Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

TECHNISCHE
UNIVERSITAT
WIEN

Vienna University of Technology

DISSERTATION

3D Structure of Human Auditory Nerve Fibers and
its Impact on Excitation with Cochlear Implants

Ausgefiihrt zum Zwecke der Erlangung des akademischen Grades eines
Doktors der technischen Wissenschaften

unter der Leitung von
Prof. DDDr. Frank Rattay
Institut fiir Analysis und Scientific Computing (E101)

eingereicht an der Technischen Universitdt Wien
Fakultdt fiir Mathematik und Geoinformation

von
Amirreza Heshmat
Matrikelnummer: 01225217

Wien, am 7. Dezember 2021



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Acknowledgments

Foremost, I would like to express my sincere gratitude to my advisor Prof. Frank Rattay for the
invaluable mentorship and the continuous support of my Ph.D. study and related research, for
his patience, inspiration, motivation, and immense knowledge. His guidance helped me in all
the time of research and writing of this dissertation. Words are not enough to express my thanks

and gratitude to you, and I am honored to work with you and learn so much from you.

I would also like to thank Prof. Anneliese Schrott-Fischer for her patience, guidance and for
giving me the opportunity to develop my knowledge under her supervision in the Laboratory
for Inner Ear Biology of the Clinic of Ear Nose and Throat Medicine, Medical University of

Innsbruck.

I would like to express my gratefulness to Prof. Werner Hemmert for his support, sharing of

constructive comments and suggestions, as well as guidance.

I genuinely express my thanks to Prof. Eugenijus Kaniusas for accepting to be a member of the

defense committee of my dissertation and for his academic support.

My sincere thanks also go to Dr. Rudolf Glueckert and Dr. Stephan Handschuh, who helped
me learn and discover valuable techniques to obtain data. Further, my special appreciation goes

to Dr. Andreas Fellner for his help, support, and sharing of his experience.

I would also like to express my appreciation to the Austrian Science Fund (FWF) for the

financial support of this project.

My heartfelt gratitude goes to my colleague, who is also my beloved wife, Sogand Sajedi. I

thank her wholeheartedly for her love, encouragement, and precious support.

Last but not least, [ am so grateful to my parents, who raised me with love and for their valuable

support throughout my life as well as for believing in me.

1



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Abstract

The cochlea in the inner ear has a sophisticated three-dimensional bony spiral shape consisting
of three fluid-filled chambers in the bony labyrinth. The cochlea is responsible for sound
perception and hearing process, and in humans, it is coiled about two and three-fourth to three
turns and varies in length. Sound is converted to electrical signals by sensory hair cells. The
signals are transferred to the cochlear nuclei through type I myelinated spiral ganglion neurons,
consisting of 95% of the auditory nerve fibers (ANFs).

A perfect hearing perception is possible with a healthy auditory system. People who have
problems in their auditory system suffer from hearing deficits. Extraction of the auditory
information is only possible by decoding the firing pattern of cochlear neurons in the central
nervous system. Consequently, any disruption in this spiking pattern causes problems in speech
understanding, particularly in hearing deficit cases. Sensory hair cells and ANFs can be
damaged by over-exposure to noise, toxic, or inherent. These damages are irreversible and
cause permanent hearing loss. Moreover, the majority of the ANFs degenerate by the loss of
hair cells. However, in the human cochlea, some of these fibers survive for years, for instance,
people with sensorineural hearing loss or partially intact ANFs, which the survived fibers are

possible to be excited by a cochlear implant (CI).

Cl is a surgically implanted device that stimulates survived auditory nerves extracellularly by
bypassing the damaged or dead region of the neurons. The CI is usually inserted into the scala
tympani and can restore the hearing sense in people with severe to profound hearing loss levels.
Although, the number of surviving auditory fibers, neural health status, and electrode position

of the CI array are crucial and impact the excitability of the auditory neurons.

On the other hand, the CI has critical limitations, leading to some dissatisfaction of CI users to
understand speech in a noisy environment and having poor music perception. Hence,
computational modeling studies have been used to investigate aspects that are not feasible on
live human users to overcome the limitations and improve the functionality of CIs. Moreover,
human cochlear geometry and cochlear neurons arrangement have a considerable impact on
the outcome of Cls. Hence, other benefits of using computer simulation to investigate these
effects and analyze the resulting excitation profiles that lead to reduced animal experiments,
improve the CI outcomes, and increase the satisfaction of CI recipients. In this matter, the
excitation behavior of auditory nerves by a CI can be studied with computational models.
Electrical field distribution along ANFs elicited by a CI can be modeled using the finite element
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method, which is used as input for neuron models to simulate the reaction of ANFs to micro-

stimulation.

However, a detailed three-dimensional finite element model of human cochlea, three-
dimensional helical structure and the spiral ANF pathways, and a realistic CI model are
essential for a reliable computational investigation and to study the temporal fine structure of

the transmitted neural code as well as tonotopic behavior of the electrically stimulated cochlear.

In this dissertation, the computational model uses an accurate three-dimensional anatomically
detailed finite element model of a human cochlea and thirty reconstructed tonotopically
organized auditory pathways of type I ANFs. In addition, two different CI arrays, a lateral and
a perimodiolar system, were modeled and added to the finite element of the cochlea model to
evaluate the excitation profiles of the ANFs. Both CI models are designed according to
manufacturer data. Furthermore, for more accurate results in computational investigations
related to CI research, it is needed to have realistic information as much as possible from the
cochlea and adapted to models. For this purpose, four human cochleae were used to quantify
and analyze impact hearing loss levels on peripheral axon changes in diameter and myelination
thickness from type I of the ANFs to determine a degeneration pattern based on hearing loss
levels, and the obtained data related to degeneration human ANFs were applied for further

investigations as follows:

In the first examination, degeneration patterns of the peripheral part of human ANFs
investigations were accomplished based on hearing loss levels of several human cochleae. In
addition, synaptic excitation and the excitation properties of electrical potential distributions
induced by two CI were analyzed. The main findings indicated: (i) the unimodal distribution
of control peripheral axon diameters becomes multimodal for hearing loss cases; a group of
thin peripheral axon fibers with diameters between 0.3 and 1 pm with a peak at 0.5 pm
appeared. (i1) Postsynaptic currents from inner hair cells excite such thin peripheral axon fibers
easier and earlier in comparison with healthy conditions. However, this advantage is lost as
their conduction velocity decreases proportionally with the diameter and causes increased spike
latency and jitter in the soma and central axon. Firing probability reduces through the soma
passage due to the low intracellular current flow in thin peripheral axon fibers during spiking.
(111) Compared with peripheral axon diameter, variations in myelin thickness have a small
impact on spiking performance. (iv) Contrary to synaptic excitation, Cls cause several spike
initiation sites in the peripheral axon, soma region, and central axon; moreover, fiber
excitability reduces with fiber diameter. In a few cases where weak stimuli elicit spikes of a
target neuron in the central axon, peripheral axon diameter reduction has no effect. However,

in many cases, a spike in a target neuron is first initiated in the peripheral axon, and
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consequently, peripheral axon degeneration demands an increase in threshold currents. (v)
Threshold currents of a target neuron and co-stimulation of degenerated ANFs in other
frequency regions depend on the electrode position, including its distance to the outer wall of
the scala tympani, the cochlear turn, and the three-dimensional pathway of the target neuron.

Among all different techniques, polarity sensitivity is a promising way to evaluate the neural
status of ANFs in CI users. The second part of the dissertation was investigated polarity
behavior under the application of symmetric and asymmetric pulse shapes, monopolar and
multipolar CI stimulation strategies, and perimodiolar and lateral CI array systems. Our main
findings are as follows: (i) action potential (AP) initiation sites occurred mainly in the
peripheral site in the lateral system regardless of stimulation strategies, pulse polarities, pulse
shapes, cochlear turns, and ANF degeneration levels. However, in the perimodiolar system, AP
initiation sites varied between peripheral and central processes, depending on stimulation
strategies, pulse shapes, and pulse polarities. (ii) In the perimodiolar array, clusters formed in
threshold values based on cochlear turns and degeneration levels for multipolar strategies only
when asymmetric pulses were applied. (iii) In the perimodiolar array, a declining trend in
polarity (anodic threshold/cathodic threshold) with multipolar strategies was observed between
intact or slight degenerated cases and more severe degenerated cases, whereas in the lateral
array, cathodic sensitivity was noticed for intact and less degenerated cases and anodic
sensitivity for cases with high degrees of degeneration. The results suggest that a combination
of asymmetric pulse shapes, focusing more on multipolar stimulation strategies, as well as
considering the distances to the modiolus wall, allows us to distinguish the degeneration

patterns of ANFs across the cochlea.

The last section of investigation in this dissertation tried to analyze the excitation of ANFs
based on different CI insertions, scala tympani versus scala vestibuli. Due to some
circumstances, such as ossification and obstruction of scala tympani, the CI insertion can be
done in the scala vestibuli, which is a valuable alternative. Therefore, a computational study
was performed to analyze ANF excitation features as well as AP initiation sites in both scalae
and demonstrate similarity and dissimilarity between scala tympani and scala vestibuli

implantations.

For this part of the investigation, several ANFs with similar distances to the center of electrodes
were selected in both scala tympani and scala vestibuli by considering the different levels of
ANF degeneration. The main results demonstrate that the excitation thresholds of stimulating
electrodes in both scalae were cathodic sensitive in the intact case and the AP initiation sites
occur in the peripheral process regardless of the electrode position. In contrast, in the

degenerated cases, the excitation behavior of ANFs changed, and AP initiation sites differ
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depending on polarity and electrode position. Furthermore, the three-dimensional ANF
pathways significantly impact the excitation threshold and AP initiation sites. The other
outcome displays that polarity sensitivity depends on the array system, pulse shape, and ANF
health status for the scala tympani case; however, in the scala vestibuli case, the polarity effect
disappears regardless of pulse shape, CI array system, cochlear turn, and ANF health status.
Although it is needed, more investigations will be done to analyze the ANF excitation behavior

and polarity sensitivity under different conditions between scala tympani and scala vestibuli.
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Zusammenfassung

Die Cochlea im Innenohr hat eine ausgekliigelte dreidimensionale kndcherne Spiralform, die
aus drei fliissigkeitsgefiillten Kammern im kndchernen Labyrinth besteht. Die Cochlea ist fiir
die Klangwahrnehmung und den Horprozess verantwortlich. Beim Menschen hat sie meist
zwei und drei Viertel bis drei Windungen und variiert in der Linge. Schall wird von
sensorischen Haarzellen in elektrische Signale umgewandelt. Die Signale werden iiber
myelinisierte Spiral Ganglion Neuronen vom Typ I, die zu 95% aus den Hornervenfasern
(ANF) bestehen, an die Cochlea-Kerne iibertragen.

Eine perfekte Horwahrnehmung ist mit einem gesunden Horsystem moglich. Menschen, die
Probleme in ihrem Horsystem haben, leiden unter Hordefiziten. Die Extraktion der auditiven
Informationen ist nur moglich, indem das Feuermuster von Cochlea-Neuronen im zentralen
Nervensystem entschliisselt wird. Folglich verursacht jede Stérung in diesem Spiking-Muster
Probleme beim Sprachverstindnis, insbesondere in Fillen von Hordefiziten. Sensorische
Haarzellen und ANFs konnen durch iibermifBige Exposition gegeniiber Lirm inhidrent
geschidigt werden. Diese Schidden sind irreversibel und verursachen einen dauerhaften
Horverlust. Dariiber hinaus degeneriert die Mehrheit der ANF durch den Verlust von
Haarzellen. In der menschlichen Cochlea iiberleben jedoch einige dieser Fasern jahrelang, zum
Beispiel Menschen mit sensorineuralem Horverlust oder teilweise intakten ANF. Die

iiberlebenden Fasern konnen durch ein Cochlea-Implantat (CI) angeregt werden.

CI ist ein chirurgisch implantiertes Gerit, das liberlebende Hornerven extrazelluldr stimuliert
indem es die beschidigte oder abgestorbene Region der Neuronen umgeht. Das CI wird
normalerweise in die scala tympani eingefiihrt und kann den Horsinn bei Menschen mit
schwerem bis hochgradigem Horverlust wiederherstellen. Die Anzahl der iiberlebenden
Horfasern, der neuronale Gesundheitszustand und die Elektrodenposition des CI-Arrays sind

jedoch entscheidend und beeinflussen die Erregbarkeit der auditiven Neuronen.

Auf der anderen Seite hat das CI kritische Einschrdnkungen, was zu einer gewissen
Unzufriedenheit der CI-Benutzer filihrt, Sprache in einer lauten Umgebung zu verstehen und
eine schlechte Musikwahrnehmung zu haben. Daher wurden computergestiitzte
Modellierungsstudien verwendet, um Aspekte zu untersuchen, die bei lebenden menschlichen
Benutzern nicht durchfiihrbar sind, um die Einschrinkungen zu iiberwinden und die
Funktionalitit von CIs zu verbessern. Dariiber hinaus haben die menschliche Cochlea-

Geometrie und die Anordnung der Cochlea-Neuronen einen erheblichen Einfluss auf das
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Ergebnis von Cls. Vorteile der Verwendung von Computersimulationen, um diese Effekte zu
untersuchen und die resultierenden Anregungsprofile zu analysieren sind, die Tierversuche zu
reduzieren , die CI-Ergebnisse verbessern und damit die Zufriedenheit der CI-Empfinger
erhohen. In dieser Hinsicht kann das Erregungsverhalten von Hornerven durch ein CI mit
Computermodellen untersucht werden. Die elektrische Feldverteilung entlang der von einem
CI ausgelosten ANF kann mit der Finite-Elemente-Methode modelliert werden, die als Input
fir Neuronenmodelle verwendet wird, um die Reaktion von ANF auf Mikrostimulation zu

simulieren.

Ein detailliertes dreidimensionales Finite-Elemente-Modell der menschlichen Cochlea, der
dreidimensionalen spiralféormigen Struktur und der spiralformigen ANF-Pfade sowie ein
realistisches CI-Modell sind jedoch fiir eine zuverldssige computergestiitzte Untersuchung und
die Untersuchung der zeitlichen Feinstruktur des iibertragenen neuronalen Codes sowie des

tonotkopischen Verhaltens der elektrisch stimulierten Cochlea unerlésslich.

In dieser Dissertation profitiert das Berechnungsmodell von einem genauen dreidimensionalen
anatomisch detaillierten Finite-Elemente-Modell einer menschlichen Cochlea, und dreif3ig
rekonstruierte tonotopisch organisierte Horbahnen vom Typ I ANF wurden verwendet.
Dariiber hinaus wurden zwei verschiedene CI-Arrays, ein laterales und ein perimodiolares
System, modelliert und dem Cochlea-Modell hinzugefiigt, um die Anregungsprofile der ANF
zu bewerten. Beide CI-Modelle sind nach Herstellerangaben konzipiert. Dariiber hinaus ist es
fiir genauere Ergebnisse in computergestiitzten Untersuchungen im Zusammenhang mit der
CI-Forschung erforderlich, so viele realistische Informationen wie mdglich aus der Cochlea zu
haben und an Modelle anzupassen. Zu diesem Zweck wurden vier menschliche Cochleae
verwendet, um die Auswirkungen des Horverlusts auf periphere Axonidnderungen des
Durchmessers und der Myelinisierungsdicke zu quantifizieren und zu analysieren, um ein
Degenerationsmuster basierend auf den Horverlustwerten zu bestimmen, und die erhaltenen
Daten im Zusammenhang mit der Degeneration menschlicher ANF wurden fiir weitere

Untersuchungen wie folgt verwendet:

In der ersten Untersuchung wurden Degenerationsmuster des peripheren Teils menschlicher
ANF-Untersuchungen basierend auf Horverlustwerten mehrerer menschlicher Cochleae
durchgefiihrt. Zusatzlich wurden die synaptische Anregung und die Anregungseigenschaften
elektrischer Potentialverteilungen, die durch zwei CI induziert werden, analysiert. Die
wichtigsten Ergebnisse waren: (i) Die unimodale Verteilung der peripheren Axondurchmesser
der Kontrolle wird multimodal fiir Félle von Horverlust; wo eine neue Gruppe diinner
peripherer Axonfasern mit Durchmessern zwischen 0.3 und 1 pm mit einem Peak bei 0.5 pm

erschien. (i1) Postynaptische Strome aus inneren Haarzellen regen solche diinnen peripheren
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Axonfasern leichter und friiher an als unter Kontrollbedingungen. Dieser Vorteil geht jedoch
verloren, da ihre Leitungsgeschwindigkeit proportional mit dem Durchmesser abnimmt und
eine erhohte Spike-Latenz und Jitter im Soma und im zentralen Axon verursacht. Die
Feuerwahrscheinlichkeit verringert sich durch die Soma-Passage aufgrund des geringen
intrazelluldren Stromflusses in diinnen peripheren Axonfasern wihrend des Spikings. (iii) Im
Vergleich zum peripheren Axondurchmesser haben Schwankungen der Myelindicke einen
geringen Einfluss auf die Spiking-Leistung. (iv) Im Gegensatz zur synaptischen Erregung
verursachen Cls mehrere Spike-Initiationsstellen im peripheren Axon, in der Soma-Region und
im zentralen Axon. Dariiber hinaus nimmt die Fasererregbarkeit mit dem Faserdurchmesser
ab. In einigen wenigen Féllen, in denen schwache Reize spikes eines Zielneurons im zentralen
Axon hervorrufen, hat die periphere Axondurchmesserreduktion keine Wirkung. In vielen
Féllen wird jedoch zuerst ein spike in einem Zielneuron im peripheren Axon eingeleitet, und
folglich erfordert die Degeneration des peripheren Axons eine Erhéhung der Schwellenstrome.
(v) Schwellenstrome eines Zielneurons und die Kostimulation degenerierter ANF in anderen
Frequenzbereichen hangen von der Elektrodenposition ab, einschlieBlich ihres Abstands zur

Auflenwand, der Cochlea-Windung und des dreidimensionalen Weges des Zielneurons.

Die Polarititsempfindlichkeit unter allen verschiedenen Techniken ist ein vielversprechender
Weg, um den neuronalen Status von ANFs bei CI-Anwendern zu bewerten. In diesem Teil der
Dissertation wurde das Polarititsverhalten unter Anwendung symmetrischer und
asymmetrischer Pulsformen, monopolarer und multipolarer CI-Stimulationsstrategien sowie
perimodiolarer und lateraler CI-Array-Systeme untersucht. Unsere Hauptergebnisse sind wie
folgt: (1) Aktionspotential (AP) Initiationsstellen traten hauptsédchlich an der peripheren Stelle
im lateralen System auf, unabhéngig von Stimulationsstrategien, Pulspolarititen, Pulsformen,
Cochlea-Drehungen und ANF-Degenerationsgrad. Im perimodioldren System variierten die
AP-Initiationsstellen jedoch zwischen peripheren und zentralen Prozessen, abhingig von
Stimulationsstrategien, Pulsformen und Pulspolaritéten. (ii) Im perimodioldren Array bildeten
sich Cluster in Schwellenwerten basierend auf Cochlea-Windungen und Degenerationsgraden
fiir multipolare Strategien nur dann, wenn asymmetrische Impulse angewendet wurden. (iii)
Im perimodioldren Array wurde ein abnehmender Trend in der Polaritdt (anodische
Schwelle/kathodische Schwelle) mit multipolaren Strategien zwischen intakten oder leicht
degenerierten Fillen und schwereren degenerierten Fillen beobachtet, wihrend im lateralen
Array eine kathodische Empfindlichkeit fiir intakte und weniger degenerierte Fille und eine
anodische Sensitivitdt fiir Fille mit hohem Degenerationsgrad festgestellt wurde. Die
Ergebnisse deuten darauf hin, dass eine Kombination aus asymmetrischen Pulsformen, die sich

mehr auf multipolare Stimulationsstrategien konzentrieren, sowie die Beriicksichtigung der

X



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Abstinde zur Modioluswand es uns ermoglicht, die Degenerationsmuster von ANF in der

Cochlea zu unterscheiden.

