24, 25)] to four steps [in cochlea
(22, 24, 25) and vestibulum (21-23)]. Accordingly, not all ELH
grade results in cochlea or vestibulum correspond to each other
due to the usage of different conventions [as an example grade
1 in (19, 20, 24)], or not at all [as an example (73)]. Based on
either manually drawn (28, 74) regions of interest (ROIs) or
a convolutional neural network (CNN) segmentation (32), 2D
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quantification methods already offer an increased comparability
and variability of information. However, the comparability of the
results remains limited by the slice selection for the calculation
of the ratio and the differing slices emerging from slice planning
or MRI setup (sequence type, slice thickness, slice resolution).
Concerning these issues, 3D-quantification can be a solution
(no slice selection, independent of slice planning) or at least an
improvement (sequence type, slice thickness, slice resolution).
In addition, more information (data points) enables better
fitting of diagnostic and clinical parameters (75). Yet here, too,
methodological variations affect reproducibility and availability
of results. The critical points are the segmentation of the inner ear
from the background [manually (29), via atlas (76, 77), or CNN
(31); (Ahmadi et al., under review)] and the ELS and PLS from
the TFS [manually (26), semi-automatic (29), automatic (31)], as
well as the availability of the software solutions [commercial (26,
28,29, 78) vs. open source (31)]. The less human-dependent and
the more automated, the more reproducible the method in most
cases. Therefore, the usefulness of the available quantification
methods depends on its intended application. While visual SQ
grading is highly useful in a clinical setting, automated 3D-
quantification seems most suitable for research.

ELS Patterns in MD, HC (ji)

Significant differences between groups could especially be found
for the ipsilateral (or affected) side of the MD group vs. HC
group, as was already shown for 4-point [cochlea: (24, 25)] and
3-point [cochlea: (79); vestibulum: (80); sacculum (81)] ELS SQ
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FIGURE 7 | Normalization and group differences for 2D-quantification of endolymphatic hydrops (ELH). 2D-quantification values of endolymphatic hydrops (ELH) in the
vestibular and cochlear part of the inner ear, in [mm?] (top row). 2D-quantification values of the total fluid surface (TFS) of the vestibular and cochlear part of the inner
ear, in [mm?] (middle row) that were used for normalizing the data of each individual to ELS ratio (ER) (%), the percentage of the TFS occupied by the ELH (ottom row).
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FIGURE 8 | Semi-quantitative (SQ) grade-specific 2D- and 3D-quantification values. These four plots show the quantitative endolymphatic hydrops (ELH) measures
(3D-quantification in the top row and 2D-quantification in the bottom row) split up along the semi-quantitative visual grading steps (from grade O to grade 3 in steps of
1). This means each boxplot with data points overlaid shows the distrioution of quantitative measures that correspond to the respective grading. The grading here is of
the average over the three raters, rounded to the nearest integer to preserve gradings going from O to 3 in steps of 1. The top row shows the distributions for the
3D-quantification of ELH for vestibular and cochlear parts of the inner ear, left and right, respectively, while the bottom row shows the distributions for the
2D-quantification of ELH for vestibular and cochlear parts of the inner ear.
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TABLE 5 | SQ-specific 2D- and 3D-quantification of the ELS.

(A) 2D-quantification

c6

Ct

@

c10

TFS

c6

c8

c10

Inner ear [mm?]
Cochlea [mm?]
Vestibulum [mm?]
Inner ear [mm?]
Cochlea [mm?]
Vestibulum [mm?]
Inner ear [mm?]
Cochlea [mm?]
Vestibulum [mm?]
Cochlea [mm?]
Vestibulum [mm?]
Inner ear ER [%]
Cochlea ER [%]
Vestibulum ER [%]
Inner ear ER [%]
Cochlea ER [%)]
Vestibulum ER [%]
Inner ear ER [%]
Cochlea ER [%)]
Vestibulum ER [%]

(B) 3D-quantification

c6

c8

0

[9

TFS

c6

c8

C

0

grading, 2D-quantification [cochlea: (82); vestibulum: (82)] and
3D-quantification [cochlea: (30, 57); vestibulum: (30, 57)] results.
correlated  highest
parameters derived from SQ grading and 2D- or 3D-
quantification values such as the asymmetry index (AI) or

Clinical
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Inner ear [mm®]
Cochlea [mm?]
Vestibulum [mm?]
Inner ear [mm®]
Cochlea [mm?]
Vestibulum [mm?]
Inner ear [mm?®]
Cochlea [mm?®]
Vestibulum [mm?]
Cochlea [mm?]
Vestibulum [mm?]