Der letzte Untersuchungsabschnitt in dieser Dissertation versuchte, die Anregung von ANF
basierend auf verschiedenen Cl-Insertionen, scala tympani versus scala vestibuli, zu
analysieren. Aufgrund einiger Umstidnde, wie Verkndcherung und Obstruktion von scala
tympani, kann die CI-Insertion in der scala vestibuli erfolgen, was eine wertvolle Alternative
darstellt. Daher wurde eine Computerstudie durchgefiihrt, um ANF-Anregungsmerkmale
sowie AP-Initiationsstellen in beiden scalae zu analysieren und Ahnlichkeit und Unéhnlichkeit

zwischen scala tympani- und scala vestibuli-Implantationen zu demonstrieren.

Fiir diesen Teil der Untersuchung wurden mehrere ANF mit &hnlichen Abstinden zum
Zentrum der Elektroden sowohl in scala tympani als auch in scala vestibuli ausgewahlt, indem
die verschiedenen Ebenen der ANF-Degeneration beriicksichtigt wurden. Die Hauptergebnisse
zeigen, dass die Anregungsschwellen der stimulierenden Elektroden in beiden Scalae im
intakten Fall kathodisch empfindlich waren und die AP-Initiationsstellen im peripheren
Prozess unabhéngig von der Elektrodenposition auftreten. Im Gegensatz dazu dnderte sich in
den degenerierten Féllen das Anregungsverhalten von ANFs, und die AP-Initiationsstellen
unterscheiden sich je nach Polaritit und Elektrodenposition. Dariiber hinaus beeinflussen die
dreidimensionalen ANF-Pfade signifikant die Anregungsschwelle und die AP-Stellen. Die
Simulationen zeigen, dass die Polaritdtsempfindlichkeit von den Array-Typen, der Pulsform
und dem ANF-Gesundheitsstatus fiir den scala tympani-Fall abhdngt. Im Fall von scala
vestibuli verschwindet der Polarititseffekt jedoch unabhingig von Pulsform, CI-Array-System,
Cochlea-Turn und ANF-Gesundheitszustand. Da es notwendig ist, werden weitere
Untersuchungen  durchgefiihrt, um  das  ANF-Anregungsverhalten und  die
Polaritatsempfindlichkeit unter verschiedenen Bedingungen zwischen scala tympani und scala

vestibuli zu analysieren.
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Chapter 1

Introduction

This chapter provides the basic knowledge required for a better understanding of this study.
The first section (1.1) provides comprehension of the anatomical and physiological features of
the human ear. The structure, function, innervation of the human auditory system and human
hearing spectrum, as well as types, degrees, and causes of hearing loss, are described in section
1.2. In addition, the most typical and usually hearing loss type in humans is explained. The

following section (1.3) presents how hearing restoration happens with cochlear implants (Cls).

Additionally, CI structure, function, and types are described. Moreover, section 1.4 gives some
background on two different implantations, scala tympani vs. scala vestibuli. In addition, an
important question arises that when and why scala vestibuli implantation is needed. Finally, in
section 1.5, the limitation of recent clinical and computational studies in the CI community is

discussed, consequently addressing the aims of this study.

1.1 Anatomy and physiology of the human auditory system

Hearing is one of the sixth senses that has a profound impact on people's daily life. Hearing
allows humans to communicate, learn and discover new aspects of their lives and plays an
essential role in their life. The ears are paired hearing organs that begin to form in the sixth
week of pregnancy. Despite the tiny size of the ear, it performs a significant role in human
beings. The sophisticated structure of the ear provides a sense of hearing by collecting and
transferring the sound waves and converting mechanical vibrations into neural impulses,

electric signals.

The human auditory system has an individual development chain. Firstly, the development of
structural components occurs, such as cochlea development perfectly form by 15 weeks of
pregnancy; however, it becomes functional by 20 weeks. Also, the hearing system becomes
complete and functional when the cell bodies of auditory neurons connect hair cells to the
brainstem, which happens around 25 to 29 weeks of pregnancy (Graven and Browne, 2008).
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Anatomy and physiology of the human auditory system

The human auditory system is divided into three main sections: external ear, middle ear, and
inner ear (Figure 1.1). The sound transmission is performed with external and middle ears, and
the inner ear is composed of two organs: the cochlea and the vestibular systems. The cochlea

is responsible for hearing, and balance is achieved with the vestibular system.

Ossicles:
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Incus
Malleus

Semicircular ducts

Oval window

Vestibular nerve

Cochlear nerve

Auricle Vestibule
Tympanic Cochlea
membrane

Round window
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Auditory tube
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Figure 1.1. The anatomy of the human ear. It consists of three main parts: the outer ear, the middle ear,

and the inner ear. The Figure is taken (Lumen Learning, 2021).

1.1.1 The Outer Ear

The external ear involves the pinna, auricle, and external auditory canal. The pinna is the visible
part of the ear made of cartilage that collects sound waves from the environment and helps
localize the sound waves by funneling them towards the external canal. The external auditory
canal, the ear canal, provides a pathway about 3 cm in length and 7 mm in diameter from the
external ear to the middle ear. The external auditory canal directs sound waves to the end of
the canal, where the tympanic membrane, the eardrum, is located. The ear canal structure
provides suitable humidity and temperature levels to preserve the elasticity features of the
tympanic membrane. In addition, earwax and hairs of the ear canal protect the inner parts
against small foreign particles, insects, and infections that may damage the tympanic

membrane.

When the sound waves arrive at the end of the ear canal, they hit the tympanic membrane. The

tympanic membrane separates the outer and middle ear and has an oval shape of about 10 mm
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Anatomy and physiology of the human auditory system

in height and 8 mm in width. The function of the tympanic membrane is to convert sound waves

into mechanical energy, vibrations.

1.1.2 The Middle Ear

The middle ear is a small-scale air-filled chamber. The sound transmission happens
appropriately when the air pressure is equalized between the middle and external ears; hence,
the eustachian tube joins the middle ear to the back of the nose and throat to equalize the air

pressure in the middle ear.

The lateral wall of the middle ear is attached to the tympanic membrane, and the medial wall
adjoins to the inner ear that conducts and transmits the sound to the inner ear by the ossicular
chain, which includes three tiny bones, malleus, incus, and stapes (also known as the hammer,
anvil, and stirrup, respectively). These three tiny bones act as an amplifier of force to transfer
vibrations to the inner ear. Since the middle ear is the air-filled chamber, it enables the
sophisticated mechanism of transferring sound and transmitting vibration to the fluid-filled
chamber of the cochlea. Another role of the middle ear is protecting the cochlea against loud
sounds or noises that may be detrimental to inner ear structures. It reduces, however, with some
delay, the magnitude of the vibrations in the fluid system by an involuntary contraction of the

tensor tympani and the stapedius muscles.

1.1.3 The Inner Ear

Two essential systems, the cochlear and the vestibular, are housed in the inner ear that provides
the sense of hearing and balance. The cochlea has a sophisticated three-dimensional bony
spiral-shaped fluid-filled cavity in the bony labyrinth and is responsible for sound perception.
In humans, the cochlea is coiled about two and three-fourth (Hardy, 1938) to three turns (Tian,
Linthicum and Fayad, 2006) around a spongy bone pillar called the modiolus and enclosed by
compact bone called the otic capsule that is rich in the mineral increasing the stiffness of the
bony labyrinth (Bast, 1942). Hence, this stiff bony structure reflects received vibrations into
the cochlear fluids and prevents absorption by the temporal bone. Due to the dissimilarity of
the cochlea shapes and sizes, the human cochlea is individual. A study on 73 human inner ears
reported that the length of the outer cochlear wall varied from 38.6 to 45.6 mm, with a mean
length of 42.0 mm, while the basal turn represented 53% of the entire cochlea length and ranged
from 20.3 to 24.3 mm (Erixon et al., 2009).

The cochlea consists of three fluid-filled chambers, scalae that differ in volume size (Figure

1.2). The largest and most inferior one is called scala tympani (ST), placed below the osseous



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Anatomy and physiology of the human auditory system

spiral lamina that makes the lowest scala. The second-largest and superior scala is named scala
vestibuli (SV), which is located above the osseous spiral lamina. Lastly, the smallest chamber
is the scala media (SM), also called the cochlear duct, located between ST and SV and houses
the organ of Corti (Figure 1.2).
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Figure 1.2. Anatomy of the human cochlea. (A) Snail shape of the cochlea. (B) Cross-section of the
cochlea consists of three chambers and cochlear nerves. (C) Schematic representation of organ of Corti
structure including hair cells. The stereocilia lengths are not in scale; only the longest stereocilia of the

outer hair cells are in contact with the tectorial membrane. The Figure is taken (Lumen Learning, 2021).

The ST and SV begin from the initial part of the basal turn distinguished by the round and oval
windows, respectively, and continue up to the apex of the cochlea called helicotrema, where
they join together and allow fluid to flow between both scalae. The ST and SV are filled with

the same fluid called perilymph, possessing low potassium and high sodium concentrations.

On the other hand, SM is filled with endolymph with inversed ion concentrations compared to
the ST and SV (low sodium and high potassium). These ions distributions are required for
auditory transduction by generating an electrochemical gradient in the cochlea (Wangemann,

2006). These three scalae are separated by membranes. The vestibular membrane, also known
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Anatomy and physiology of the human auditory system

as Reissner's membrane, detaches the SV from the SM (Figure 1.2B). (Wangemann and
Schacht, 1996; Davis and Liu, 2011). The Reissner's membrane comprises two different cells.
First, an epithelial-cell sheet in the SM side confronts the endolymph, and second, a mesothelial
cell encounters the perilymph of the SV. The Reissner's membrane structure acts as a barrier
between two different fluids with different ion concentrations of SM and SV, and the
membrane is crucial for hearing to keep the endocochlear potential (+80 mV) in the cochlear
duct (Rask-Andersen et al., 2012).

The basilar membrane separates ST from SM. Superior of the basilar membrane, the organ of
Corti is located. The organ of Corti comprises sensory cells known as several supporting cells,
the inner and outer hair cells (Figure 1.2C) (Spoendlin and Schrott, 1990). The hair cells react
to the mechanical movements of the basilar membrane because of their mechanosensing
structure. Two types of mechanotransduction sensory cells in the organ of Corti are found and
organized in one row of inner hair cells (IHCs) and usually three-row of outer hair cells
(OHCs). Humans have nearly 12000 OHC and 3400 IHCs (Rask-Andersen et al., 2012).

The IHCs and OHCs play different roles in the human hearing system. IHCs are known as the
primary afferent sensory cells of hearing, and each IHC holds about 50-70 stereocilia at the
basal end and 100 in the apical turn (Wright, 1984; Glueckert et al., 2005). Peripheral auditory
nerve fibers (ANFs) are connected to IHCs to deliver signals to the brainstem called afferent
fibers. IHCs transform mechanical impulses into electrical signals by generating action
potentials (APs) in the cochlear neurons that ultimately cause sound perception (Dallos, 1992).

On the other hand, OHCs are connected to the fibers that do not send information to the
brainstem but bring feedback from the brain to the peripheral of ANFs known as efferent fibers.
The efferent fibers that influence OHCs are presynaptic, possibly affecting motility (Dallos,
1992). OHCs play an amplifying role and have their own characteristics to adjust the
mechanical properties of the basilar membrane, such as varying stiffness and length. Due to
the connection of OHCs to the tectorial membrane, OHCs amplify small movements in the
basilar membrane that allow IHCs to detect and convert this movement to electrical signals
(Dallos, 1992).

Hair cells are operative components of the basilar membrane and consist of a cell body
(nucleus) and stereocilia, protein filament located on top of the hair cells (Figure 1.3A). The
stereocilia of each hair cell are connected through tip links and lateral links. Due to the
potassium concentration gradient between the cell body and cortilymph, the transmembrane
voltages of IHC and OHC are about -40 mV and -70 mV, respectively (Rattay et al., 1998).
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The apical part of the hair cell with the stereocilia enters the endolymphatic fluid, identified by
its high electrical potential (+85 mV) and high potassium concentration. When sound waves
arrive, that causes deflection of stereocilia of IHCs, resulting in potassium ions flowing from
the endolymph into the IHCs. Displacement of stereocilia toward the lateral side of the cochlea
leads to an enhancement of transduction channel open probability, inducing depolarization of
the receptor potential. In contrast, the movement of stereocilia to the medial side decreases the
transduction channel open probability and causes hyperpolarization (Figure 1.3A). Potassium
currents of depolarization lead to open voltage-gated calcium channels and flow calcium into
the cell, inducing releasing vesicles containing neurotransmitters (glutamate) at the hair cell
synapse. Diffusion of neurotransmitters from the presynaptic terminal to the postsynaptic
terminal, the initial section part of the peripheral part of ANFs, generating an AP (Rattay et al.,
1998; Fettiplace and Kim, 2014).

Deflection of the stereocilia changes the probability of the cell’s transduction channels opening
and closing and is responsible for the voltage fluctuations observed within IHCs. In the active
zones at the base of the IHC (Figure 1.3B), sufficient depolarization of the receptor potential
results in calcium provoked neurotransmitter release. Changing membrane potential as low as
0.1 mV may cause neurotransmitter release and elicit a spike in ANF. In addition, if releasing
neurotransmitter happen adequately, it depolarizes proximal ANFs, resulting in the generation

of APs and propagating toward the auditory brainstem (Gebeshuber and Rattay, 2001).
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Figure 1.3. Illustration of inner hair cells. (A) Schematic of mechanoelectrical transduction operated
by inner hair cells. (B) Representation of hair bundle (stereocilia) and afferent nerve fiber (left) and
more detail in the right part shows synaptic vesicles (small green circles) are gathered in ribbon (blue
ellipse) synapses in several release zones at the lower part and the voltage-gated calcium channels (light
blue cylinders). The Figure adapted from (Parsons, 2006; BIO 264, BYU IDAHO).
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1.2 Human auditory nerve

The vestibulocochlear nerve, known as the eighth cranial nerve (CN VIII), contributes unique
sensory innervation to the inner ear and provides a hearing and equilibrium sense for humans
and other mammals. The vestibulocochlear nerve instantly separates into two cochlear and
vestibular nerves in the internal acoustic meatus, which is a bony canal in the petrous part of
the temporal bone. The cochlear (auditory) nerves are sensory nerves that transfer auditory
information from the inner ear, the cochlea, to the cochlear nuclei, within the brainstem.
Sensory hair cells in the cochlea convert sound into neural signals conducted along the ANFs

by two types of spiral ganglion neurons (SGNs), type I and II, located in Rosenthal’s canal.
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Figure 1.4. Configurations of auditory nerve fibers innervation with spiral ganglion neurons type I
(blue) and II (green). There are three rows of the outer hair cells vs. one row of the inner hair cells

performing the innervation system. The Figure taken from (Liberman, 2017).

The vast majority, about 95% of SGNs, are bipolar type I cells that connect IHCs via
myelinated peripheral axons to large somata (cell bodies) and extend via myelinated central
axons to the cochlear nuclei in the brainstem (Figure 1.4) (Ota and Kimura, 1980). In addition,
humans with normal hearing status have about 35000 to 40000 ANFs, which means 10-15
ANFs connect each IHC (Nadol, 1983; Viana et al., 2015; Liberman, 2020).

On the other hand, type II includes around 5% of SGNs and innervates various OHCs (Figure
1.4) (Ota and Kimura, 1980; Marrs and Spirou, 2012). The ANFs of type II cells are non-
myelinated, and their somata are frequently detected in the periphery of Rosenthal's canal close

to the osseous spiral lamina. These smaller non-myelinated type II cells transmit APs from the
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OHCs (Spoendlin, 1985). In addition, the function of type II cells is not entirely discovered;
however, it is assumed that they act as a cochlear amplifier to increase sound transduction
(Jagger and Housley, 2003; Ashmore et al., 2010).

Furthermore, the somata of type I cells include pre- and post-somatic regions that are non-
myelinated in humans, whereas in non-primate mammals, they are densely myelinated
(Thomsen, 1967; Spoendlin, 1972; Ota and Kimura, 1980; Arnold, 1987; Spoendlin and
Schrott, 1989; Xing et al., 2012); In contrast, the peripheral and central axons of ANFs of type
I are myelinated by Schwann cells (Figure 1.5) (Locher et al., 2014).

o cochlearnerve 5Pl R0 gHd
1. myelinating ganglion  spiral lamina 1 of Corti
Schwann cell !
g 1
2. satellite D
glial cell o@,ﬁd% ; IHC
L %,
3. non-myelinating 2 ‘9607
Schwann cell :
type | !
SGN :
: OHC
]
2 |
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SGN &
central cell peripheral
processes bodies processes

Figure 1.5. Illustration of spiral ganglion neurons (SGN) in humans. Myelinating Schwann cells (dark
blue, 1) cover and myelinate both peripheral and central processes of the type I SGNs (red) that
innervate the inner hair cells (IHC). Satellite glial cells (green, 2) surround all SGN cell bodies (somata).
Non-myelinating Schwann cells (light blue, 3) cover both the central and peripheral processes of the
type II SGNs (yellow) that innervate the outer hair cells (OHC). In the organ of Corti, beyond the
habenula perforata, the peripheral processes of type I and type Il are non-myelinated. The Figure and

caption are adapted from (Locher et al., 2014).
1.2.1 Human hearing spectrum

Sound or pressure waves are produced by vibrations transmitted through a medium such as air
or liquid that involves high and low-pressure areas, known as compression and rarefaction
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(Figure 1.6A). Sounds have frequency (pitch) and intensity (loudness). In general, hertz (Hz)
is used for frequency range, and intensity is estimated in decibels (dB), which is the magnitude
of a sound on a logarithmic scale. Frequency determines how many cycles can occur in a

specific range of time; hence, frequency and period are the precise inverses of each other.

The sound intensity [W/m?] is determined as the amount of energy transmitting through a unit

area per unit time. The product of the pressure (p), and particle velocity (¥) with a magnitude

and direction, gives us the intensity (f ):
I=p¥ (1.1)

In mathematical terms, for a determined sound pressure (p) in pascals [Pa], the decibels sound

pressure level (dB SPL) value is given by:

b
Pre f

dB SPL = 20logo(—) (1.2)

where the audiological consider 20 [uPa] as the reference pressure (pyef).
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Figure 1.6. Representation of a sound wave. (A) Demonstrating different terms such as amplitude and

pressure in the frequency diagram. (B) Comparison of high and low frequencies.

The human ear has the ability to distinguish both characters, frequency and intensity, from
catching sounds. Humans have an incredible hearing system that can detect sounds in a
frequency range from 20 to 20000 Hz; however, frequencies for speech are between 250 and
8000 Hz, which is the critical range. In addition, the human hears from 0 dB to about 130 dB,

and after maximum hearing level, sound becomes painful and difficult to endure.

10
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Figure 1.7. Schematic depiction of the uncoiled cochlea and basilar membrane structure. (A) The
uncoiled cochlea and basilar membrane show arriving vibrations from the tympanic membrane into the
cochlea. (B) Traveling sound waves along the basilar membrane and frequency mapping appear due to
the physical properties of the basilar membrane. Figure adapted from (Lumen Learning, 2021).

The cochlear structure provides a fascinating hearing ability for humans and acts as a spectrum
analyzer or a Fourier analyzer of the sound stimulus. There are two theories regarding coding

frequency in the cochlea to convey auditory information into the brainstem.

The first theory is called place theory and was introduced by Helmholtz in 1863. The
theory conception is based on the structural properties of the basilar membrane. Considering
an uncoiled cochlea (Figure 1.7), the basilar membrane is narrow and stiff at the basal turn,
whereas it is broader and more elastic at the apical turn. Therefore, the basilar membrane
response depends on a particular frequency cause activating individual parts of the basilar
membrane; low frequencies create lower vibrations that cause the apical turn to provoke; in
contrast, higher frequencies generate more vibrations at the basal turn of the cochlea. This
dissimilarity of basilar membrane structure hinders simultaneous movements of the entire
basilar membrane when vibrations arrive (Von Békésy and Wever, 1960; Rhode, 1971; Evans
and Wilson, 1975; Khanna and Leonard, 1982; Davis and Liu, 2011).

The Neural tuning of five ANFs is displayed in Figure 1.8. Isospiking lines are shown for
different firing rates, with the lowest curve representing 25 spikes per second. The minimum

11
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of each curve represents the characteristic frequency (CF) where the fibers are most sensitive.
Figure 1.8 shows that as the sound pressure level increases, the sharpness of the neural tuning
decreases. In addition, as the stimulus strengthens, firing rates increases and occur in different
frequencies other than CF. The highest firing rate in the natural state is less than 300 spikes per
second, and ANFs with similar CF respond with different sensitivity (Rattay and Lutter, 1997).