Inner ear ER [%]
Cochlea ER [%]
Vestibulum ER [%]
Inner ear ER [%]
Cochlea ER [%]
Vestibulum ER [%]
Inner ear ER [%]
Cochlea ER [%]
Vestibulum ER [%]

variables

R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3

R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3

R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3
R1-3

Grade 0
No hydrops
Mean =+ std (min-max)

2.15 + 1.32 (0.25-4.81)
0.56 + 0.40 (0-1.31)
1.88 + 1.24 (0.13-4.25)
3.08 + 1.54 (0.63-6.00)
0.89 + 051 (0.25-1.94)
2.45 +1.39 (0.81-5.19)
4.46 + 1.87 (1.44-7.63)
1.31 + 0.54 (0.56-2.13)
3.21 + 1.64 (0.56-6.38)
15.54 £ 1.49 (12.63-18.63)
19.45 + 2.92 (15.00-24.63)
6.10 -+ 3.74 (0.85-13.68)
3.51 +2.43 (0.00-7.78)
9.50 + 6.43 (0.82-21.79)
8.78 + 4.36 (2.12-17.05)
5.65 + 3.00 (1.44-11.48)
12.49 £ 7.18 (2.08-26.60)
12.70 + 5.20 (4.88-21.67)
8.34 + 3.33 (3.94-15.25)
16.34 + 8.41 (3.75-32.69)

11.17 £ 3.85 (2.70-19.11)
3.15 4+ 1.23 (0.76-6.20)
8.27 + 3.25 (1.38-14.53)
16.59 + 5.24 (4.81-26.95)
4.58 +1.60 (1.31-8.11)
12.29 + 4.39 (2.56-20.86)
23.06 + 6.63 (7.97-85.78)
6.38 + 2.03 (2.05-10.05)
17.10 + 5.45 (4.64-27.53)
90.0 + 10.6 (68.96-105.82)
178.6 + 18.3 (149.7-219.7)

4.12 +1.23 (1.15-6.25)
3.49 + 1.48 (1.10-8.19)
4.57 + 1.63 (0.87-7.07)
6.13 + 1.66 (2.04-8.82)
5.07 + 1.86 (1.90-10.71)
679+ 2.17 (1.62-10.14)
8.53 + 2.07 (3.38-11.71)
7.04 + 2.25 (2.98-13.26)
9.48 + 2.66 (2.94-13.39)

with

symmetry

Grade 1
Mild hydrops
Mean = std (min-max)

3.57 +1.81(0.19-6.81)
0.96 +0.77 (0-8)
2.67 +1.62 (0-5.63)
4.77 + 2,07 (0.5-8.5)
1.38 +092 (0.13-3.88)
3.45 +1.84 (0.13-6.81)
6.01 + 2.27 (1.19-10.63)
1.84 4 1.00 (0.44-4.44)
4.04 41,98 (0.56-8)
16.64 % 1.20 (14.13-9.63)
20.63 + 2.66 (15.63-25.5)
9.54 + 4.72 (0.64-17.76)
5.67 + 4.33 (0-16.78)
12.78 + 7.61 (0-25.07)
12.76 + 5.29 (1.71-21.56)
822+ 5.14 (0.78-21.39)
16.46 + 8,52 (0.79-30.36)
16.10 + 5.75 (4.06-27.96)
10.95 + 5.58 (2.23-24.49)
20.31 +£9.01 (3.54-37.85)

14.52 + 4.97 (7.48-27.97)
4.65 +2.93 (1.5-12.91)
10.43 + 3,63 (4.52-17.96)
20.73 + 6.03 (11.02-36.47)
6.57 + 3.51 (2.67-16.14)
14.78 + 4.48 (7-23.98)
27.87 + 6.83 (15.34-44.95)
8.74 + 3.96 (4.02-18.84)
19.78 + 5.19 (9.52-29.81)
95.4 + 11.2 (74.25-117.52)
181.2 £ 233
(182.2.0.0.221.7)

5.32 + 1.83 (2.90-9.82)
4.76 + 2.67 (1.49-12.02)
5.82 + 2.04 (2.43-9.62)
7.60 + 2.21 (4.44-12.81)
6.76 + 3.17 (2.78-15.03)
8.24 4 2,54 (3.99-12.84)
10.20 £ 2.47 (6.19-15.79)
9.03 + 3.52 (4.21-17.54)
11.01 + 2.95 (5.99-15.97)
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Grade 2
Marked hydrops
Mean = std (min-max)