CE
16.6 11.7 \./ CF 1.3 kHz
CF 7.5 -20

SOUND PRESSURE LEVEL

0 | ' 1 1 " KHz
STIMULUS FREQUENCY

Figure 1.8. Neural tuning curves of five auditory nerve fibers with CF from 1.3 to 16.6 kHz. The lowest
curves correspond to a firing rate of 25 spikes per second above their spontaneous rate. Minima mark
the frequencies (CF) where the fibers are most sensitive. Note that stimulus frequency intervals rise
with increased sound pressure level, as seen from the dashed line, which denotes a comfortable speech

sound pressure level (60 dB). Figure and caption adapted from (Rattay and Lutter, 1997).

Figure 1.9 demonstrates basilar membrane displacement of a computer simulation based on the
Peterson Bogert model. A sinusoidal signal with 1000 Hz (500 pPa) corresponding to a 28 dB
sound pressure level was applied to the model. Basilar membrane movements along the cochlea
at specific times were shown in Figure 1.9A for systematic increases of amplitudes. For a better
comparison, three snapshots for ¢ = 1, 2, and 20 ms were selected and demonstrated (Figure
1.9B). By considering the first 20 ms of the basilar membrane movements, the exponential
increase is observed until the length of the basilar membrane reaches 23 mm (resonance place),
and after that, decreases (Figure 1.9C). At places other than resonance, basilar membrane
movements reach the maximum displacement only after a few cycles, whereas a longer time is
needed to reach the maximum movement at the resonance place (x =21 vs. x = 23 mm, Figure
1.9E) (Rattay and Lutter, 1997).

12
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Figure 1.9. Basilar membrane displacements of the Peterson Bogert model were computed with the
numerical method. (A-C) Basilar membrane movements along the cochlea for particular times. (D)
Stimulus with a sinusoidal signal. (E) Basilar membrane movements are plotted against time. Figure

and caption adapted from (Rattay and Lutter, 1997).

This mechanism, displacement of the basilar membrane, is called the tonotopic organization
that describes spatial frequency. In addition, the tonotopic organization indicates which SGNs
and their corresponding IHCs are responsible for specific frequency ranges in different

locations along the cochlea (Figure 1.10).

13
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Figure 1.10. Illustration of the tonotopic organization of the human hearing organ, cochlea. The figure
is taken from (Lahav and Skoe, 2014).

The second theory is the temporal theory that describes each hair cell responds to every entering
tone in the cochlea (Rattay and Lutter, 1997). The temporal theory describes sound perception
as dependent on timing or temporal pattern related to ANFs responsible for the sound. Each
ANFs generates AP or spike if the cell membrane reaches a particular threshold value. The
firing rate, spikes per second, depends on the depolarizing current value, which means higher

frequencies induce a higher firing rate and lower frequencies cause lower firing rates.

The resting membrane potential of some hair cells causes generating spike continuously
without external stimulus, which is known as spontaneous firing rate (Moore, 2007). It was
reported that the ANFs have a spontaneous firing rate of 0.5-120 spikes per second without
stimulation (Rattay and Lutter, 1997). Considering the maximum firing rate of human ANFs,
about 300 spikes per second, a single SGN can only encode a sound below 300 Hz. More fibers
of a group are involved for encoding sound with higher frequencies based on the Volley
principle (Figure 1.11). The theory explains that when the frequency is above 500 Hz, how
information is transferred to the brainstem since SGN can only fire at a maximum rate of about
500 Hz.

14
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Figure 1.11. The Volley principle. A periodic acoustic stimulus will cause firing patterns in different
axons of one hair cell as marked with a - e. The combined signal contains all the minima of sound even
when no single fiber is able to fire with this high frequency. Figure and caption adapted from (Rattay,
1990).

1.2.2 Types, causes, and degrees of hearing loss

The damage or dysfunction of ANFs affects hearing sense in humans that can have several
reasons to trigger losing hearing sense, such as exposure to noise, hereditary, disease. Hearing
loss negatively affects communication, education, and social behavior. Nowadays, nearly 500
million people worldwide have hearing deficits induced by hereditary, aging, disease,
medication, and injury. In addition, 1.1 billion young people between 12-35 years are at risk of
hearing loss due to exposure to noise in a recreational environment, and by 2050 over 900
million people are expected to have hearing loss difficulties, reported by the World Health
Organization (WHO) in 2020 (WHO, 2020).

Currently, three primary forms of hearing loss are known. First, sensorineural hearing loss
(SNHL) is the typical type of hearing loss that occurs when cochlear nerves and hair cells are

damaged under different circumstances, such as age, exposure to loud noise, drugs, toxic,
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hereditary, malformation of the inner ear. SNHL affects the ANFs pathway from hair cells to
the brainstem. In addition, the ability to instinctively regenerate hair cells is lacking in humans
(Feghali et al., 1998; Edge and Chen, 2008); hence, degeneration of hair cells is permanent and
gradually becomes more severe. Although SNHL is not treatable with medications or
surgically, using hearing aids or cochlear implants (CIs) can help people with hearing

difficulties to restore at least part of their hearing sense.

Furthermore, SNHL affects the organ of Corti and induces degeneration of the organ of Corti
(Hinojosa and Marion, 1983). Spoendlin reported that the degeneration of the organ of Corti
and sensory hair cells causes some alterations in the peripheral parts of ANFs and cell bodies
(Spoendlin, 1984). Over past decades, parameters such as demyelination, reduction in
peripheral diameter of ANFs, and gradual degeneration of the cell bodies were reported (Leake
and Hradek, 1988; Nadol et al., 1989; Hardie and Shepherd, 1999; Versnel et al., 2007;
Heshmat et al., 2020).

Overall, the degeneration schema of the human type I SGNs based on cell anatomies in patients
with SNHL can be categorized into two degeneration levels (Figure 1.12). In the first level of
degeneration, the loss of hair cells transpires. At this level, the connection of hair cells to the
peripheral parts of ANFs is detached (loss of hair cells); however, supporting cells, peripheral
and central axons, as well as cell bodies, remain intact (Figure 1.12B). In the second level of
degeneration, loss of supporting cells and peripheral parts of ANFs degeneration occurs,
resulting in gradually or suddenly loss of peripheral parts up to the non-myelinated region of
soma, pre-somatic region (Figure 1.12C). Still, central axons and most cell bodies remain
unimpaired, and CIs bypass the degenerated regions resulting in restoring hearing loss (Liu et
al., 2015).
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Figure 1.12. Schematic representation of different degeneration SGN type I in humans. (A) Indicating
the normal status of SGN with IHC connection to peripheral and projected to soma and reach the
brainstem with central axons. (B) Presenting the first level of degeneration in patients with SNHL
causes loss of hair cells. (C) Demonstrating the second level of SGN type I degeneration in people with
SNHL difficulties resulting in losing supporting cells as well as peripheral axons. The Figure adapted
from (Liu et al., 2015).

The second kind of hearing loss is conductive hearing loss that appears when the external or
middle ear or both are obstructed due to issues such as tumors, excessive earwax,
malformations, infections. When the sound pathway from the external auditory canal to the
eardrum as well as the tiny bones in the middle ear is blocked, the sound cannot easily and
efficiently reach the inner ear, which results in hearing complications. Medications or, in some

cases, surgery can be used to treat conductive hearing loss.

The third type of hearing loss is mixed hearing loss. As the name implies, this hearing loss type
is a combination of sensorineural and conductive hearing loss that means all ear parts: the

external, the middle, and the inner ear sections can be damaged or obstructed.

Furthermore, hearing loss can occur in one side of the ear, which means only one ear has
hearing difficulties; still, the other ear is normal, called unilateral hearing loss, and when
hearing loss appears in both ears, named bilateral hearing loss. In addition, the hearing loss
level in bilateral cases is either similar or different in both ears, which is called symmetrical

and asymmetrical hearing loss, respectively.
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Moreover, different classifications are known and applied for describing hearing loss.
Progressive hearing loss is used for explaining that hearing becomes worse gradually; however,
when hearing loss happens suddenly and quickly, it is called sudden hearing loss. Fluctuating
hearing loss indicates hearing getting either better or worse over time; conversely, hearing loss

level residing similar with time named stable hearing loss.

1.2.3 Degree of hearing loss and evaluation of hearing

The degree of hearing loss and hearing thresholds has been evaluated using standard criteria as
shown in Table 1.1 (WHO, 1991). The hearing loss degrees and pattern of hearing loss across
the cochlear nerve, which is covered in various frequencies, referred to hearing loss

configuration.
Degree of hearing loss Hearing loss range (dB)

Normal 0-25
Mild impairment 26-40
Moderate impairment 41-60
Moderately severe impairment 61-80
Severe impairment 81-90

Profound impairment 91+

Table 1.1. The degree and classification of hearing loss.

It is feasible to measure the hearing loss levels of a person and demonstrate it in a graph called
an audiogram (Figure 1.13). The understanding of the audiogram delivers information not only
for the condition of any presence of hearing loss but also for hearing loss levels. An audiogram
demonstrates how loud sounds are for the person to hear it at a particular frequency and reveals
a hearing range that varies from normal to the presence of hearing loss level. If the lowest

required thresholds are not met, hearing loss is detected.

The audiogram can be helpful to detect the location and level of hearing loss. The audiogram
is plotted based on frequency (pitch) on the horizontal axis in Hertz (Hz) versus loudness
(hearing level) on the vertical axis in decibel (dB). The human ear detects sounds between 20
Hz up to 20 kHz. The speech frequency range is 400-5000 Hz, and the audiogram usually

evaluates frequencies between 20 Hz and 8 kHz.
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Pure-tone audiograms were accomplished with a standard audiometer in a sound-attenuated
room. Thresholds were measured between 0.125 and 8 kHz. Pure-tone averages are calculated
for the low (0.125-0.5 kHz), mid (1-2 kHz), and high (4-8 kHz) frequencies. The frequency
ranges of 0.125-0.5, 1-2, and 4-8 kHz are assigned to the cochlea's apical, middle, and basal

turns, respectively.

(A (B

@ .7 PITCH IN HERTZ (Hz)

S

47 PITCH IN HERTZ (Hz)

125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000
-10 — -10 —
0 | NORMAL 0 | NORMAL
heari hearing
[G [G
10 dem:sm:ofmal 10 dem;e:mma\
= hearing for = hearing for
T 20 a child] T 20 achild]
g - g -
2 30 2 30
S — — T MILD 5 MILD
E 20 9 “'-s-.i_(]_if,lj;— e;/o _} hearing loss § 20 _} hearing loss
= =
» MODERATE - Q— MODERATE
E 50 [ hearing loss E 50 9 — @ @ | hearing loss
i — i —
G 60 MODERATELY G 60 MODERATELY
= SEVERE = SEVERE
& 70 = hearing loss E 70 = hearing loss
£ 80 | SEVERE T 80 | SEVERE
hearing loss hearing loss
90 o 90 o
100 PROFOUND 100 PROFOUND
hearing loss hearing loss
110 110
4— PITCH IN HERTZ (Hz) @ 4— PITCH IN HERTZ (Hz) @
125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000
-10 — -10 —
i) | NORMAL 0 | NORMAL
ey [erey
rey area
10 :em;es fnvorrmxl 10 uer:c!f:sm:mmal
- ring for —
g 20 aefmmg] y 2 20 :?nr:ﬂjg] o
g — ] _
P ISV | o
2 40 _ earing loss : 40 o hearing loss
. | MODERATE - MODERATE
T 50 hearing loss E 50 [~ hearing loss
3 60 - MODERATELY 5 60 B MODERATELY
= SEVERE = SEVERE
E 70 - hearing loss = 70 - hearing loss
w w
I | SEVERE T | SEVERE
80 ] g 5 == r___,"s hearing loss 8o hearing loss
90 - 0 o
100 PROFOUND 100 5 PROFOUND
hearing loss b e heating loss
110 110
120 120

Figure 1.13. Audiogram graphs with different hearing loss levels. (A-D) demonstrate people with mild,
moderate, severe, and profound hearing loss levels, respectively. The air conduction for the right and
left ear showed the red circle and blue cross in all graphs. Noted gray area indicates normal hearing for

children. The Figure adapted (Happy Ears Hearing Center).
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1.2.4 How is hearing loss restored?

Hearing loss depends on the types and degrees that can be treated with surgery, pharmaceutical
drugs, hearing aids, CIs. Yet, the SNHL is more frequent and causes permanent hearing loss.
Therefore, hearing aids and Cls can be a possible alternative way to restore hearing loss. Over
past decades, several implants and devices have been designed to help impaired people depend
on hearing loss types, such as middle ear implants, bone-conduction hearing aids, electric
acoustic stimulation, and the most famous and functional device is CI. Concerning the content

of this dissertation, only the CI in detail is described in the following sections.

CIs have been being used in both adults and children suffering from SNHL, single side or
bilateral hearing. CI candidacy is individual and depends on the different conditions and
circumstances that need to be considered; however, people with severe to profound SNHL have
hearing loss larger than 75 dB at a frequency above 1 kHz, or deaf-born children can benefit
from Cls. Some investigations reported that CI helped treat people suffering from tinnitus,
ringing in the ears, and sometimes happens with SNHL. They informed significant reduction
in tinnitus by using CI (Van de Heyning et al., 2008; Punte et al., 2013; Tavora-Vieira et al.,
2015; Servais et al., 2017).

Several studies reported that using CI in people with single-sided deafness improved speech
perception in a noisy environment and sound localization (Vlastarakos et al., 2014; Kitterick
et al., 2015; Rahne and Plontke, 2016; Sladen et al., 2017). Moreover, several studies
demonstrated that bilateral CI has more advantages than unilateral CI, particularly in sound
localization and speech perception in noise (Laszig et al., 2004; Nopp et al., 2004; Dunn et al.,
2010; Smulders et al., 2016).

1.3 Cochlear implant overview

CI is one of the most successful neuroprostheses on the globe. CI is an electric surgical device
with a flexible silicon array containing electrical contacts and wires that spreads electrical
current to the survived ANFs. CI improves the hearing perception in deaf or severe to profound
hearing loss in adults and children and is used over decades in more than 800000 people with
impaired-hearing sense worldwide as well as about 220000, in Europe including 60% adults
and 40% children reported by the European Association of Cochlear Implant Users (Boisvert
et al., 2020; EURO-CIU, 2020). Regarding the content of this dissertation, CI is addressed in

more detail in the following section.
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The belief of restoring hearing by using electrical stimulation instead of acoustic stimulation
goes back to 1747. The earliest electrical stimulation of the ear was accomplished in 1747 by
Giuseppe Veratti, who treated a 70-year-old woman suffering from tinnitus and severe hearing
loss. Veratti used glass to transmit electricity, by a frictional electrical machine (Figure 1.14),

for about five minutes each session, and after three sessions, the tinnitus issue of the woman

disappeared, and she experienced an improvement in her hearing (Marchese-Ragona et al.,
2019).

Figure 1.14. Frictional electrical machine with a glass globe (Wikimedia Commons, 2020).

In the following year, in 1748, English scientist Benjamin Wilson applied electrical stimulation
in several days on a deaf woman and succeeded in improving the woman's hearing; however,
he failed in other six deaf patients with the same method (Wilson, 1752). In the same year,
Johan Lindhult reported that he treated five patients suffering from mild to profound hearing
loss and tinnitus by applying powerful electrical stimulation (Lindhult, 1752). Ten years later,
in 1757, Brydone remedied a woman who was deaf for six months successfully with electricity
(Brydone, 1757).

In 1800, Alessandro Volta, who invented the electric battery, used his ears to test electrical
stimulation; he put metal rods in his ears and connected them to a circuit of 50 Volts (Volta,

1800). In 1950 a Swedish neurosurgeon, Lundberg, used sinusoidal electric current to stimulate
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auditory nerves during surgery (Gisselson, 1950). Seven years later, Djourno and Eyries, in
1957, applied electrical current to stimulate the cochlear nerves directly with a contact laid on

the cochlear nerves of a patient through an operation (Djourno et al., 1957).

In 1961, William House and John Doyle studied electrical stimulation of cochlear nerves in
two patients with profound-dead hearing by a single-channel electrode located into their ST
through the round window (House, 1987). Hence, it was announced as the first CI implantation.
Furthermore, another research group, Simmons and White, from Stanford University Medical
School, implanted a CI with six electrodes as known as multichannel CI (Simmons, 1966). In
late the 70s in Melbourne, Australia, Graeme Clark developed the multichannel CI,
significantly, which enhanced spectral perception and speech recognition. The device was
surgically implanted in a 48-year-old in Vienna, Austria (Clark, 1978; Clark and Furness, 2013;
Mudry and Mills, 2013), and in 1984 the company Cochlear Ltd. made it available in the market
by the name of "Nucleus 22".

1.3.1 Structure, function, and design of cochlear implant

A standard CI system is divided into two sections, external and internal components (Figure
1.15). The external component consists of a microphone, speech processor, and transmitter. On

the other hand, the internal component involves a receiver-stimulator and electrode array.

The speech processor converts detected sounds (acoustic signals) into electric signals,
transforms them into several frequency bands with a filter. In addition, a transmitting coil,
attached externally with a magnet, transmits the digital signals (codes) via radiofrequency to
the receiver-stimulator. Finally, the internal receiver-stimulator decodes these signals into
electrical stimuli and transfer them to different electrodes inside the array, based on frequency

ranges.
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Figure 1.15. Illustration of a cochlear implant with key components of cochlear. The external part
consists of a microphone, processor, and transmitter. The internal part includes a receiver located under
the skin and an array with electrode contacts, which is inserted in the scala tympani. The Figure taken
from (Reiss, 2020).

The electrode array is generally inserted into the ST through the round window of the cochlea,
where electrode contacts lie near the auditory nerves. CI bypasses the hair cells and peripheral

axon parts, which are damaged or degenerated, and electrically stimulates survived ANFs.

CIs commonly apply the monopolar (MP) strategy as the default stimulation configuration.
Since in this strategy less currents are needed to stimulate ANFs, the device, consequently,
consumes less battery power, causing increased battery life (Pfingst et al., 2004). The MP
strategy is performed by an active electrode from the array and a ground electrode, which is
usually located outside the cochlea, inside the internal receiver/stimulator behind the ear. Cls
use charge-balanced pulses, often symmetric (cathodic first) biphasic pulses, to avoid any harm
to the cochlear tissue due to charge accumulation (Leob and McHardy, 1995; Cunningham and
Glade, 2019).
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The pulses are delivered to each electrode contact at a rate defined by pulse numbers per second
(PPS). Older CIs had low stimulation rates of about 250 PPS or less; however, contemporary
CIs increase the rates to 5000 PPS since rates above 2000 PPS enhance the temporal
information (Cunningham and Glade, 2019)

It has been trying to improve speech perception and increase CI performance, and one way to
achieve this outcome is to increase the number of CI electrodes. However, depending on the
CI'models and types, the electrode contact numbers of Cls are limited; hence, the only potential

method seems to be employing virtual channels.

The concept of virtual channels was introduced by Wilson (Wilson et al., 1993) for the first
time. The virtual channel is produced by stimulating two neighboring electrodes that cause
creating an individual pitch in between two electrodes, which differs from the two perceived
pitches from the two electrodes that are stimulated individually. In addition, the virtual channel
pitch can be altered by changing either the amplitude ratio of the electrode current or the ratio
of stimulation rates in a chosen electrode (Wilson et al., 1993; Vondrasek et al., 2008;

Landsberger and Srinivasan, 2009).s
The three most successful and well-known CI companies are:

1. Cochlear company from Australia was established in 1981 and held the highest market
share, about 55% of the CI market. The Cochlear company fabricates seven electrodes
array in several lengths with 22 electrodes and channels.

ii.  Advanced Bionics from the USA was established in 1993, and before the early 1940s,
the company was known by Sonova. Advanced Bionics has about 20% of the CI market
and produces four types of the electrode array in different lengths with 16 electrodes
and up to 120 virtual channels.

iii.  MED-EL company was established in 1990, Austria and keeps 20% of the CI market.
The MED-EL company produces three models of the electrode array in various lengths

with 12 channels and up to 24 electrodes.

The insertion depth of the CI electrode array depends on the cochlea anatomy (cross-section
and length of ST) that varies between ClI recipients. The insertion depth usually varies from 15
to 32 mm (270° to 720°) (Dhanasingh and Jolly, 2017); consequently, the full array length is

not always achievable.
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Figure 1.16. Representation of lateral CI array versus perimodiolar CI array. (A) Lateral array, dark
green, with 12 electrode contacts depicting in red located of the lateral wall of the array, far away from
the modiolus. (B) perimodiolar array, light green, with 22 electrode contacts showing in orange located

on the inner (medial) wall of the array, close to the modiolus and scala tympani wall.

Commonly based on array position in the ST, Cls can be identified and categorized into two
groups. First, the lateral wall (LW), and second the perimodiolar (PM) arrays (Figure 1.16).
The LW array is positioned close to the lateral wall of ST, far away from the modiolus. On the
other hand, the PM array is situated on the medial wall of the ST, close to the cell bodies of
SGNs as well as ANFs. As a result of the shorter electrode distance to the modiolus in PM

arrays, they have an advantage for ANFs stimulation compared to the LW array.

Several investigations performed on humans reported advantageous such as lower threshold,
better localization of the nerve stimulations, broader dynamic range, lower battery
consumption, and less channel interactions for PM electrode arrays compared with the LW
arrays; however, the risk of intracochlear trauma is higher in the PM arrays (Cohen et al., 2001;
Donaldson et al., 2001; Tykocinski et al., 2001; Saunders et al., 2002; Hughes and Abbas,
2006; Lee et al., 2019; Jwair et al., 2021).

1.4 Scala tympani versus scala vestibuli implantations

ST is considered as an initial and approachable way for CI array insertion. However, in the
case of cochlear obstruction, the CI array insertion into the ST becomes challenging. The partial
or total cochlear obstruction happens when the ST has some impediments due to ossification,
fracture and tumor of the temporal bone, otosclerosis, post-meningitis fibrosis, chronic otitis
media, as well as autoimmune inner ear diseases (Balkany et al., 1996; Kiefer et al., 2000;
Bacciu et al., 2002; Rinia et al., 2006; Coelho and Roland, 2012). In addition, the cochlear

ossification degree is divided into three main categories (Figure 1.17). When the ossification
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happens at the round window, it is called grade 1. If ossification appears at the inferior portion
of basal turn up to 180°, it becomes grade II. Finally, when ossification continues, more than
180° of the cochlea turn, it is known as grade I1I, which profoundly impacts hearing outcomes.
(Bird et al., 1999; Zaghis et al., 2003; Smullen and Balkany, 2005).

Ossification and fibrosis in the cochlea can be detected through perioperative imaging
procedures of the temporal bone by utilizing magnetic resonance imaging (MRI) and computed
tomography (CT). Balkany group (Balkany et al., 1987) reported that the CT imaging was able
to predict ossification about 73%; however, another study stated 46% false detection because
of fibrous or slight osseous that is not possible to identify by CT (Jackler et al., 1987). In
addition, Lin group reported that three patients with normal CT were unable to receive ST
implantation (Lin et al., 2006). Although considering both MRI and CI imaging increase the
possibility for detecting an obstruction in the cochlea up to about 94%, using only CT decreases
the chance to 50% (Isaacson et al., 2009).

Various clinical studies reported that up to 15% of all CI candidates and 80% of CI candidates,
who become deaf because of meningitis, suffer from cochlear obstruction (Berrettini et al.,
2002; Adunka et al., 2005; Rinia et al., 2006). Therefore, some methods are used to allow CI
insertion into the blocked ST, such as removing or drilling ossification and making a tunnel
through the basal turn of the cochlea for a full or partial CI array insertion (Figure 1.17D)
(Gantz et al., 1988; Gulya and Steenerson, 1996; Balkany et al., 1996; Rinia et al., 2006).
Although, some clinical studies reported a full CI array insertion in normal ST cases might
cause better speech perception because more channels are involved (Kileny et al., 1992; Geier
and Norton, 1992; Fishman et al., 1997; Kiefer et al., 2000; Skinner et al., 2002; Yukawa et al.,
2004; O’Connell et al., 2017).

On the other hand, Rinia reported that the benefit of the number of active electrodes in full CI
insertion reduced remarkably with increasing the degree of ST obstruction (Rinia et al., 2006).
Reducing the active electrode number is done by postoperatively turning off electrodes that

may eventually cause device failure (Zeitler et al., 2009).

Based on the clinical and histopathologic findings, the basal turn of ST is a well-known area
of obstruction (Green et al., 1991; Berrettini et al., 2002; Barker et al., 2009; Lin, 2009). Due
to the anatomical structure of ST, total drilling or removing the obstruction is not feasible.
Therefore, instead of the full CI insertion, partial insertion can be alternatively applied. (Cohen
and Waltzman, 1993; Gulya and Steenerson, 1996; Kiefer et al., 2000; Bacciu et al., 2002;
Rinia et al., 2006; Lee et al., 2011). Several disadvantages, such as poor performance in speech
understanding, high voltage requirement, and less optimal CI function, are reported in clinical
studies when a partial CI array is used (Gulya and Steenerson, 1996; Riniaet al., 2006). Finally,
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despite all CI insertion drawbacks when ST is either partially or fully obstructed, SV insertion

is a valuable and reliable possibility.

Figure 1.17. Ossification degrees of scala tympani. (A) Degree | ossification happens at the round
window. (B) Degree II ossification appears up to 180° of the basal turn. (C) Degree III ossification
occurs above 180° of the ST. (D) A tunnel drilled the beginning part of the basal turn from the round
window for partial CI insertion. (E) Scala vestibuli implantation in the fully basal obstruction. The
figure is taken from (Smullen and Balkany, 2005).

Steenerson group reported successful SV implantation in 1990 for the first time (Steenerson et
al., 1990). They inserted a CI array in the SV for two patients who suffered from post-
meningitis ST obstruction by ossification and fibrosis. The results demonstrated comparable

outcomes as expected in ST CI users. Two years later, Pijl and Noel (Pijl and Noel, 1992)
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studied SV implantation on one patient who first received CI array in ST; however, after a
while, the CI array was removed due to subsequent infections from ST and inserted in SV.

They reported equivalent results between former ST and later SV implantation.

Various clinical studies that investigated SV implantations reported comparable performance
between SV and ST users. Remarkably, some of them published even slightly better
performance in SV users. (Deguine et al., 1993; Balkany et al., 1996; Gulya and Steenerson,
1996; Bird et al., 1999; Kiefer et al., 2000; Bacciu et al., 2002; Leonor and Santiago Luis, 2004;
Lin et al., 2006, 2009; Nichani et al., 2011; Suzuki et al., 2011; Lee et al., 2019; Stock et al.,
2020).

Trudel group (Trudel et al., 2018) published that not only was the outcome equivalent between
ST and SV CI users but also, interestingly, the sentence recognition in a noisy environment
was better in patients who received Cl in SV. Also, a bilateral CI user had better discrimination
in noise with the SV implant (Leonor and Santiago Luis, 2004). According to these clinical
studies, the SV wusers displayed even more communication improvements through
postoperative tests, control sessions, and during their life. As a result, CI insertion in SV seems

to be a worthy alternative that should be considered for patients when the ST is inaccessible.

1.5 Limitations & Objectives

ClI recipients are increasing, and CI is one of the most influential medical devices worldwide
to help hearing-impaired people having a more pleasant life. CI outcomes depend on individual
experiences, and dissatisfactions arise when using CI in a noisy environment or listening to
music (Gfeller and Lansing, 1991; Leal et al., 2003; Kong et al., 2004; Stickney et al., 2004;
McDermott, 2004; Turner et al., 2004; Caldwell and Nittrouer, 2013; Zirn et al., 2016). Several
studies reported considerable variability in outcomes and performances between CI users even
by the same audiogram and appropriate listening conditions (Blamey et al., 2012; Holden et
al., 2013; Goehring et al., 2017).

Overall, there is no reliable technique to estimate the outcomes of the CI in recipients before
surgery because of many unknown factors involved. However, various clinical studies
investigated the cause of the variability of the outcomes through CI users. They reported factors
such as etiology, using hearing aids, age at implantation, ANFs degeneration and survival
status, surgical trauma, residual hearing measures, electrode displacement in the cochlea,
duration, and age at onset of moderate to profound hearing loss have impacts on CI

performances that can be the reason for significant variations in hearing performance (Gantz
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et al., 1993; Summerfield and Marshall, 1995; Waltzman et al., 1995; Albu and Babighian,
1997; Shepherd and Javel, 1997; Gomaa et al., 2003; Friedland et al., 2003; Sly et al., 2007;
Finley and Skinner, 2008; Friedland et al., 2010; Blamey et al., 2012; Lazard et al., 2012;
Holden et al., 2013; Frisch et al., 2015; Cosentino et al., 2016).

One of the important parameters which influence the CI performance is auditory nerve
condition, known as neural health status. Shepherd and coworkers (Shepherd and Javel, 1997,
Sly et al., 2007) reported a significant decrease in neural responses for degenerated ANFs
compared with healthy cases suggesting that the condition of the auditory nerves could be a

factor influencing extracellular stimulation outcomes.

The SGNs of the type I entity are responsible for decoding the auditory information and quality
of the firing pattern (Miller and Sachs, 1983; Shamma, 1985; Rattay and Lutter, 1997). In
addition, their comprehensive innervation of all tonotopically organized cochlear regions is
needed for perfect hearing. Moreover, small variations in fiber diameters of type [ with a natural
degree of myelination are perfect for accurate spike arrival times in the subsequent neural
processing unit. Spoendlin published a narrow range of auditory fiber diameters in children
against a broader spectrum in adults. The group reported an enormous increase of percentage
for the auditory fibers smaller than 1 um in hearing deficit specimens, suggesting that in terms
of neural health, not only the number of auditory fibers but also a normal range of fiber
diameters is one of the critical elements for excellent hearing performance (Spoendlin and
Schrott, 1989).

Although the degeneration pattern of IHCs and ANFs is not entirely understood yet, it is related
to the nature of the cochlear insult, the duration, and the level of hearing loss. For instance,
Nadol reported more auditory fibers in the proximity of Rosenthal’s canal than in the habenula
perforate in the human cochlea with severe degeneration that proposes the shortening of the
peripheral parts of ANFs in case of severe and profound degenerations. In addition, the number
of central axons was essentially higher than peripheral axons, and the number of somata was
reduced to 10% of the normal range (Nadol, 1977). In the case of age-related degenerations,
some clinical studies of human temporal bones reported about 1000 to 1800 somata loss per

decade that may reduce hearing-in-noise performance (Otte et al., 1978; Makary et al., 2011).

In cases of cochlear damage as a result of noise or drug exposure, some studies showed that
while the loss of IHCs occurred within a few days, the loss of peripheral axons and somata
occurred within a few weeks and years, respectively (Liberman and Kiang, 1978; Hinojosa et
al., 2001; Wu et al., 2019). A recent investigation reported up to 80% loss of connections
between IHCs and ANFs for over 60-year-old human temporal bones, whereas only 10% of
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IHC degenerated (Wu et al., 2019). Many histological data of humans demonstrate that ANF
degeneration mainly affects the peripheral axons (Nadol, 1990; Schuknecht, 1993).

However, at the beginning of this investigation, no histological data were available on the
degeneration of the peripheral axons in terms of diameter and myelination thickness based on
the audiogram evaluations in humans. Therefore, the first aim of this study is to investigate
ANF conditions in terms of the three degeneration parameters: peripheral axon diameter,
myelination thickness, and the inner to the outer diameter of a myelinated fiber, known as g-
ratio. This study used four human cochleae at different ages with different hearing levels to
estimate all three mentioned terms in different cochlea regions to answer how the degree and
type of ANF degeneration occur and consequently disturb the hearing efficiency with or
without a CI.

The second goal of this study is to investigate various factors that influence neural health
estimation based on the polarity effect phenomenon. However, before going into details, some
limitations are addressed, and some influential critical parameters for detecting neural health

are described.

Most present-day Cls stimulate survival ANFs with symmetric charge-balanced biphasic pulse,
consisting of cathodic (CAT) and anodic (ANO) polarities, in the monopolar strategy (MP)
since the charge-balanced pulses reduce tissue damage, power consumption, limit channel
interactions, and increase dynamic range (Macherey et al., 2006). However, recent clinical
studies suggested that pulse configurations and CI stimulation strategies have an impact on the
excitation of ANFs (Bierer, 2007; Undurraga et al., 2010; Bierer and Faulkner, 2010; Bahmer
and Baumann, 2012a, 2012b, 2013; Carlyon et al., 2013; Macherey et al., 2006, 2008, 2017;
Guérit et al., 2018; Hughes et al., 2018; Mesnildrey et al., 2019; X. Luo et al., 2020).

Moreover, various studies demonstrate that the neural status is closely related to speech
perception in CI users (Khan et al., 2005; Nadol and Eddington, 2006; Fayad and Linthicum,
2006; Kamakura and Nadol, 2016). Therefore, CI performance depends not only on the number
of survived ANFs but also on neural health status (Hughes et al., 2018). In recent decades,
numerous studies tried to estimate neural health individually in CI users and find a relationship
between implantation outcomes and survival ANFs. Many techniques have been introduced to
examine the neural status in CI users, such as pulse rate, pulse polarity, stimulation mode,
interphase gap, and phase duration. These techniques revealed substantial outcome variations
between subjects and electrodes during psychophysical and electrophysiological measures
(Pfingst and Xu, 2004; Bierer, 2007; Bierer and Faulkner, 2010; Bierer et al., 2015a, 2015b;
Cosentino et al., 2016; Schvartz-Leyzac and Pfingst, 2016; Zhou, 2016; Carlyon et al., 2018;
DeVries and Arenberg, 2018; Guérit et al., 2018; Mesnildrey et al., 2017, 2019).
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Among all the aforementioned techniques, polarity sensitivity is a promising way to estimate
neural health based on the difference between negative (cathodic) and positive (anodic) pulse.
The concept of polarity sensitivity came from animal studies that reported ANFs are stimulated
better by CAT compared to ANO pulses, named CAT sensitivity (Hartmann et al., 1984; Miller
et al., 1998, 1999). In addition, computational studies by Rattay (Rattay, 1999, Rattay et al.,
2001a, 2001b) investigated the behavior of ANFs for both polarities and reported inversed

sensitivity behavior in humans compared to what is reported in animals.

Similar observations in clinical studies demonstrated that the polarity sensitivity of ANFs is a
potential approach to identify neural health in CI users to improve CI performance and enhance
speech perception (Van Wieringen et al., 2008; Macherey et al., 2008; Undurraga et al., 2010;
Carlyon et al., 2013, 2018; Pfingst et al., 2015a, 2015b; DeVries et al., 2016; Schvartz-Leyzac
and Pfingst, 2018; Goehring et al., 2019; Jahn and Arenberg, 2019b; Mesnildrey et al., 2020).

On the other hand, several studies on human CI recipients reported different and contradictory
outcomes by employing polarity sensitivity (Bahmer and Baumann, 2013; Karg et al., 2013;
Undurraga et al., 2013; Macherey et al., 2006, 2017; Mesnildrey et al., 2017; Hughes et al.,
2017, 2018; Luo et al., 2020 Xu et al., 2020). As a consequence of conflicting results from
recent investigations, polarity behavior depends on several factors and parameters that might
differ in individual CI users. Consequently, the polarity sensitivity of human ANFs still remains
unknown and raises some questions about the reliability of this technique and how it can be
used to estimate neural health. Various studies published that the polarity sensitivity could be
better investigated with asymmetric pulse shapes (Van Wieringen et al., 2005, 2008; Bahmer
and Baumann, 2013, 2016; Karg et al., 2013; Carlyon et al., 2013; Macherey et al., 2006, 2008,
2017; Bahmer et al., 2017; Guérit et al., 2018; Jahn and Arenberg, 2019b) as well as multipolar
stimulation strategies (Carlyon et al., 2005; Bierer et al., 2011; Bierer and Nye, 2014; Long et
al., 2014; Bierer et al., 2015; DeVries et al., 2016; DeVries and Arenberg, 2018; Jahn and
Arenberg, 2019b; Mesnildrey et al., 2019).

In conclusion, based on the latest mentioned investigations, it has been suggested that various
parameters such as symmetric vs. asymmetric pulse shapes and MP strategy vs. multipolar
strategies may affect the polarity sensitivity of ANFs in CI users. Therefore, the second aim of
this study is to investigate the impact of these parameters on the polarity behavior of ANFs by
considering different degeneration levels of peripheral parts of ANFs from the outcomes of the
previous investigation. In addition, the effect of the distance to the modiolus axis on polarity

sensitivity with two different CI arrays is studied.

The third objective of this dissertation is a comparison of SV vs. ST implantation. Various

factors such as electrode extrusion, device failures, postoperative infection at the operative
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place, replacement CI as advances in technology development, displacement of the electrode
array, replacement due to CI, and receiver electrode failure cause increased necessitating of CI
reimplantation (Jackler et al., 1987; Balkany et al., 1998; Lin et al., 2006). In addition, not only
due to bone growth around the inserted electrode, perielectrode fibrosis, neoosteogenesis,
ossification resulting from the first implantation, and intracochlear breakage but also even
without fibrosis and ossification, the reimplantation in ST may not be feasible and induces
some complications (Balkany et al., 1996; Alexiades et al., 2001; Battmer et al., 2009, 2006).

Noteworthy, SV provides a mean insertion depth of about 23 mm extending up to 30 mm
(Kiefer et al., 2000) that can be beneficial not only for a standard array but also for a deep
insertion electrode array. Clinical studies reported that SV implantation outcomes are
comparable to ST implantation, and the lateral semicircular canal remains intact, resulting in
no detrimental influence on vestibular function (Lin, 2009; Suzuki et al., 2011). Therefore, SV

implantation is a valuable alternative when there is a difficulty for CI insertion in ST.

To our knowledge, up to now, there is no computational study to investigate and compare the
CIin SV with ST. Thus, the third aim of this study is to investigate the behavior of CI electrodes
in both scalae, ST and SV, in a comparable way in which the electrodes are located at an
equivalent distance to a specific point of the peripheral process of the closest ANF. The main
goal of this part is to analyze ANF excitation features in both scalae and demonstrate similarity

and dissimilarity between SV and ST implantations.

1.6 Outlines

Chapter 2 Methods describes all information and fundamental methods used in this study in

two sections, one general method and the second distinctive method.

Chapter 3 Results present all outcomes of this study based on the three aims. The first part
shows the degeneration pattern of the peripheral section of human auditory neurons and
consequently the impact of reduction of peripheral axon and myelination thickness on the intra-
and extracellular stimulations. Part two displays the polarity sensitivity of the human auditory
system under different circumstances such as pulse shape, CI stimulation strategy, array type,
and degeneration level of ANFs. The last part demonstrates that the excitation behavior of
ANFs depends on the electrode and CI array insertion between scala tympani and scala

vestibuli.

Chapter 4 Discussion represents all findings of this dissertation based on the aims individually

and compared with literature regarding the study's findings.
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Chapter 2

Methods

The methods chapter is divided into two main parts, the first part is the general method, and

the second part is the distinctive method.

The general method outlines characteristics and electrical properties of the cell membrane,
mathematical models, computational methods, and image processing required for computing
neuron behavior during extracellular electrical stimulation. In section 2.1.1, the cell membrane
with its electrical properties is explained. Second, passive and active cell membrane models
(2.1.2) and the Hodgkin Huxley model (2.1.3) are presented. In section 2.1.4, compartment
models are described; In addition, the multi-compartment model of auditory nerves used in this
study is explained in detail (2.1.5). In the two subsequent sections, activating function and
numerical solutions are addressed. The finite element models of the human cochlea, electrode
arrays, and reconstructed auditory nerve bundles are introduced in sections 2.1.9 to 2.1.11. The
following section (2.1.12) explains image processing based on micro-CT data segmentation

and data preparation to generate a three-dimensional human cochlea.

The distinctive method describes individually and more specifically all materials, methods, and
data preparation used in this dissertation to investigate all aims of the study. The first section
(2.2.1) explains data preparation and gathering concerning the degeneration pattern of human
cochlear nerves investigation. The specific methods for the particular investigation are
described. The second part addresses all performed methods to investigate the impact of pulse
shapes, CI stimulation strategies, and arrays on polarity behavior of human ANFs study in
section 2.2.2. The third and last section (2.2.3) introduces all methodology for a computational
study of scala tympani versus scala vestibuli implantations with electrodes and array insertion

in detail.
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2.1 General Methods

2.1.1 Cell membrane

A cell membrane is a thin tissue that separates inside the cell from the outside environment and
acts as a barrier between the cell and its surroundings to preserve cell configuration. The cell
membrane is made of a bilayer of phospholipids and proteins. The phospholipid structure of
the membrane carries both hydrophilic (polar) and hydrophobic (nonpolar) regions. In addition,
the phospholipid heads are hydrophilic that have attraction features to water; in contrast, the

tails are hydrophobic with repellent characteristics by water.