5.91 + 192 (2.44-9.76)
1.29 +0.72 (0.06-2.56)
418 +1.68 (1.13-8.63)
7.59 + 2.20 (3.25-11.13)
1.76 + 089 (0.19-3.31)
5.34 + 1.84 (1.88-9.44)
9.07 + 2.28 (4.38-12.75)
2.25 +1.00 (0.44-3.88)
6.25 -+ 1.98 (2.19-10.13)

16.59 + 2,48 (9.63-21.88)

20.78 + 2.13 (17.31-25.19)

15.71 4 4.90 (5.58-25.12)
7.93 + 4.35 (0.29-14.96)

20.09 + 7.76 (5.96-40.83)

20.20 + 5,64 (6.91-28.50)

10.83 + 5.34 (0.86-18.90)

25.71 + 8.55 (9.93-44.67)

24.16 + 591 (9.30-31.88)

13.84 + 6.11 (2.57-21.99)

30.07 =+ 9.20 (11.59-47.93)

22.78  5.54 (13.50-32.76)
6.49 + 2.51 (2.89-11.80)
14,81 + 4,68 (5.56-25.53)

30.61 + 6.78 (19.10-44.54)
8.73 + 3.00 (4.59-14.70)
20.12 + 5.42 (9.48-30.26)

38.85 + 8.05 (24.97-56.85)
11.12 + 3.38 (6.19-18.26)

25.78 -+ 6.15 (14.06-36.55)

99.90 + 14.1 (75.5-124.47)

176.8 + 18.2 (140.3-227.3)

8.05 + 1.68 (4.46-10.73)
6.55 4 2.46 (2.59-11.11)
8.30 + 2.26 (3.57-13.20)
10.83 £ 2.04 (6.18-14.11)
8.81 4 2.90 (3.88-13.85)
11.30 + 2.53 (6.09-16.61)
18.75 £ 2,42 (8.28-17.95)
11.24 + 3.29 (5.36-16.24)
14.50 + 2.79 (9.03-20.09)

Grade 3
Severe hydrops
Mean = std (min-max)

6.31 + 2.75 (3.19-8.38)
1.78 £ 0.13 (1.69-1.88)
5.89 + 2.04 (2.56-8)
8.19 + 3.32 (4.38-10.44)
2.59 + 0.04 (2.56-2.63)
7.13 + 2.30 (3.19-9)
9.77 + 3.26 (6.06-12.19)
3.00 + 0.04 (3.19-3.25)
810 + 2.56 (3.81-10.31)
16,50 & 1.24 (15.63-17.38)
21.74 + 3.03 (18-25.5)
16.99 + 7.20 (8.73-21.93)
10.80 + 0.01 (10.79-10.8)
27.02 + 8.95 (12.97-37.10)
2210 = 8.95 (11.99-29.00)
15.75 + 0.91 (15.11-16.4)
32.72 + 10.1 (16.14-41.74)
26.35 =+ 8.60 (16.61-32.90)
19.57 -+ 1.74 (18.35-20.80)
37.15 4+ 10.9 (19.30-47.83)

2313 + 8.61 (13.50-30.10)
10.62 4+ 2.62 (8.77-12.46)
18,23 + 5.43 (10,19-24,39)
31.16 + 10.2 (19.78-39.56)
13.30 4+ 8.22 (11.11-16.67)
24.53 + 6.49 (14.78-30.87)
39.68 + 11.5 (27.13-49.73)
16.15 + 4.24 (13.16-19.15)
31.28 4+ 7.41 (20.41-38.59)
971 + 17.6 (84.63-109.56)
190.4 + 11.2 (175.0-199.6)

8.25 + 2.84 (4.98-9.94)
10.87 = 0.72 (10.36-11.38)
9.51 + 2.51 (5.60-12.22)
11.12 + 3.32 (7.29-13.15)
13.71 + 0.83 (13.13-14.3)
12.81 + 2.96 (8.12-15.47)
14.16 £ 3.61 (10.0-16.25)
16.51 = 1.37 (15.55-17.48)
16.35 + 3.29 (11.22-19.42)

the plain ELH difference between ipsilateral and contralateral
side for the inner ear, vestibulum, and cochlea. Recent studies
using ELS asymmetry indexes confirm this inclination (57).
A more detailed clinical study and discussion can be found
in another work (76). To date, correlations were found for
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SQ grades 3-point [electrocochleography (EcochG) (83, 84)]
and 4-point ordinal cochlear scale [PTA (24-26, 79); auditory
symptoms (85, 86); disease duration (24, 79); but not for
the glycerol test (25)]. Furthermore, correlations were
found for 3-point ordinal wvestibular scale [cVEMP-side
difference (SD) (24); PTA (11, 25, 87); oVEMP-amplitudes
(88), but not with VOG during caloric stimulation SD
(24, 89) or the glycerol test (25)]. SQ correlations coincided
with 2D-quantification [cochlea: PTA (82); vestibulum:
SP/AP ratio of ECoG (82)] and 3D-quantification [cochlea:
PTA (26); vestibulum: duration of illness >30 months
(26), side difference in response to caloric irrigation (57)]
correlation results.