Polar molecules and ions fill the intra- and extracellular mediums of a cell. Cell naturally is in
a resting state, which means there is no input current to provoke replacing ions. The
intracellular fluid includes a high concentration of potassium (K*) and organic (A7) ions that
create a negative charge inside the cell and a low small concentration of sodium (Na*) and
chloride (C17) ions. In contrast, the extracellular fluid has a positive charge since the sodium
concentration is high and the potassium concentration is low (Figure 2.1). In addition, the cell
membrane has an ion permeability feature that makes it more permeable to potassium than
sodium and not to organic ions. Furthermore, the distribution of the ions is regulated by ion
pumps, ion channels, and the permeability of the membrane. Membrane permeability occurs
due to diffusion force (Fp) and electrostatic pressure (Fg), which affects the ion movements

between intra- and extracellular spaces.

The electrophysiological features of the cell membrane allow us to study the electrical
properties of living cells by measuring the electric current and activity of neurons. Due to the
specific cell membrane structure, the electrical properties of the membrane are divided into
passive and active properties. The passive membrane facilitates keeping a stable state of the
transmembrane voltage, also known as the membrane resting potential. This equilibrium state
occurs by gradient and electric forces that can be described by the Nernst and Goldman

equations.
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Figure 2.1. Differential distribution of ions in intra- and extracellular medium of the cell membrane.
The gradient of concentration and voltage influence the equilibrium potential. The Figure is adapted
from (Wikimedia Commons, 2021).

The most crucial ions in humans are sodium (Na'), potassium (K*), calcium (Ca?"), and
chloride (C17). In addition, the membrane is penetrable to potassium and chloride in the resting
state and almost not penetrable to calcium and sodium. The variety of ion concentrations in
intra- and extracellular such as high potassium and high sodium concentrations in intracellular

and extracellular, respectively, results in a different intra- and extracellular potential.

The ions move freely through the cell membrane through specific channels and structures,
which causes an electric field. The equilibrium potential for any concentration gradient of a

particular ion crossing the membrane can be measured by the Nernst equation (Nernst, 1888):

_RT _IC,

E=— .Iln— 2.1
F e @1

where E is the Nernst potential for a particular ion in [mV], R is the gas constant (8.314
J/Kmol), T is the temperature in Kelvin, z is the valence of ion, F is the Faraday's constant
(96485.33 C/mol), IC; and IC, Indicate particular ion concentrations in intra- and extracellular,

respectively.

Membrane potential at resting state (V.. ) is defined with different intra- and extracellular
potentials that can be measured by the Goldman-Hodgkin-Katz equation (Goldman, 1943), in

which several ions channels that influence the membrane potential at rest are included:
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ﬂ In pK[K]e + pNa[Na]e + pCl[Cl]i 2.2)

v = .
Mrest — zF pk[K]i + pnalNal; + peilCle

where K, Na, and Cl represent potassium, sodium, and chloride concentration, respectively.
The suffixes i and e stand for intracellular and extracellular medium, p denotes the

permeability of the ions mentioned above and measured in [cm/s].

The resting membrane potential ranges from —40 mV to —90 mV depending on neuron types

and locations as well as the involved ion channels.

2.1.2 Membrane electrical properties

A patch of a membrane is described either with a passive model if it shows passive properties
or with an active model if ion channel dynamics are included. Because of the bilipid nature of
the membrane and the appearance of ions with opposite charges, the membrane acts as a
capacitor. In a passive approach, however, no voltage-gated ion channels are involved; hence,
the membrane is assumed as RC circuit with constant resistance. Ion current flow across the

membrane follows Ohm’s law

Vo, = Ry Ix 2.3)
with V,,,, R,,, and I, representing the voltage changes between intra- and extracellular,
membrane potential [mV], membrane resistance [kQ.cm?], and current density [uA/cm?].

The capacitance current (/) can be calculated as

dQ dv,,

_Zx _ 24
le dt ~ ™ dt 24)

where C,,, indicates the membrane capacitance per unit area [pF/cm?] and Q is the charge. Now,
the membrane current density (I,,,) in [LA/cm?] can be determined as

v,

Vin
+ — 2.5
R (2.5)

If a stimulus current (Ig;;,,) s injected into the cell, the membrane potential is changed, and by

considering the first Kirchhoff's law, it is calculated as

L () + Iseim(£) = I1c() + Ig + Igeim () = 0 (2.6)
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T - —Coin® + 22/ e
d i~ Ve i — Ve
TP o + HO D, 28

where membrane potential at t = 0 is equal to the membrane potential at rest ( V;,,...). V; and

V., indicate intra- and extracellular voltage membranes, respectively.

In the active model, R,, is not constant. For simplicity, it is described by the sum of the
conductances of the involved ion types; the ionic voltage-depending conductances (G;,,,) are

measured in [mS/cm?].

Iion = INa + IK + IL (29)

lion = GNa( Vin — VNa) + GK( Vin — VK) + GL( Vin — VL) (2.10)

Ion channels types respond differently to changes in the membrane potential. The voltage-gated
ion channels were modeled based on voltage-clamp experiments by Hodgkin and Huxley,

described in the following section.

2.1.3 Hodgkin and Huxley model

The famous Hodgkin and Huxley (Hodgkin and Huxley, 1952a-c) model, known as the HH
model, gives 1on kinetic channels information measured from a squid axon. They investigated
the influence of ionic movements and membrane potential based on injected current with the
insertion of an electrode into the cell; hence, they measured how the movement of ions
influences shifts of membrane potential through the injected current. The HH model allows

determining membrane potential by applying differential equations.

The HH model includes sodium, potassium, and leakage current flow at an original temperature

of about 6.3 °C and -70 mV as the rest membrane potential.

Vion = Eion = Vres (2.11)

37



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

General Methods

de _ _[ gNamsh( Vm - VNa) + gKn4( Vm - VK) + gL( Vm - VL )] + IStim
dt - Cm (2.12)

where C,, =1 [uF/cm?], and gy. k. g are the maximum ion conductivities. These
maximum conductivities, as well as the Nernst potentials of the involved ions (Vy,, Vi, V,) are
listed in Table 2.1.

Ion Gion Vion
[mS/cm?] [mV]

Na 120 50

k 36 =77
Leakage (L) 0.3 -54.4

Table 2.1. Electrical key parameters of the HH model.

The parameters m, n, and h are voltage-dependent gating probabilities in the HH model
quantifying the open states. The parameters m and h are the probability of the sodium channel's
activation and inactivation gates, respectively. The n denotes the activation gate probability of
the potassium channel. In response to an excitatory stimulus, the probabilities of activation (m,
n) enhance, which increases the inflow of sodium inside the cell, resulting in depolarization of
membrane potential. In addition, the probability of inactivation gates (h) decrease that resulting
in the repolarization of membrane potential. To establish the equilibrium, the probability of
potassium channels being open becomes higher, leading to potassium outflow, which

repolarizes the membrane voltage and returns it to the resting state.

dm

Frin [—(am + Bm)- m+ ayl.k (2.13)
dn
i [—(a, + Bp)-n+ ayl.k (2.14)
dh
Ez [—(ah +,Bh)h+ a’h].k (2.15)

where k depicting the temperature coefficient for T in °C:
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a and f are gating rates used to fit the calculated and experimental data and can be written as

follows:

2.5 — 0.1V, -

E BN )
Um = —@5-01vm) — 1 P = 4.e' " 18 (2.17)

. 1-0.1V, _ oss (_g_rg)
%= 70 (e(—0Vam) — 1) Pn = 0.125.e (2.18)
(- Iy 1

ap =0.07.e" 20 Br= (2.19)

e(G=01Vm) 11

where at resting state t = 0, V,,, m, n, and h values are equal to 0, 0.05, 0.32, and 0.6,

respectively.
11 = m gate HH model
n gate HH model
- h gate HH model
sl &1 Y\ 00 |z m gate Rattay model
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Figure 2.2. Comparison of gating variables in Hodgkin and Huxley (HH model) experiment, m, n, and
h indicated in solid lines with red, blue, and green, respectively, and Rattay model of the human auditory

nerve with the same gating variable represents with the dashed line in same color code manner.
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The gating variable of human auditory neurons in the Rattay model (Rattay et al., 2001b) was
based on the HH model but modified. Rattay's model was recommended that all gating
variables be sped up by factor k = 12. Figure 2.2 shows the comparison of the probability of
all three gating between HH and Rattay models. In addition, Figure 2.3 demonstrates AP based
on HH and Rattay models where the AP of Rattay model is faster and sharper than the HH

model and similar to the real one based on experiments.

An AP happens through the membrane potential rising (depolarization) and falling
(repolarization) under some circumstances and plays a critical role in neurons communication
(Figure 2.3). The movements of ions affect the membrane potential by opening and closing the
ions channels, and the fast movement of ions due to stimulus (injected current) alters the

membrane potential that causes increased membrane potential and generates an AP.

The equations mentioned above can easily describe an AP. Nevertheless, the neuron is not
activated if the stimulus is not strong enough to increase the membrane potential to a certain
level, called the excitation threshold level or threshold. In contrast, when the stimulus causes
the membrane potential to increase to a particular threshold level, Na* ion channels open, and

Na* flows to the intracellular that causes a sharp increase in the membrane potential.

During the rapid increase of membrane potential and before reaching the maximum potential,
Na* channels start to inactivate, and spontaneously the K™ ion channels open and leave the
intracellular and flow into the extracellular. In addition, diffusion force and electrostatic
pressure cause the K* leaving to be slower than entering Na*, and membrane potential raises

until the peak where the influx of Na* stops.

However, K™ channels are still active and leaving the cell resulting in decreasing the membrane
potential (depolarization) until the membrane potential reaches the resting state and K™
channels are closed. In addition, the Nat and K™ ions are still not stable and need time to
balance the concentration in both intra- and extracellular fluids that takes place in the refractory
time, which is called the hyperpolarization phase, where the membrane potential is becoming

more negative than the resting membrane potential.
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Figure 2.3. A schematic of an action potential during a stimulus is applied. The action potential is

generated due to the activation of sodium channels leading to the rise in membrane potential; through

the depolarization, sodium channels inactivate, and potassium channels activate, causing a decrease in

the membrane potential. Finally, all channels are closed and membrane reaches the resting state.

2.1.4 Compartment models

The signaling of a neuron can be modeled either by a single compartment, in which the neuron

is considered as a single unit, or by a multi-compartment (Figure 2.4), in which the conduction

of excitation along the neuron can be investigated.
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Figure 2.4. Schematic drawing of single- and multi-compartment models. (A) Single compartment
model includes capacitance and ion currents across the cell membrane. (B) Multi-compartment model
of soma and its processes. Note that due to potential changes from one subunit to the other, a multi-
compartment model consists of an axial current that flows between neighboring compartments. The
Figure is adapted from (Rattay et al., 2001b).

Multi-compartment models can mimic the three-dimensional structure of neurons to study the
neuron excitation during intra- and extracellular stimulation. Based on this method, a neuron
is divided into various segments (multiple compartments) that are connected and described as
electric circuits. Moreover, in the multi-compartment model, each compartment is internally
connected and identified by internal axial current (I4,;4;) in the axial direction due to different

axial conductivity and potential from neighbor compartments.
The total current of the multi-compartments that consist of n™ subunits can be determined by
applying Kirchhoff's law
Iionn + IStimn + ICn + IAxialn =0 (2.20)

Note that all currents and voltages are time-dependent. The axial current for the n®
compartment (Iyy;q,) 1s determined as

Vl - Vin_1 Vl - Vl
R R,_ R R

n/2_|_ n 1/2 n/2_|_ n+1/2

n+1

IAxialn =

(2.21)

where V; _ and V; . denote membrane potential of the left and right investigated neighbors

n+1

compartments. R"/Z represents the axial resistance (axoplasm resistance) of the n'
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compartment from the middle to the end of the compartment in [kQ] that can be calculated in

cylindrical compartments as

(2.22)
Rn/ _ Pi ln
27 2r2m

where A,, denotes cross-section area of the n'" compartment, and p;, 7;,, as well as [,, indicate
the intracellular resistivity, cross-sectional radius, and length of the n"™ compartment,

respectively.

The axial resistance of a spherical soma is determined with (Rattay et al., 2003):

Asoma = 4rszoma7-[ - Z(ZrSOmaﬂ:hj) (2.23)

— — 2 2
hj = Tsoma — Z; zj = /rSOma — Tigj (2.24)

Tsoma + Zj

RSoma/2 — Pi

(2.25)
2rSomaT[ Tsoma — Z%j

where 7,4 and 75y, represent the radius of the adjacent compartment and radius of soma in

[cm].
2.1.5 Multi-compartment model of human spiral ganglion neuron

The bipolar SGN consists of a peripheral axon (peripheral process), soma, and central axon
(central process) (Figure 1.4). The SGN is implemented by an electrical network that includes
numerous connected subunits in peripheral and central processes and somatic regions based on
the multi-compartments model (Figure 2.5). These connected subunits consist of the non-
myelinated terminal, nodes of Ranvier, internodes, pre-somatic, soma, and post-somatic
regions that allow the derivation of a system of differential equations for the membrane
potential in each compartment. The calculated temporal and spatial changes in membrane

potential are used to study the initiation and propagation of an AP.
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Over the past decades, several multi-compartment models of human ANF have been
established to provide a better understanding of ANFs behavior under different stimulation
strategies. The Rattay model (Rattay et al., 2001b) is known as one of the closest models to
experimental outcomes. Recently (Bachmaier et al., 2019) published an investigation with the
three most cited and famous multi-compartment models of human ANF and reported that the
Rattay multi-compartment model replicates many features known from experiments in some
of their examinations. Here, the Rattay model is described briefly; however, more information
was described in detail (Rattay et al., 2001b).

The model is divided into passive and active compartments. Internodes consist of only leakage
current recognized as passive compartments, which have linear resistive membrane current
represented by a constant conductance for each membrane layer (grey in Figure 2.5). On the
other hand, active sites such as the soma, nodes of Ranvier, pre- and post-somatic
compartments includes non-linear sodium and potassium currents, and linear leakage current;
all compartments are modeled with Hodgkin Huxley ion channel kinetics (Hodgkin and

Huxley, 1952) with some modifications which are explained in the flowing section.

peripheral process soma central process
d=1.3Hm d=20Hm d=2.6gm '

peripheral internode pre= post- central internode
1=250pum omatic somatic |=500um
|=
unmyelinated terminal node of Ranvier
|=10pm 1=2.5um
o [ non-linear I, with HH
>
T . non-linear I,,, with HH
and 10-fold conductances
g E] linear I, with n=40
w
a . ) dVin — Ven) Vin = Vin- Vin — Vi
o = in en in in-1 in in+l
- linear 1,5, with n=80 — BB Coun + Lippy + -
- il dt ma T Honn T B J24+Rp-1/2  Rp/2+ Rpy1/2

Figure 2.5. Representation of the compartment model of a human SGN. Geometric parameters are
indicated in the top part; the colors describe the electrical parameters. The electrical network model of
the soma area in the green box is displayed at the right, including the corresponding differential equation
in the n™ compartment. The currents are defined by extracellular potential V,, intracellular potential V;,
membrane capacitance C,,, membrane conductance G,,, and intracellular resistance R (Potrusil et al.,
2020).

All compartments with non-linear resistive transmembrane currents (red in Figure 2.5) were

modeled with Hodgkin Huxley ion channel kinetics adjusted to a temperature of 29 °C, which
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fits the AP duration in the human cochlea (Hodgkin and Huxley, 1952; Motz and Rattay, 1986;
Rattay et al., 2013). The soma was further surrounded by three membrane layers (Potrusil et
al., 2012), and internodes are densely shielded by layers of myelin (n,,), resulting in membrane
capacitance and membrane conductance proportional to 1/n,,. In addition, the peripheral and
central processes are considered to have 40 and 80 layers, respectively (Arnesen and Osen,
1978; Arbuthnott et al., 1980; Spoendlin and Schrott, 1989; Rattay, 1990). In all other active
compartments, i.e., the nodes of Ranvier and the pre-and post-somatic regions, a 10-fold
increase of HH membrane conductance accounted for experimentally reported high ion channel
densities (Rattay and Aberham, 1993; Rattay et al., 2002; Hossain et al., 2005).

The peripheral and central processes, as well as soma diameters are 1.3, 2.6, and 20 um,
respectively (Figure 2.5). The length of the active pre- and post-somatic regions are 100 and 5
mm; the peripheral terminal compartment is 10 pm long. The length of a node of Ranvier is
2.5 um, whereas peripheral and central internodes have a standard length of 250 and 500 pm,

except for the last peripheral internode, which has a length of 210 um.

2.1.6 Extracellular stimulation

Generated electric current with an electrode from the outside of a neuron creates extracellular
electrical potentials that may stimulate some regions of the neuron and elicit an AP. In this

approach, the position of electrodes and morphology of neurons play critical roles.

The extracellular potential profiles were determined in two approaches, analytical and
numerical methods. In the analytical method, the point source method was used for a two-
dimensional neuron model. In this method, the electrode is considered as a point and creates a

homogeneous electric field. The extracellular potentials were calculated as

Pele

V., =
v Amry

(2.26)

where I, in [mA] and p, in [Q.cm] indicate the electrode current and the extracellular
resistivity of homogeneous medium. The distance between an active electrode and the n

compartment is denoted with 7.

In the second approach using the finite element method (FEM), the geometry of the cochlea
together with an implant was included as well as the 3D structure of selected SGNs. More

details on this method are given in section 2.1.10-11.
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In both methods, the excitation of a target neuron was calculated in a two-step procedure. First,
the extracellular V, was calculated for every compartment, and in the second step these 1/,
values entered the compartment model. The virtual stimulation current and membrane potential
can be determined from the extracellular potentials calculated from either a point source or a
FEM approach.

v, V,, — V.

en €n+1

Rn/z + Rn—1/2 Rn/2 + Rn+1/2

-V

en—1

IStimn =

(2.27)

where I, denotes the extracellular potential at n™ compartment. By setting the I, then the
membrane potential can be calculated as follows
den IStimn - Iionn - IAxialn

T G (2.28)

2.1.7 Activating function

The concept of the activating function (AF) was introduced by Frank Rattay in 1986 (Rattay,
1986) to explain the effect of an electric field during extracellular stimulation. The activating
function is proportional to the second derivative of the extracellular voltage V, along an non-
myelinated axon with constant diameter, while for myelinated axons AF is given by the second
difference quotient of V,. The activating function is a robust mathematical conception to get a
preliminary understanding of the influence of applied electric field on target neurons without

any information about the kinetics of the ion channels.

The activating function AF was also formulated for neurons of arbitrary shape (Rattay, 1999)
and can be implemented on multi-compartment models to calculate the direct stimulating

influence of the extracellular potential on compartment n as

mlZ
“—1/Cm, (2.29)
Rn—1/2 + Rn/2 Rn+1/2 + Rn/2 mn

%

€n—1

— Y, .

en+1

AE, =

where V;, , Ry, and G, are the extracellular voltage, the axial resistance, and the membrane

capacitance, respectively, at the n'" compartment.
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The activating function is a good predictor for AP initiation. A region will be depolarized when
the activating function is positive (AF > 0). Contrary, a negative activating function (AF < 0)
indicates hyperpolarization (Figure 2.6).
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Figure 2.6. Activating function generated by extracellular stimulation of a straight non-myelinated axon
with a spherical electrode. (A) Geometry and isopotentials for a point source 50 pm above a fiber
positioned at the x-axis. (B) Calculating activating function by using extracellular potential. (C) A fiber
withd=1 pm and compartment length Ax =10 pm results in a peak activating function value of

740 mV/ms. Figure and caption are slightly adapted from (Rattay et al., 2012).
2.1.8 Numerical solution

Sophisticated and complex dynamic models like neuron simulations are not possible to solve
by analytical solution; hence, the numerical method is an alternative to solve ordinary
differential equations (ODEs). One commonly used method in computational neuroscience to

solve and analyze ODEs is the backward (implicit) Euler method. However, both forward and
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backward Euler methods can be used for solving numerical approximations to the solution of
time-dependent ODEs.