ELH Extent Influences Signal Intensity in

the Basal Cochlear Turn (iii)

Zhang et al. (90) investigated 19 MD patients following double-
dose iMRI and found that the signal intensity ratio of the cochlear
basal turns in the affected ear was significantly higher than in the
unaffected ear and that there was a positive correlation between
the signal intensity ratio of the cochlear basal turn and the
grades of cochlear and vestibular hydrops in the affected ear.
The SNR was assessed and calculated manually according to (91)
using the signal in perilymph of both cochlear basal turns and
noise in coplanar circular 50 mm? ROIs in the cerebellum. The
interpretation of these findings was that increased permeability
of the blood-labyrinth barrier (higher SNR) may play a role in
the process of endolymphatic hydrops in MD.

The results of the current study suggest, however, a general
pathophysiological effect tied to the extent of the ELH and not
MD as a pathology, since higher ELH 3D-quantification values
had higher signal intensity (SI) values in the cochlear basal turn,
apex cochlea, and hSCC ROIs. Within MD, ST only in the cochlear
basal turn was significantly higher on the ipsilateral side when
compared to the contralateral side. The SI was generally different
between the MD and HC groups, indicating an effect of ELH also
on signal presentation. SNR differed between the MD and HC
groups; however, the effect was small and the group differences
in ELH were not significantly affected by SNR, indicating that
the group differences are a persistent effect of the underlying
condition and not related to the imaging settings that were used
in the current study.

Normalization and Standardization of ELS
Values

Clinical variables correlated better and more correctly with
relative (Al) or normalized values [to the fraction ER [%] of the
total fluid space]. This indicates that relative proportions of both
ears, and the relative size of ELH are most useful for predicting
quantitative clinical data from iMRI measures (57).

However, to date not many iMRI ELS values have been
published in absolute (26, 30, 92) and relative sizes (26, 28, 85, 93—
95); those that have been published were mostly group-specific
but not grade-specific, and one grade-specific but relative (26). In
Table 5, 2D- and 3D-quantifications, relative, and normalized to
TFS are presented.
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Recommendations for Future iMRI Studies
The following methodological recommendations for future
studies can be derived from the present work and the current
available literature:

e MR setup: Improved hybrid of reversed image of positive
endolymph signal and native image of positive perilymph
signal (iIHYDROPS-Mi2) (15) or 3D-real inversion recovery
(3D-real IR) (28, 96), highest possible MRI field strength
(72), smallest possible isotropic voxel size, deep learning
reconstruction denoising (14) if applicable.

e MR measurement: 4h +30min after single-dose (0.1
mmol/kg) intravenous application (64) of Dotarem (Gd-
DOTA, 100% morphological enhancement) or Gadovist
(Gd-Do3A, 88% morphological enhancement) (71).

e SQ grading: 4-point ordinal scale (0: no hydrops, 1: mild

hydrops, 2: marked hydrops, 3: severe hydrops) for cochlear

and vestibular SQ grading (cp. Table 1), preferably with a level
of evaluation reconstructed to distinctive anatomical fixpoints.

Scalar ELS values: 3D-quantification, optimally using

algorithm-based segmentation of both the TFS (Seyed-Ahmad

et al., under review); (76, 77) and ELS (31, 32) should be
included. 2D-quantification if 3D-quantification is not
available. Reported values should be normalized for TFS size.

Correlations with clinical variables should include both ears

and are most promising in symmetry parameters, such as

asymmetry-indices for un-normalized data and relative size

ELS for normalized data.

Methodological Limitations and Outlook
There are methodological limitations in the current study that
need to be considered in the interpretation of the data. First,
despite the comparatively wide range of contrast agent dosage
and delay time within this study, the results should be (to
some degree) considered specific to the study’s MR settings
(MR sequence, MR contrast agent, intravenous application).
Second, despite the extensive analyses within this study, it was
not possible to try all, but only representations of the methods
used in this study [SQ following Figure 1 and (22), 2D- and
3D-quantification using VOLT (31)]. Third, the study lacks
histological confirmation of endolymphatic hydrops. However,
the in-vivo acquisition of histological specimens in Meniére’s
disease is currently not possible. Fourth, the size of the control
group (n = 33) was small in comparison to the MD group (n =
105). However, due to findings of signal intensity in the dendate
nucleus and globus pallidus on unenhanced T1-weighted MR
images (97-99) that are still under investigation, measurements
were restricted to inpatients of the Department of Neurology that
underwent MRI with a contrast agent as part of their diagnostic
workup and agreed to undergo iMRI sequences after 4 h.