As the name implies, in the forward Euler method, the approximation at the following time

step is presented by a formula depending only on the approximation at the current time step.

Yn+1 = Yn T hf(yn' tn) (2.30)

The forward Euler method is based on Taylor series expansions. When t = t,;:

Yn+1 = Yn T hf()’n' tn) + O(hz) (2.31)

where 0(h?) is the local truncation error that happens at every time step based on the Taylor

series.

The forward Euler method is simple to implement; however, some drawback appears on the

time step size for ensuring numerical stability.
rewriting the forward Euler equation results in

Yn+1 = Yn — a¥ph = (1 —ah)y, = (1 — ah)ZYn—l == (1-ah)"y,

— (1 a1y, (2.32)

To avoid large errors, it is required that |1 — ah| < 1 that leads to stability criterion h < 2/ a-

On the other hand, an extra equation needs to be solved in the backward Euler method to find
the final solution. In contrast to the forward Euler method, the backward method requires

solving the non-linear equation at each time step. Based on the Taylor series expansion:

dy
Y(tner —h) = y(tner) = R e, + 0(h%) (233)
numerically stable is valid for all A > 0.
Yn+1 = Yo+ M Uni1 thsr) (2.34)

where f (Vn41, tne1) 1S unknown.

The presented simulation results were obtained by the backward Euler method.
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2.1.9 Finite Element Method

The AC/DC module of COMSOL (https://www.comsol.com) was used to compute electric
fields elicited by CI stimulation under quasi-static conditions. The human inner ear model is a

volume conductor, which can be described mathematically by Maxwell's equation. An electric

field in dielectric volume conductors can be identified with a potential field (¢p) gradient

E=-V¢ (2.35)

Based on Ohm's law, the current density is related to the electric field (E), where J is the current

density and o is the electrical conductivity (S/m) of the components.

] = oFE (2.36)

When stationary electric currents in a conductive medium are studied, and an active source for

generating current is available with

J=0E+ ], (2.37)
where is J, externally generated current density (A/m?).

Under quasi-static conditions, it is necessary to generalize the equation that the divergence of

the equation should be zero.

V=0 V.oE+ V,= -V.(cW —J,)=0

(2.38)
-V.J. = V.0E
with interchanging equations (2.35) and (2.38):
V.Je =V.a(Ve)
(2.39)
V.(aVp) = I,

where [, is the internal current source per unit volume that makes Poisson's equation (Klepfer
etal., 1997).
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2.1.10 FE Model Configurations

Three-dimensional anatomically detailed FE model of a human cochlea and thirty
reconstructed tonotopically organized auditory pathways of type I ANFs (Figure 2.7) were
performed in this study, using COMSOL simulation software (versions 5.4 &
5.5, https://www.comsol.com). The FE of the human cochlea model in this dissertation was
published first in (Potrusil et al., 2020).

Figure 2.7 demonstrates an electrode array with 12 contacts inserted in the ST of the model
with the thirty tonotopically reconstructed nerve fiber bundles. The investigated nerve fiber
bundles from basal turn to apical turn are visualized in a color-coded manner. It comprises
fourteen nerve fiber bundles (black) representing frequencies from 1166 to 11524 Hz (298° -
28°) over a length of 18.2 mm, which is a proper fraction for the basal turn concerning the
overall length of the human organ of Corti (Erixon et al., 2009). In addition, nine nerve fiber
bundles from the middle turn (green) represent the next 180° turn along 8.35 mm of the organ
of Corti with covering a hearing spectrum from 266 to 976 Hz (592° - 327°). Finally, seven
nerve fiber bundles from the apical turn (red) indicate a frequency range of 42 - 228 Hz (928°
- 620°) over a distance of 5.7 mm. All nerve fiber bundles information can be found in Table
2.2.

Taking into account the impact of the precise cochlear model, for extracellular stimulation, it
was adopted an accurate FE cochlea model and thirty three-dimensional ANF pathways that
were reconstructed from tracing real fiber bundles following natural fiber spirality, e.g., highly
helical pathway in the peripheral sides of the most apical fiber (up to 900° of overall rotation)

systematically decreasing in most basal fiber (to 30° overall rotation).
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Figure 2.7. 3D visualization of 30 differently colored fibers from the basal (black), middle (green), and
apical (red) cochlea turns together with the scala tympani. An electrode array (gray circles) of a 12
channels CI (light blue) is inserted in the scala tympani of the model (Heshmat et al., 2020).

Figure 2.8. A micro-CT image of a human cochlea (A) provided the raw data for the COMSOL model
(B). (A) Scala tympani (ST) is the cave where electrodes are inserted. Scala vestibuli (SV), and scala
media (SM) coil up the bony modiolus (M). Rosenthal's canal (RC) within M houses somata of auditory

nerve fibers.
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The FE human cochlea model was segmented based on a high-resolution micro-CT scan with
an isotropic voxel size of 3 pm (Figure 2.8). The model includes scala tympani (ST), scala
media (SM), scala vestibuli (SV), compact bone, which is the bony shell surrounding the
cochlea, modiolus, and cochlear nerves. The entire segmentation procedure was performed

with Amira (Thermo Fisher Scientific, https://www.thermofisher.com). Figure 2.9 shows the

segmented components of the human cochlea to have a sketch of segmented micro-CT data;

however, more detail is explained in the following section.

(A) (B)

(C) (D)

Figure 2.9. The segmented components of the human cochlea model. (A) The three scalae presented
with blue, light green, and red for scala tympani (ST), scala vestibuli (SV), and scala media (SM),
respectively. In addition, the whole cochlear nerves (CN) are indicated by dark green. (B-D) The
surrounded bone structure of the cochlea is shown gradually with light pink for better visualization.
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Nerve fiber bundles Angle [°] Corresponding frequency [Hz]

Basal 14 (B14) 28 11524
Basal 13 (B13) 47 9568
Basal 12 (B12) 56 8200
Basal 11 (B11) 79 7492
Basal 10 (B10) 93 6040
Basal 9 (B9) 109 4455
Basal 8 (BS) 123 3845
Basal 7 (B7) 137 3371
Basal 6 (B6) 154 2977
Basal 5 (BS) 169 2607
Basal4 (B4) 183 2285
Basal3 (B3) 206 1977
Basal2 (B2) 253 1519
Basal1 (B1) 298 1166
Middle 9 (M9) 327 976
Middle 8 (M8) 371 805
Middle 7 (M7) 402 747
Middle 6 (M6) 433 657
Middle 5 (M5) 471 526
Middle 4 (M4) 495 469
Middle 3 (M3) 536 411
Middle 2 (M2) 576 309
Middle 1 (M1) 592 266
Apical 7 (A7) 620 228
Apical 6 (A6) 631 174
Apical 5 (A5) 790 133
Apical 4 (A4) 839 109
Apical 3 (A3) 862 92
Apical 2 (A2) 916 53
Apical 1 (A1) 928 42

Table 2.2. Summary of all nerve fiber bundles along the cochlea in respect to their angle and frequency
(Potrusil et al., 2020). All angles are measured from the round window concerning the modiolus axis to
the terminal of ANFs.
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2.1.11 Modeling cochlear implant array in COMSOL

In this study, CI electrode arrays were modeled using COMSOL. This section gives some
details on creating a CI array model and inserting it into the ST and SV of the investigated FE
human cochlea model. COMSOL provides to build three-dimensional objects. The modeling
procedure is managed through the Model builder, which provides an easy way to go from

geometry to simulation results.

In the Global Definition section, required variables were set in Parameters used throughout the
entire model. In addition, all values in Parameters were saved with name, expression, and
description. Subsequently, it is accessible to add a geometry part in one to three-dimension
(1D, 2D, or 3D) that was used with new values of the input parameters, which were added to
the final model individually. The array model employed the 3D geometry part and inserted all
geometry information into the Local Parameters section, which was considered for adding

parameters locally for the particular geometry.

Since the human cochlea model was available and the coordinate points were known,
the Interpolation Curve was utilized to include a series of points for creating a curve (Figure
2.10A). The next step is to define the position of electrodes that were performed with the
Partition Edges module, which delivered a process that partitions selected edges at specified
positions (Figure 2.10B). Afterward, the model was converted from a curve to a spiral cylinder.
For this purpose, a 2D circle and the sweep were applied for the extended model (Figure
2.10C). After generating the array shape, a sphere shape was used to model all electrode
contacts as a ball (Figure 2.10D).

When the modeling of the CI array and electrode contacts were completed, the array parts were
separated from the electrode contacts parts. In addition, the detached geometry was used further
for identifying domain and boundary sections. Hence, the overlapping parts from the array and
electrodes were departed and removed with the Difference module, which subtracted geometry
objects from other geometry parts. In the next step, the Delete Entities module was used to
delete geometry objects or geometric entities from objects (Figure 2.10E). Finally, the model
was ready and was added to the investigated model, which is an essential part of the model and

contains all components.
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(A) (B)

2

Y

Figure 2.10. Representation of creating a cochlear implant array in COMSOL. (A) Using Interpolation
Curve for generating a curvature based on a series of coordinates. (B) Applying Partition Edges module
to model the position of electrode contacts on the curve. (C) Converting the curve to the spiral
cylinder. (D) Adding the sphere shape of electrode contacts to the cylinder model. (E) The cochlear
implant array separates and deletes the overlapping section. The coordinate system in panel (E) applies

to all panels.

Moreover, in the FEM of this study, the human inner ear including different components are
considered as a domain, and two different CI electrode arrays, a lateral and a perimodiolar CI
system, were modeled as explained earlier and added to our cochlea model to evaluate the
excitation profiles of the investigated ANFs. Both CI models are designed according to
manufacturer data of a deep-insertion array of FLEX SOFT, MED-EL, Innsbruck, Austria,
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consisting of 12 electrodes and a perimodiolar array CI24RE Contour Advance, Cochlear,
Sydney, Australia, including 24 electrodes. Figure 2.11 indicates the top views of both

electrode arrays inserted into the ST of the FE human cochlea model.

The FLEX SOFT MED-EL CI array has 31.5 mm in length and 26.4 mm in active stimulation
range with 1.3 mm diameter at the basal end as well as 0.5 x 0.4 mm dimension at apical. On
the other hand, the CI24RE Contour Advance CI system comprises three silicon ribs with 0.8
mm and 0.5 mm diameter at the basal and apical end, covering 15 mm as active stimulation

range.

i

at

e
o -

Figure 2.11. 3D model of two investigated cochlear implant electrode arrays were modeled into scala
tympani. (A) The lateral array includes 12 electrodes shown in green that is close to the lateral wall of
the scala tympani and a larger array length that covers the upper-middle and apical turn of the cochlea.
(B) The perimodiolar array consists of 22 electrodes shown in orange that are close to the medial wall

of the scala tympani and near to the cell bodies of the cochlear nerves.

For the effect of ground boundary size on finite element evaluations, first, the cochlea was
embedded into a cuboid of bone using its boundary as ground, called old boundary. According
to Figure 2.12A, the embedded volume was enlarged and tested the resulting change of the
voltage profile of a target neuron. The enlargement of the bony cuboid to a rather large sphere
(new boundary) with the same specific conductivity of 0.016 S/m (Table 2.3) caused an
increase of the extracellular voltage (Figure 2.12B). The maximum increase was 3% (0.03 V
vs. 1 V at the electrode) at the end of the central axon. The larger insulation by the sphere can

be approximated by a shift of about 0.064 V (compare dashed gray line vs. the black line).

At first glance, it is surprising that a pure shift of the external voltage profile along a neuron

does not affect its excitation. Eq. 2.28 can explain this phenomenon, where the external input
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always enters as a difference, e.g., as V/

e._, — Ve,and such a difference is not changed by a

common shift of V,. The differences between the shifted original profile and its new evaluation
(dashed gray vs. black line in Figure 2.12B) are extremely small, at least in the first (left) part
representing peripheral axon, soma region, and the first part of central axon. Consequently, an
AP which is elicited in this first part can be expected to need a quite similar electrode threshold
voltage for both embedded volumes. On the other hand, in the region where these two curves
have large distances, the curves are nearly straight (there is nearly no curvature), which is a
sign of bad excitability according to the activating function principle (Rattay et al., 2001a,
Eickenscheidt and Zeck 2014).

A - B
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y l e New boundary

& Old boundary
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Figure 2.12. Investigating the effect of the ground boundary on extracellular
voltage. (A) Representation of two ground boundaries, cuboid vs. sphere. (B) Showing the external
voltage profile along a target neuron with different boundary sizes: cuboid and sphere displayed old

and new boundary, respectively.

Finally, changing the size of the boundary surface area causes a change in extracellular
potentials, which a common shift can approximate. Since the external voltage is always
calculated from the difference between two neighboring compartments, such a general shift
has no impact on the calculated excitation profiles of selected intact and degenerated ANFs.
Hence, the effect of the outer boundary size does not a significant effect on the excitation

profiles.

In this study, a sphere with a radius of 100 mm was used as an outer boundary. This boundary
was introduced to the model as the ground (Figure 2.13). The particular electrical conductivity
(S/m) of each component was set according to (Rattay et al., 2001a; Potrusil et al., 2020) that
can be found in Table 2.3.
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Figure 2.13. The outer boundary of the FE model that was modeled with a sphere and cochlea was

placed in the center.

The AC/DC module is used to simulate CI stimulation, i.e., the induced electric potential was
calculated under quasi-static conditions for a fixed potential of +1 V at the surface of a selected

active electrode through the CI array systems (Rattay et al., 2001a).

Components Electrical conductivity (S/m)
Scala tympani 1.43
Scala vestibuli 1.43
Scala media 1.67
Compact bone 0.016
Osseous spiral 0.0334

lamina (Modiolus)
Electrodes of CI 1000
Silicon of CI array ~0

Table 2.3. Electrical conductivities of the human inner ear components were used in the FEM.
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2.1.12 Image processing

Image processing and analysis were performed in Amira visualization software (Thermo Fisher

Scientific, https://www.thermofisher.com). Amira delivers the complete set of powerful tools

for the generation and post-processing of accurate three-dimensional models. Amira software
is used to create a cochlea model that includes all scalae, cochlear nerves, vestibular system,
facial nerve, etc. More than ten human inner ear temporal bones were performed to create 3D
models for further analysis in computer simulations. All data was provided and prepared by
the Inner ear biology laboratory of the Medical University of Innsbruck and analyzed by the

Amira work-station located in the inner ear biology laboratory.

High-resolution micro-CT scans with an isotropic voxel size of 15 um were taken. Image
reconstruction was performed using a workstation of the micro-CT system, and reconstructed
images were exported in DICOM format, including numerous series of image slices. The
DICOM file was used as raw data and opened and loaded directly into Amira software. Before
beginning the segmentation of the desired data, it is necessary to apply some modules to the

data to prepare it for segmentation. This section briefly describes data segmentation in Amira.

After loading the data, it is possible to look at 3D images at single or multiple orthographic or
oblique sections using Ortho Slice in different orientations. The Ortho Slice module enables
arbitrary extracting of orthogonal slices from a 3D image volume. In addition, a region of
interest was restricted to the desired area by cropping the unnecessary information or parts of
the images using the bounding box tool. The next step modified the data by applying some
filtering procedures, editors, and data processing modules. One module was applied before
segmentation to reduce the noise of the data and smooth the images; however, this step was
done accurately, not to change the necessary information. This step was accomplished by
applying a filter module like Median Filter used for scattering dots and preserving edges,
or Bilateral Filter, which applied for balancing smoothing and edge-preserving specifically in
sharp angles. In addition, Unsharp masking and Delineate filters were used to reinforce the
contrast at edges and transparentize the details. Volume Rendering was applied to give a 3D
impression of the data without segmentation. This module operates based on the emission and

absorption of the light to each voxel of the image volume.

Furthermore, when the data were ready for segmentation, it was used Segmentation
Editor. Amira's Segmentation Editor module allows to segment selected structures in micro-
CT datasets. Segmentation of 3D images assigns a label to each pixel of the image. Segmented
label data were stored separately from the image data called Label Field. Amira Segmentation

Editor provides a user interface workroom for interactive segmentation assignments. For a
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better comprehension of the segmentation tool, the whole procedure of cochlea segmentation

1s described below.

The region of interest was restricted to the cochlea since the whole inner ear was present in the
data; the bounding box tool and an edge-based smoothing filter, Median filter, were applied to
reduce the amount of noise in the data. Manual and semi-automatic selection of structures were
performed with different tools such as brush (painting), lasso (intelligent scissors), magic wand
(region growing), thresholds, etc. It is possible to change the orientation of the image slice
from Segmentation/Orientation by choosing the Single-viewer in the viewer toolbar to see
different 2D planes (XY, YZ, and XZ) and a 3D view. In addition, it is feasible to select two-
or four viewer layouts. A four viewer layout enables that observed an image and labeled

structures in all planes (XY-XZ-YZ) and 3D volume-rendered view.

The distinct contrast of the ossified cochlear nerve made it possible to use threshold tools to
quickly and reliably outline the nerve tissue. Interactive selection of a range of voxel intensities
covering osmium tetroxide (OsQs) stained nerve fibers, masking these voxels, and then manual
selection of the regions of interest in 2D slices in every 3rd to the fourth plane results in a stack
of label areas. Missing labels in between are interpolated to obtain a gapless stack of labeled
structures saved in a Label Field file. Careful checking in all planes and 3D label views is
necessary to find accurate structures, avoid staircase artifacts, and bypass blind spots in certain

planes.

The Label Field defines materials separately depending on the segmentation parts and assigns
a particular name and color. Each step of segmentation was added or removed desired
segmented parts into the defined materials; for instance, the materials of the cochlea are defined

as ST, SM, SV, cochlear nerve, modiolus, etc., in a color-coded manner.

Specific segmentation filters were used to improve the final segmentation data like Remove
islands, Smooth labels, Remove and Fill Holes. In the next step, Amira constructs a triangular
surface of the segmented object by Generate surface module. Hence, all surfaces were
extracted either separately or all together from Label filed data of segmented data. In addition,
the number of triangles produced by the Generate surface module is too large for the further
steps in a computer simulation; therefore, Surface Simplification Editor was used to decrease
the triangular numbers. It was manually checked by the Surface View module that decreasing
triangular numbers did not affect the data information by changing the surface structure.
Finally, the generated surface of the data was stored as STL file format, which was used in
COMSOL for FE investigations.
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Figure 2.14. High-resolution micro-CT scan with an isotropic voxel size of 2.4 um of a human cochlear

nerve. Figure taken from Inner Ear Biology Laboratory Medical University of Innsbruck.

Since the SGNs have a sophisticated arrangement and spiral shape (Figure 2.14) is very
complicated and delicate for segmentation. Therefore, it is required to have proper staining and
fixation methods of a cochlea specimen as well as high micro-CT resolution for achieving
accurate cochlear nerves segmentation, which can be reliable for further investigations in
computer simulations. Figure 2.15 represents one model of a segmented human cochlea from

micro-CT with Amira as described above.
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Figure 2.15. Segmentation of human cochlea from high-resolution micro-CT scans with an isotropic
voxel size of 15 um in Amira. Segmented (A) scala tympani, (B) scala media, and (C) scala vestibuli.
(D) Combined all segmented scalae. (E-F) Segmented the whole cochlear nerves projecting to internal

acoustic meatus in two different views. (G) segmented three scalae and cochlear nerves.
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2.2 Distinctive Methods

2.2.1 Degeneration pattern of human cochlear nerves

2.2.1.1 Preparation and Fixation

For investigating the degeneration levels in peripheral axons of human ANFs, four individual
human inner ears, one normal (healthy), and three hearing loss cases, were considered in this
study. Based on the audiogram evaluations, the hearing impairment differed in three cochlear
regions, basal, middle, and apical (Table 2.4). Ethical guidelines were followed according to
the Division of Clinical and Functional Anatomy of the Innsbruck Medical University
(McHanwell et al., 2008; Riederer et al., 2012).

Prefixation was done with the Karnovsky solution within 1-3 h after death by perilymphatic
perfusion through the round and oval windows. During the autopsy, the temporal bones were
removed and fixed by immersion and repeated perilymphatic perfusion. After post-fixation
with 1.5% osmium tetroxide (OsOa4) for 90 minutes and washing the specimen, the excess bone
around the cochlea was removed using a Bien Air CE 0120 driller until only a thin bony shell
surrounded the cochlea. The temporal bones were dehydrated with 70% ethanol and embedded
without removing the bony shell. Then the block-surface method (Spoendlin and Schrott, 1987)
was used. A mid-modiolar cut was performed with a circular saw, and then small disks of the
cochlear half turns were dissected and divided into segments. The lamina was re-embedded,
and tangential histological sections of the whole segment were determined by counting the
cross-sectioned myelinated nerve fibers. The histological sections were done as near as possible
to the organ of Corti. The number of myelinated nerve fibers was evaluated by counting the

cross-sectioned fibers between the osseous spiral lamina and organ of Corti of each segment.
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Specimen-  Audiogram Hearing- Audiogram Hearing-  Audiogram  Hearing- Age Audiogram
ID Basal [dB] loss level  Middle [dB] loss Level  Apical [dB] loss level (years)  prior to death
(months)
Control 17 Normal 7 Normal 11 Normal 47 10
S1 97 Profound 66 Severe 42 Moderate 67 5
S2 57 Moderate 28 Slight 17 Normal 63 15
S3 57 Moderate 20 Normal 20 Normal 80 1

Table 2.4. Specimen details on hearing deficits as provided by the Innsbruck Medical University,
Department of Otorhinolaryngology, Laboratory for Inner Ear Biology.

2.2.1.2 Imaging, Data Processing, and Statistics

Based on the block-surface method (Spoendlin and Schrott, 1987), it is feasible to assess the
cochlea quantitatively at a light and electron microscopic level within the osseous spiral lamina
and the cochlear nerve. ANFs of all specimens were divided into equal and comparable
segmented regions, from basal to apical. Sections were digitized using a Zeiss Axio Imager.M2
equipped with a Zeiss Axiocam 512. Full-resolution images were acquired with a Plan
Apochromat 63 x 1.4 lens. Data processing was performed with ImageJ as well as MATLAB
(version R2018b, https://mathworks.com), using a toolbox (Zaimi et al., 2016) for semi-

automatic segmentation to investigate the peripheral parts of the ANFs. For a systematic

comparison, an equal number of ANFs were counted in all three regions.

Figure 2.16 displays a light microscopy image with the corresponding segmentation parts. All
light microscopic images were used to segment ANFs based on myelinated and non-myelinated
parts to evaluate peripheral axon diameter (PD), myelination thickness (MT), and G-ratio of
the ANFs which is, the ratio of the inner to the outer diameter of a myelinated fiber (Figure
2.17).
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Figure 2.16. Light microscopy image of the peripheral part of ANFs in the healthy human specimen,

taken in the Inner Ear Biology lab at the Medical University of Innsbruck. The corresponding
segmentation of myelination thickness, peripheral diameter, and fiber diameter was performed in

MATLAB using the axon segmentation toolbox.

In this study, a monophasic (cathodic) pulse and a biphasic (cathodic first) of 100 pus per phase
were applied to investigate the threshold profile for extracellular stimulation. The monopolar
stimulation configuration was chosen as the stimulation strategy. Table 2.5 represents the
measured angles from the round window with respect to the modiolus axis for ten investigated
electrodes, five from lateral CI and five from perimodiolar CI array, as well as the fiber with
the closest distance from its terminal to the center of the electrode named target neuron (TN).
Figure 2.18 shows the top views of both electrode arrays inserted into the ST, for better

understanding, the basal nerve pathways and electrode positions are added to the figure.

The morphometry of the peripheral process was categorized in three different neural health
cases based on our findings in this study (Heshmat et al., 2020): (i) intact case with a peripheral
diameter of 2 pm as well as normal myelination, (i1) an intermediate degenerated case with a
reduced diameter of 0.5 um and subsequently a reduced number of myelin layers, and finally
(ii1) the progressive degenerated case with no peripheral process. In addition, the central

diameter was fixed to 4 um for all cases to have a fair comparison.
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Lateral Electrode Perimodiolar Electrode TN TN
electrode array angle[°] electrode array angle[°] angle[°]

EL1 10 CA2 15 Basall4 28

EL3 69 CA6 73 Basalll 79

ELS 143 CAll 153 Basal7 137

ELS 295 CA19 317 Basall 298

EL9 343 CA20 332 Middle9 327

Table 2.5. Angles of the investigated electrodes and the corresponding target neurons (TN) were

measured from the round window with respect to the modiolus axis.

Myelinated peripheral
fiber diameter

h 4

r
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Figure 2.17. A schematic cross-section of a peripheral axon of the cochlear nerve demonstrates

myelinated and non-myelinated parts of the fiber. G-ratio can be determined by the ratio of the
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peripheral axon diameter to the myelinated peripheral fiber diameter (the inner to the outer diameter of

a myelinated fiber).
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Figure 2.18. 3D model of scala tympani includes 12 electrodes of a lateral CI (left) and 22 electrodes
of a perimodiolar CI (close to the center, right) and the 14 pathways of ANFs in the basal turn. The
peripheral axons, soma positions, and central axons of the nerve pathways are represented with colored
solid lines, yellow spheres, and colored dashed lines, respectively. For the sake of clarity, all electrode
positions are shown as blue spheres, although in calculations, each active electrode is a hemisphere.
The axis of modiolus is marked as a red sphere. The Figure and caption are taken from (Heshmat et al.,
2020).

Statistical analyses were conducted using MATLAB and Python programming language

(version 2.7, https://www.python.org). All data shown in Table 2.4 were collected based on the
degree of hearing loss at three regions of the basal, middle, and apical with 450, 520, and 150

fiber numbers, respectively. The data were compared with the healthy specimen as the control.

Moreover, The Kruskal-Wallis test was used to determine if there were significant differences
between groups in each region, separately. Pairwise Conover test was applied to compare the
medians of all groups significance levels were set as follows: p <0.05 *, p <0.01 **,p <0.001
**%_ The data was visualized in histograms, and the fit kernel distribution was applied. Scatter
plot was used to study the correlation of the peripheral axon diameters vs. myelination

thickness as well as G-ratio. The related results are shown in section 3.1.
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2.2.2 Impact pulse shapes, CI stimulation strategies, and array

types on polarity behavior of human auditory nerve fibers

In this part of the study, some influential parameters on the CI outcomes such as pulse shape,
CI stimulation strategy, the distance between channels of CI as well as the electrode distance
to the modiolus axis were studied. Moreover, the polarity effect was analyzed based on the
parameters mentioned above and proposed a better indicator for detecting neural health status.

Results related to this section are demonstrated in section 3.2.

Two electrode arrays, a lateral and a perimodiolar CI, were inserted in the ST of the human
cochlea FE model, including reconstructed pathways of type I ANFs (Figure 2.19). In the first
simulation step, the stimulating voltage profiles along the ANFs were computed for active CI
electrode contacts using COMSOL. In the second step, excitations of selected ANFs were

simulated with a multi-compartment model (Rattay et al., 2001b).
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Figure 2.19. The 3D model of scala tympani includes 12 electrodes of the lateral CI (left) and 22
electrodes of the perimodiolar CI (electrodes are close to the center, right) and the three investigated
pathways ANFs. The peripheral part, soma position, and central part of the nerve pathways are
represented with colored solid lines, yellow spheres, and colored dashed lines, respectively. For the
sake of clarity, all electrode positions are shown by dark blue circles. In calculations, however, each
active electrode is considered a hemisphere. The axis of the modiolus is marked with a red circle.

The investigated ANFs, named target neurons (TN), were selected based on the closest distance

from their peripheral terminal site to the center of the electrodes. Table 2.6 represents the angles

measured from the round window with respect to the modiolus axis for the six investigated
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electrodes (three from each CI array system) and TNs in different cochlear turns (basal, middle,

and upper-middle).
Lateral Electrode Perimodiolar Electrode TN TN angle [°]
electrode array angle [] electrode array angle [°]
EL4 343 CA3 332 M9 327
ELS 143 CA12 153 B7 137
EL10 69 CA17 73 B11 79

Table 2.6. Angles of the investigated electrodes and the corresponding target neurons (TN) measured

from the round window with respect to the modiolus axis; compare Figure 2.19.

Our previous clinical study (Heshmat et al., 2020) investigated critical morphometry
parameters such as diameter and myelination thickness of the peripheral parts of ANFs for
several human cochleae at various ages with different hearing loss levels. According to
observations of different distributions in diameter and myelination thickness, the study
suggested a degeneration pattern for peripheral parts of human ANFs based on hearing loss
levels. Therefore, the peripheral process morphometry was divided into six groups indicating
different neural health statuses (Table 2.7) according to the different varieties of the peripheral
parts of human ANFs.

ANF state Degeneration levels Peripheral diameter

[wm]

AS1 intact 2

AS2 slight 1.5

AS3 moderate 1

AS4 severe 0.75

ASS profound 0.5

AS6 progressive without peripheral

Table 2.7. Six ANFs statuses based on degeneration levels of peripheral diameter.
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In this section of the investigation, symmetric and asymmetric pulses, including four pulse
shapes, were implemented. Monophasic, pseudo-monophasic, triphasic, and biphasic pulses
were applied for both polarities, a negative phase called cathodic (CAT) and a positive phase
named anodic (ANO) (Figure 2.20). The phase duration was set to 100 ps, except for the second
phase of the pseudo-monophasic pulse, in which the duration was increased by a factor of four,
and its amplitude decreased by the same factor to keep the charge balanced (Macherey et al.,
2011). All multi-compartment model evaluations were performed in MATLAB (version
R2020a, https://mathworks.com).

In this section, excitations of selected ANFs were simulated with Rattay's multi-compartment
model (Rattay et al., 2001b). The geometry of the peripheral process was varied in six different
neural health cases based on our findings in degeneration pattern study (Heshmat et al., 2020):
(1) An intact case with a diameter of 2 um as well as normal myelination, (ii) a slight
degenerated case with a reduced diameter of 1.5 um and subsequently a reduced number of
myelin layers, (iii)) a moderate degenerated case with a reduced diameter of 1 pm and
consequently a reduced number of myelin layers, (iv) a sever degenerated case with a reduced
diameter of 0.75 um and subsequently a reduced number of myelin layers, (v) a profound
degenerated case with a reduced diameter of 0.5 pm and consequently a reduced number of

myelin layers, and finally (vi) the progressive degenerated case with no peripheral process.

Cathodic Anodic

(A) Monophasic

T-T

(B)Pseudo-monophasic

_I ——

(C)Triphasic

(D) Biphasic
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Figure 2.20. Illustration of symmetric and asymmetric pulse shapes in both anodic and cathodic
polarity. (A-C) represent the asymmetric pulse shapes: monophasic, pseudo-monophasic, and

triphasic. (D) demonstrates symmetric pulse shape, biphasic commonly used in cochlear implants.

Moreover, four CI stimulation strategies were used in this dissertation that varied depending

on the return electrode (ground electrode) position:

1) A monopolar strategy (MP) is used, in which the return electrode is located outside the
cochlea, usually behind the ear.

i1) A bipolar strategy (BP) with a return electrode placed next to the stimulating electrode,
adjacent active electrode.

ii1) A tripolar strategy (TP) is applied. In this strategy, the return electrodes are two
neighboring electrodes, and each electrode takes half of the current delivered to the
stimulating electrode.

iv) A partial tripolar strategy (PTP) is used, which is a combined configuration of MP and
TP. In PTP, part of the stimulating current (defined by the coefficient 6, 0 <o < 1)
returns to the two neighboring electrodes and the rest to the common ground (Figure
2.21). The investigated PTP configuration was considered with 75% of the current
returning to the neighboring electrodes and 25% to the ground, according to (Jolly et
al., 1996; Litvak et al., 2007; Mesnildrey et al., 2020).

Two geometrical parameters are important in order to compare the lateral and the perimodiolar
CI: (1) the center-to-center distance of adjacent channels and (ii) the electrode distance to the
modiolus axis. These parameters are different in lateral and perimodiolar array systems. In the
lateral CI, the distance between electrodes as well as the electrode distance to the modiolus
axis are larger compared to the perimodiolar CI array. Therefore, to perceive the impact of
parameters, the CI systems were first modeled with features reported by the manufacturer. In
the next step, a similar distance between channels was applied in both CI arrays, and finally,
the results were compared between the manipulated and the original arrays. For this aim, in
perimodiolar CI, the second basal adjacent channels were considered (Figure 2.21B), whereas,
in lateral CI, an extra electrode was set between two investigated electrodes each time, which

was used as the new ground electrode (Figure 2.21C).
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Figure 2.21. Forced current flow (I) from the stimulating CI channel for monopolar, bipolar, tripolar,

and partial tripolar configuration. (A) Monopolar and multipolar strategies by considering the adjacent
basal channel. (B) Multipolar strategies by considering the second basal adjacent channel in
perimodiolar CI. (C) Multipolar strategies by considering a shorter inter-channel distance in the lateral
CL
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2.2.3 Scala tympani vs. scala vestibuli implantations

2.2.3.1 Modeling electrodes inside of scala tympani and scala vestibuli

In this section, the same three-dimensional cochlea model and six (out of the thirty)
reconstructed pathways of tonotopically organized type I auditory nerve bundles were studied
(Table 2.8). In addition, six electrodes were modeled as platinum spheres with a realistic radius
of 0.1 mm and placed in the ST as well as SV, 12 electrodes in total. For a fair comparison
between two scalae, it was necessitated to consider the same condition; hence, the evaluated
distances from the center of the active electrode to a specific position at the peripheral part of
the closest ANF were deliberately chosen equivalent for ST vs. SV electrodes (Figure 2.22).

The results related to this section are presented in section 3.3.

TN TN angle|°]
B12 56
B7 137
B2 253
M7 402
M4 495
M1 592

Table 2.8. Names and angles of the investigated auditory nerve fibers as target neurons (TN) were

measured from the round window with respect to the modiolus axis.

At the active electrode surface, the AD/DC module with a fixed potential of +1 V was used in
COMSOL Multiphysics (version 5.5) to calculate the extracellular potential distribution of the
active electrode within the cochlea. The positions of the compartment centers were extracted
from the nerve pathways and applied to the COMSOL to calculate the induced extracellular
potentials at these points and finally applied to the multi-compartment model of each ANF.
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Figure 2.22. 3D view of the FE of the human cochlea model with one ANF (in cyan), the electrodes

inside the scala vestibuli and scala tympani are shown in blue spheres and the soma in red.

Rattay's multi-compartment model (Rattay et al., 2001b) was chosen and implemented on the
selected ANF pathways. More details on the geometry and kinetics parameters of the human

cochlear neuron multi-compartment model related to this part can be found in Table 2.9.

The geometry of the peripheral process was varied in three different neural health cases based
on our findings in degeneration pattern study (Heshmat et al., 2020): (i) intact case with a
diameter of 1.3 um as well as normal myelination, (i) an intermediate degenerated case with
a reduced diameter of 0.5 um and subsequently a reduced number of myelin layers, and finally
the (iii) progressive degenerated case with no peripheral process. To investigate and compare
the spiking behavior of the selected ANFs in ST vs. SV electrode positions, a monophasic pulse
of both polarities, cathodic pulse (CAT), and anodic pulse (ANO), with a 100 us duration were
applied. All simulations in this section were performed in MATLAB (version 2020a).
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Length

Non-myelinated terminal 10 [pm]

Pre-somatic region 100 [um]

Post-somatic region S [um]

Nodes of Ranvier 2.5 [um]

Internode in peripheral/ 250 (except for the last internode)

central process /500 [pm]
Diameter

Peripheral process intact: 1.3 [um] intermediate: 0.5

[nm]

Soma 20 [pwm]

Central process 2.6 [um]
Resistivity

Intracellular 0.1 [kQ.cm]

Extracellular 0.3 [kQ.cm]

Capacitance of cell membrane 1 [uF.ms™2]
Membrane conductance

Non-myelinated terminal 10-fold of HH model

Pre-somatic region 10-fold of HH model

Post-somatic region 10-fold of HH model

Nodes of Ranvier 10-fold of HH model

Internode conductance
Passive membrane conductance 0.1 [mS.ms™?]

Number of myelination layers Peripheral /Central process: 40/80

Table 2.9. Standard parameters for human cochlear neurons.
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2.23.2 Modeling cochlear implant inserted into scala tympani and

scala vestibuli

In this part, the same three-dimensional human cochlea model and four (out of the thirty)
reconstructed pathways of tonotopically organized type I auditory nerve bundles were studied.
In addition, two CI systems, a lateral and a perimodiolar with 12 and 22 electrode contacts,
respectively, were modeled. Based on the different CI insertions in the ST and SV (Figure
2.23), in each step of the calculations, the CI insertion was individually applied, that means
when ST array was used, the SV did not exist and the other way around. In addition, for a
systematic comparison between ST and SV CI array insertions, the same TNs in both CI array

insertions depending on the cochlear regions were chosen (Table 2.10).

TN TN angle [°] Corresponding frequency
[Hz]

B14 28 11524

B5 169 2607

B3 206 1977

M9 327 976

Table 2.10. Names, frequencies, and angles of the investigated auditory nerve fibers as target neurons

(TN) were measured from the round window concerning the modiolus axis.

To investigate and compare the threshold excitation of the selected ANFs and spike behavior
of the TNs in ST vs. SV CI array insertions, a biphasic pulse and a pseudo-monophasic pulse
were applied. The phase duration of pulses was 100 us, except for the second phase of the
pseudo-monophasic pulse, in which the duration was increased by a factor of four, and its
amplitude decreased by the same factor to keep the charge-balanced, in both polarities, CAT
and ANO pulses. All simulations in this section were performed in MATLAB (version 2020a).

For a fair comparison between two scalae, it was required to consider the same condition;
hence, the evaluated distances from the center of the active electrode from each CI insertion
array to the terminal of the closest ANF were chosen equivalent for ST vs. SV CI arrays. The

results related to this section are presented in section 3.3.5.

76



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

LUARA'J Your knowledge hub

Y 3ibliothek,

Distinctive Methods

ANTF state Peripheral axon diameter
[nm]
Intact 2
Severe 0.5
Progressive without peripheral

Table 2.11. Three ANFs statuses based on degeneration levels of peripheral axon diameter.

Figure 2.23. Cochlear implants inserted in scala tympani (ST) and scala vestibuli (SV). (A) Insert a
lateral array with 12 electrode contacts in the ST (green) and SV (dark pink). (B) Insertion of
perimodiolar array with 22 electrode contacts in the ST (green) and SV (dark pink). Noted that each CI

array insertion (ST vs. SV) is used separately in calculations.
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Chapter 3

Results

Based on the three objectives of this dissertation, the results section is divided into three main

parts. Each part describes individually the all findings related to the topic of the aims:

[.  The degeneration patterns of human auditory nerves depending on the hearing loss
levels are explained. Results presented in this part (section 3.1) were first published in
(Heshmat et al., 2020).

II.  Estimation of the neural health status of human ANFs is described. In addition, the
impact of several parameters such as pulse shapes, CI arrays, CI stimulation
configurations, and pulse polarity is investigated and analyzed their behavior related to
polarity sensitivity. Results demonstrated in this section (3.2) were first published in
(Heshmat et al., 2021).

III. A comparison between the ST versus SV implantations is performed to investigate
ANFs excitation in both scalae. In addition, the similarities and dissimilarities are

analyzed in both implantations.

3.1 Degeneration pattern of peripheral axon of human ANFs

based on hearing loss levels

The first section of the results describes the clinical evaluation of peripheral axon diameter,
myelination thickness, and G-ratio of four human cochleae with different hearing loss levels.
This part of the investigation involved four human inner ears (cochleae), one normal case as
the control, and three hearing loss cases (S1, S2, and S3) with hearing impairment differing in

three cochlear regions based on the audiogram evaluations (Table 2.4) were used.

All data were collected based on the degree of hearing loss from three regions of the basal,
middle, and apical turns. The control data compared to hearing loss cases depending on hearing
loss levels to investigate the geometrical parameters. Finally, the obtained geometrical
parameters were implemented into the model to investigate the impact on the behavior of ANFs

under intracellular and extracellular stimulations.
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Degeneration pattern of peripheral axon of human ANFs based on hearing loss levels

3.1.1 Variations in peripheral axon diameter and myelination thickness

Figure 3.1 demonstrates a histogram with fit kernel distribution for peripheral axon diameter
(PD) for each hearing loss case compared to the control in the basal turn. The control data has
a unimodal shape and spread from about 1.3 to 3.5 um, with a peak at about 2 um. In contrast,
the data become a multimodal shape in the hearing loss cases depending on the hearing loss

levels.