CONCLUSION

The current comparative methodological study has shown that:
(1) A Gd dosage of 0.1-0.2 mmol/kg after 4h & 30 min Gd time
delay will provide sufficient SNR when using recommended MR
sequences and contrast agents. (2) An agreed upon clinical SQ
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grading classification including a standardized level of evaluation
reconstructed to anatomical fixpoints is needed to provide
unambiguous comparability between labs. (3) 3D-quantification
methods of the ELS using algorithm-based segmentation of the
TES and ELS seem to be best suited for research purposes.
Correlations with clinical variables should include both ears
and ELS values reported relative or normalized to size. (4) The
presence of ELH increases signal intensity in the basal cochlear
turn weakly, but cannot predict the presence of ELH.
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4. AbschlieBende Bemerkungen und Ausblick

In dieser Arbeit konnte gezeigt werden, warum Innenohr-MRT-Diagnostik mit Darstellung der
Flissigkeitskompartimente im Innenohr bei bestimmten Schwindelsyndromen indiziert ist. Dabei
wurde auch auf die Schwierigkeiten der Interpretation der Ergebnisse hingewiesen. Ein
untersucherunabhangiger, schneller und verlasslicher Algorithmus, der diese Schwierigkeiten in
Bezug auf kontrastmittelverstarkte Darstellung der Innenohr-Fllssigkeitskompartimente
adressiert, wurde entwickelt und validiert'.

Diese neue Methode wurde an einem groReren Datensatz klinischer Daten mit etablierten 2D-
Quantifizierungsmethoden verglichen; weiterhin wurden in dieser Arbeit grundsatzliche Aspekte der
Innenohrbildgebung analysiert®. Die Methode korrelierte stark mit der klinischen Graduierung eines
Endolymphhydrops beim MM und war erfreulicherweise unabhangig von Signal-Rausch-Verhaltnis
und Signalintensitat anwendbar.

Basierend auf den Ergebnissen der klinischen Anwendung konnten allgemeine Empfehlungen zur
optimalen Bildgebung mittels kontrastmittelunterstiutzter Innenohr-MRT definiert werden. Wichtig
sind neben der applizierten KM-Dosis (0.1-0.2 mmol/kg Kérpergewicht) und der ausreichenden Zeit
zwischen Applikation und Bildakquise (4h + 30 min) auch die Verwendung optimaler Sequenzen
und der Einsatz einer standardisierten Auswertung. Hier gibt es weiterhin konkurrierende und
untereinander begrenzt kompatible, semiquantitative, 2D-schnittbasierte Graduierungs-Methoden,
wodurch die Vergleichbarkeit internationaler Studien eingeschrankt wird.

Zum besseren Verstandnis des Endolymphhydrops sind sowohl klinische Forschung mit
Patientiinnen, individuellen Krankheitsverlaufen und wenig invasiven Untersuchungsmethoden als
auch Grundlagenarbeiten (bspw. am Tiermodell oder i.R. von post-mortem-Untersuchungen)
notwendig. Weder der zeitliche Verlauf noch die Pathogenese oder die eigentliche pathophysiolo-
gische Relevanz eines erweiterten Endolymphraumes konnte bislang abschlieliend geklart werden.
Es scheint, wie wir zeigen konnten, einen physiologischen Alterungsprozess mit einer leichten
altersabhangigen Erweiterung der Endolymphraume bei einigen Individuen ohne Symptome zu
geben®.

Wahrend die im Rahmen dieser Dissertation beschriebene Methodik einen wertvollen Beitrag zur
Vergleichbarkeit und Standardisierung der klinischen MRT-Daten liefert und bereits i.R.
internationaler Kollaborationen Anwendung fand 2, sind mittelfristig Next-Generation-MR-
Applikationen notwendig, die eine noch hohere raumliche Auflosung bis hin zur tatsachlichen
Darstellung der ReilRnerschen Membran ermdoglichen, eventuell kontrastmittelunabhangig
funktionieren 882 oder mittels Anwendung neuroinformatischer Technologien wie deep learning,
Radiomics oder komplexerer Algorithmen noch weiter automatisierte Auswertungen erlauben, um
grolRere Datensatze zu analysieren.
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