The PD range varies from 0.3 to 3.5 um with several peaks at about 0.4, 1, 1.5, and 2 um
showing a multimodal distribution in the S1 (Profound impairment) (Figure 3.1A). In addition,
as shown in Figure 3.1B-C, the other two specimens S2 and S3, with moderate impairment,
represent similar PD distributions, spreading from about 0.4 to 3.5 um with peaks at 0.5, 1.5,
and 2 um. Moreover, the PD distributions between profound and moderate impairment cases
display a similar distribution pattern; however, the fibers with smaller diameters appear less in

the lower hearing loss cases (moderate case).
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Figure 3.1. Histograms and fit kernel distributions (dashed lines) for peripheral axon diameter of the
ANFs in the basal turn for control vs. specimens with determined hearing loss level. (A) Profound

impairment case (S1). (B-C) Moderate impairment specimens (S2 and S3).

Figure 3.2 represents a histogram with fit kernel distribution for myelination thickness (MT)
for each hearing loss case compared to the control in the basal turn. The MT of the control case
has a unimodal form similar to the PD histogram and spreads from about 0.35 to 1.2 um, with
a peak at about 0.6 pm. The MT values are clustered on the right side of the histogram,
demonstrating a right-skewed form. In contrast, the data become a multimodal shape in the S1
case, where MT spreads from about 0.1 to 1.1 um with peaks occurring at about 0.1, 0.3, and
0.55 pm (Figure 3.2A). In addition, MT becomes wider that indicates more variety.

As shown in Figure 3.2B-C, MT spread from about 0.15 to 1.1 pm in the S2 and S3 cases, with
peaks at 0.2 and 0.55 pm for both cases. Furthermore, MT represents a bimodal behavior in
moderate cases whereas, MT becomes multimodal in the profound impairment case. This
behavior indicates the MT decreases more in higher hearing loss levels compared to less
hearing loss (S1 vs. S2 & S3).
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Figure 3.2. Histograms and fit kernel distributions (dashed lines) for myelination thickness (MT) of the
ANFs in the basal turn for control vs. specimens with determined hearing loss level. (A) Profound

impairment case (S1). (B-C) Moderate impairment specimens (S2 & S3).

There were two impairment cases in the middle turn of the cochlea, one with severe impairment
(S1) and the other had slightly hearing loss (S2). The PD and MT distributions are represented
in the upper and lower panels of Figure 3.3, respectively. The PD of S1 expands from 0.3 to
3.5 um with peaks at about 0.4, 1.3, and 2 um representing a multimodal distribution behavior
(Figure 3.3A). On the other hand, PD expands about 1 to 3.5 pm (Figure 3.3B) in the S2 case,
representing similar trends as the control case, where almost the PD distributions in control and

slight impairment cases are overlapped.

Figure 3.3C shows MT spreads from about 0.1 to 1.1 um with similar peaks as the profound
case (S1) of the basal turn that happens at about 0.1, 0.3, and 0.55 pm. However, MT expands
from 0.3 to 1.1 um with a peak of about 0.6 um in the S2 case, which has the same distribution
as the control (Figure 3.3D). Both PD and MT parameters indicate that a higher level of hearing
loss induces a reduction in diameter and myelination thickness of the peripheral parts of ANFs

that happen the same as in the basal turn.
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Figure 3.3. Histograms and fit kernel distributions (dashed lines) for PD and MT of the ANFs in the
middle turn for control vs. specimens with determined hearing loss level. (A) Showing PD distribution
of severe impairment case (S1). (B) Representing PD distribution of slight impairment case (S2). (C)
Showing MT distribution of S1 case. (D) Indicating MT distribution of S2 case.

Figure 3.4 demonstrates a histogram with fit kernel distribution for the PD and MT distributions
of control vs. impairment case for the apical turn. The control data spread from about 1.1 to 3.5
um, with a peak at about 2 um. In contrast, PD data of moderate impairment (S1) shows
spreading from about 0.4 to 3.5 um with peaks arising in about 0.5, 1.5, and 2 pm that is
indicating multipolar (multi-peaks) behavior same as other turns in impairment cases (Figure
3.4A).

Besides, the MT of the control case has a unimodal form similar to the PD histogram and

spreads from about 0.35 to 1.1 um, with a peak at about 0.6 um. However, in the mild
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impairment case, the MT distribution spreads from about 0.15 to 1.1 pm and with only one
peak of about 0.5 um that represents unimodal form similar to the control, but with a little
skewed to the left (Figure 3.4B).
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Figure 3.4. Histograms and fit kernel distributions (dashed lines) for PD and MT of the ANFs in the
apical turn for control vs. specimen with determined hearing loss level. (A) Showing PD distribution of

moderate impairment case (S1). (B) Representing MT distribution of mild impairment case (S1).

3.1.2 Correlation between peripheral axon diameter, myelination

thickness, and G-ratio

In this section, the scatter plot with the best-fit linear regression is used for better visualization
and comparing the control group with hearing loss cases. Scatter plot is employed to analyze
the correlation between investigated morphological parameters of peripheral parts of ANFs.
Therefore, For this purpose, MT and G-ratio are plotted against PD to investigate the

relationship of the most important geometrical parameters of ANF.

Figure 3.5 represents the scatter plot with linear regression of the MT against PD in the basal
turn for control and three impairment cases. The control case shows a weak positive linear
relationship with 72 = 0.22 between PD against MT. However, MT and PD have a strong
positive linear relationship in all three impairment cases. In the S1 case (Figure 3.5A), the linear
relationship is the most strong case with 72 = 0.83, whereas, in S2 and S3 (Figure 3.5B-C), the
linear relationship becomes weak with 72 = 0.63 and 0.64, respectively. Hence, it can be
understood that degeneration of diameter and myelination layers are directly related, which

means that by decreasing the PD or MT, the other parameter decreases.
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Figure 3.5. Scatter plot for the MT against PD of the ANFs in the basal turn for control and three
specimens with determined hearing loss level. (A) Profound case. (B-C) Moderate cases. The best-fit

linear regression to each scatterplot is included.

Figure 3.6 demonstrates the scatter plot with linear regression of the G-ratio (GR) against PD
in the basal turn for control and three impairment cases. The control case shows a very weak
linear relationship with 2= 0.07 between PD against GR. The changes in PD and MT are
negligible, and consequent changes in GR are insignificant. However, GR and PD have a weak
linear relationship in all three impairment cases (S1, S2, and S3), with72=0.2, 0.16, and 0.12,
respectively. The data implies that the GR has a known range regardless of the degeneration

levels because PD and MT diminish simultaneously.
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Figure 3.6. Scatter plot for the G-ratio against PD of the ANFs in the basal turn for control and three

specimens with determined hearing loss level. (A) Profound case. (B-C) Moderate cases. The best-fit

linear regression to each scatterplot is included.

Figure 3.7 represents the scatter plot with linear regression of the GR and MT against PD in

the middle turn for control and two impairment cases, S1 and S2. The control case shows a

weak positive linear relationship between GR and MT against PD with 72 = 0.16 and 0.21,

respectively. In addition, both hearing loss cases also display a positive linear relationship with

r? =0.15 and 0.18, respectively (Figure 3.7A-B). In MT against PD scatter plot, a positive

linear relationship is observed in the severe case with 2= 0.73 whereas, in the slight hearing

loss case, the relationship is small with 72 = 0.33 (Figure 3.7C-D).
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The scatter plot with linear regression of the GR and MT against PD in the apical turn for the
control and hearing loss case is demonstrated in Figure 3.8. The control case shows a weak
positive linear relationship between GR against PD with 72 = 0.16, whereas the moderate
impairment case (S1) displays a stronger positive linear relationship (r? = 0.3). In addition,
Figure 3.8B shows MT against PD with a weak positive linear relationship for the control with
r2 = 0.26, whereas in the S1 case, the relationship becomes stronger (r2 = 0.39) as expected

due to the direct reduction correlation between PD and MT.
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Figure 3.7. Scatter plot for the G-ratio and MT against PD of the ANFs in the middle turn for control

and two specimens with determined hearing loss level. (A-B) Showing scatter plot for the G-ratio
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against PD for S1 and S2 cases. (C-D) representing scatter plot for the MT against PD for S1 and S2

cases. The best-fit linear regression to each scatterplot is included.
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Figure 3.8. Scatter plot for the G-ratio and MT against PD of the ANFs in the apical turn for control
and a determined hearing loss level specimen. (A) Illustrating scatter plot for the G-ratio against PD.
(B) Demonstrating scatter plot for the MT against PD. The best-fit linear regression to each scatterplot

1s included.

The following section presents the PD, MT, and GR results of the control and hearing loss
cases in the basal, middle, and apical turns in boxplots. In all boxplots, each box's bottom and
top blue horizontal lines are the 25" and 75 percentiles of the data, respectively, and the
distance between the top and bottom is the interquartile range. The red line in the middle of
each box represents the median. In addition, whiskers, long single vertical dashed lines,
indicate variability from maximum and minimum of the data. Any values beyond the whisker

length, which lie outside the interquartile range, are shown in gray circles.

Figure 3.9 demonstrates boxplots for PD, MT, and GR in the basal turn between control and
three hearing loss cases. Figure 3.9A shows the PD boxplots that the median of the control in
the PD data is 2 pum, whereas the medians for S1, S2, and S3 are about 1.63, 1.88, and 1.85
um, respectively. In addition, significant differences were observed with a p-value < 0.001 in

all three hearing loss cases versus the control.

Figure 3.9B represents the MT boxplots of the basal turn for control and three impairment cases
with median 0.63, 0.5, 0.57, and 0.57 um, respectively. Significant differences were found with
a p-value < 0.001 in all three hearing loss cases versus the control. Moreover, no significant
differences were observed in the GR case except only between control and the profound case
(ST) with a p-value < 0.001.
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Figure 3.9. Boxplot of peripheral axon diameter (A), myelination thickness (B), and G-ratio (C) for the
control and three hearing loss cases (S1, S2, and S3) in the basal turn. The red horizontal line represents
the median of the data, the box includes 50% of the data, and the whiskers reach the highest and lowest
values within 95% of the distribution. Open gray circles represent single values outside 95% of the

distribution.

Figure 3.10 displays PD, MT, and GR boxplots between control and two hearing loss cases in
the middle turn. The median of the control in the PD data is about 2 um, whereas the medians
for S1 and S2 are about 1.47 and 1.98 um, respectively (Figure 3.10A). In addition, a significant

difference was seen with a p-value < 0.001 between the control and severe case (S1).

The MT boxplots of the middle turn are depicted in Figure 3.10B for control and two
impairment cases with median 0.6, 0.47, and 0.57 um, respectively. In addition, a significant
difference was found with a p-value <0.001 between the severe case and the control. Finally,
the GR data have a median of about 0.62, 0.6, and 0.62 pm for the control and two impairment
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cases, respectively. Again, a significant difference was observed only between the control and

severe case with a p-value < 0.001.

Figure 3.11 displays PD, MT, and GR boxplots in the apical turn between control and one
hearing loss case. The median of the control and moderate case are about 2 and 1.77 um (Figure
3.11A). A significant difference was noted in the PD between the control and impairment with
a p-value < 0.001.
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Figure 3.10. Boxplot of peripheral axon diameter (A), myelination thickness (B), and G-ratio (C) for
the control and two hearing loss cases (S1, S2) in the middle turn. Same configuration as Figure 3.9.

The MT boxplots of the apical turn are represented in Figure 3.11B for control and impairment
cases with a median of 0.62 and 0.51 um. In addition, a significant difference was detected
with a p-value <0.001 between the control and the moderate hearing loss case. Finally, the GR
data have the same median of about 0.62 um for the control and hearing loss cases; however,

no significant differences were observed between both data.
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Figure 3.11. Boxplot of peripheral axon diameter (A), myelination thickness (B), and G-ratio (C) for

the control and a hearing loss case (S1) in the apical turn. Same configuration as Figure 3.9.
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3.1.3 Impact of peripheral axon diameter and myelination
thickness on synaptic threshold current and action potential

arrival time in the axon

The first computer experiments concentrate on the impact of PD and MT on the excitation and
the arrival time of the AP at the soma for physiological hearing in contrast to stimulation with
a CI. Synaptic IHC excitation and spike conduction along the ANF were simulated by a 100
us pulse of 300 pA injected into the first compartment, the peripheral terminal (Figure 3.12A).
Thin fibers need weak postsynaptic currents to generate a spike, and consequently, a fixed
stimulus amplitude causes earlier AP peaks for smaller PD. Comparing blue APs depicting first
compartment excitations, the violet vertical dashed line demonstrates the earliest AP peak for

the thinnest diameter in Figure 3.12A.

In contrast to this advantage for thin fibers, the AP conduction velocity of myelinated fibers is
proportional to fiber diameter. Tiny fibers lose any temporal benefit of AP generation during
slow AP conduction (nine gray lines for six nodes of Ranvier and three black lines for non-
myelinated pre-somatic compartments) before AP arrives at the soma (orange line, Figure
3.12A).

The impact of PD on the AP conductance time to the soma is rather small for peripheral axons
of the control group in contrast to the presented multimodal histograms (Figure 3.12B). The
threshold current for AP initiation is inverse to PD (Figure 3.12C) because small myelinated

fibers need small intracellular current flow for AP conductance (Rattay, 1990).

However, the high capacitance of the soma cannot be loaded with such a small intracellular
current delivered by PD < 0.4 pm, although there is support from a non-myelinated pre-somatic
region. This pre-somatic region, represented by three compartments and marked by the
arrowhead in the lowest graph of Figure 3.12A, amplifies the intracellular current flow but
causes an additional AP delay at soma that increases when PD is reduced (compare the middle

and lower graph of Figure 3.12A).

In conclusion, as PD of fibers decreases, the AP needs more time to load the high capacitance
of soma and consequently pass the soma; however, in the deterministic model of this study, AP

conduction into the axon is not feasible for fibers with PD less than 0.4 pm.

To estimate the probability of spike conductance as functions of PD and G-ratio, ion current
fluctuations were included in all active membrane compartments, and 20 runs were performed
with an amplitude of 300 pA for all cases. Although the probability of spike arrival in the
central axon is 100% for PD larger than 1 pm, it reduces by decreasing PD (Figure 3.12D).
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The spike probability reduced from 100% to about 5% in the case of PD = 0.5 um with G-ratio
=0.4510 0.7, respectively (Figure 3.12D, blue curve). In addition, the decreasing trend is more
noticeable with a steeper slope in the case of the PD = 0.4 um (Figure 3.12D, red curve), which
the spike probability from 100% with G-ratio= 0.45 reaches to 0% with G-ratio = 0.65.

Finally, in the case of the PD = 0.3 um (Figure 3.12D, green curve), the maximum spike
probability of 20% happens with G-ratio = 0.45 and shows the substantial decline in the spike
probability to compared with larger PD (PD > 1 um, orange curve).
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Figure 3.12. Intracellular ANF stimulation simulating synaptic excitation. (A) Excitation and AP
conduction along the ANF (300 pA, 100 ps). AP is initiated in the first compartment (blue; note the

quicker excitation when PD is reduced marked by dashed vertical line; pre-somatic compartments are
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marked with arrowhead for PD = 0.5 um and show slow conduction velocity for thin fibers). Conducted
APs are shown for all active compartments with a vertical shift indicating the compartment’s location.
The arrival time of the AP in the soma (orange) increases when PD decreases. Axon’s conduction
velocity (marked by the red line at AP peaks) outmatches all dendritic cases as a consequence of the
larger central axon diameter (4 um). (B) Membrane voltage in the soma for varied PD demonstrates
increased latency when PD is reduced; no AP for PD = 0.3 pm. (C) Synaptic threshold current for AP
conduction as a function of PD (red) and linear fit (black dashed line). (D) Probability of spike
conduction across the soma as a function of G-ratio for various PD. In panels A—C, G-ratio = 0.625
(mean value of the control). (A-B) were calculated without noise (C-D) with the stochastic model that

included current fluctuations in the active membrane.

Figure 3.13 displays the loss of AP for the healthy case (PD =2 um) and degenerated cases
(PD = 0.5 and 0.3 um) with two G-ratio values. The investigation loss of APs was performed

for weak stimulation, namely, at the threshold (/;) and 1.2 times threshold (/).

In the healthy case with G-ratio = 0.625, the spiking pattern shows the only 10 spikes by
applying 20 runs can pass the soma and reaches the central axon with threshold stimulation
(Figure 3.13A, first row), whereas, by increasing the amplitude (I, = 139 pA), the jitter and

delay decrease, and 20 spikes reach the central axon (Figure 3.13B, first row).

In contrast, in the degenerated case (PD = 0.5 pm), although the threshold value is substantially
about 136% decreased, but the sharply synchronized spiking pattern is reduced compared to
the healthy case, and consequently causes the enhancement of delay and jitter. In addition, by
generating 17 spikes in the peripheral axon, only 6 spikes arrive at the central axon (Figure
3.13A, second row). Furthermore, by increasing the threshold (I, =26 pA), the delay and jitter
are reduced by about 5%, and the spikes in the peripheral axon and arriving at the central axon

are increased (Figure 3.13B, second row).

By applying the G-ratio = 0.5 in the degenerated case for PD = 0.5 pm (Figure 3.13A-B, third
row), the jitter and delay are about 20% decreased compared with the same degeneration level
but with G-ratio = 0.625 for the threshold and 1.2 times threshold. In addition, the arriving
spikes at the central axon significantly increased about 85% and 61% for the threshold and 1.2

times threshold stimulations, respectively.

Furthermore, by decreasing the diameter (PD = 0.3 pm) with the G-ratio = 0.5 (Figure 3.13A-
B, last row), the threshold value about 58% decreased in comparison with the PD = 0.5 um.
However, the number of spikes at the central axon is about 152% decreased in comparison with
the case of PD = 0.5 um. Surprisingly, spikes are generated more in the peripheral axon by
increasing the threshold (I, = 14 pA), but only 2 spikes can reach the central axon, which is
similar to the threshold case (Figure 3.13A vs. 3.13B, last row).
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Overall, the healthy (normal) fiber (PD= 2 pum) shows a sharply synchronized spiking pattern
with a reduced delay for the higher amplitude. Increasing the amplitude causes a decrease in
jitter and delay. The case of PD = 0.5 pm demonstrates that synchronization becomes higher,
and the delay becomes shorter when the G-ratio is reduced (increasing of MT). For the higher
G-ratio, only 30 — 45% of spikes can pass the soma. The case PD = 0.3 um generates no AP
for G-ratio higher than 0.55 (simulated but not shown). However, by shortening the internodal
lengths to half of its standard length (250 um), the AP is generated in the peripheral axon even
with the standard G-ratio of 0.625, yet the small intracellular current is unable to load the soma

capacitance enough to initiate a spike in the soma.
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Figure 3.13. ANF responses at peripheral terminal (first compartment), soma, and axon (last
compartment) are marked with D, S, and A, respectively. (A) Later APs and larger jitters for synaptic
stimuli at threshold (I;;) versus (B) more synchronized responses for synaptic stimuli at [, = 1.2 %
threshold are represented for G-ratios = 0.625 and 0.5. While the arrows start at the stimuli onset, the
delays represent the time when the membrane voltage reaches 0 mV (shown with gray dashed horizontal
lines). Recording point A of simulations corresponds with the axonal terminal from the micro-CT

sample (Potrusil et al., 2020).
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The following experiments show the expected AP delays in the soma as a function of PD
(Figure 3.14A) and, according to the PD histograms, which show the different PD distributions
for different cochlear regions based on hearing loss levels (Figure 3.14B—E). Figure 3.14A
shows exponential decay of mean delays of AP in the soma with various PD values. The
thinnest fibers (PD < 0.5 pm) indicate the most extensive delay, and the mean AP delays
become less by increasing the PD, and by reaching the PD > 2 um, the shorter delays occur.

Figure 3.14B demonstrates the spiking pattern of the control (healthy) case compared with the
degenerated cases in different hearing loss levels based on the cochlear turns (Figure 3.14C-
E). The most significant delay and jitter values occur for very thin fibers that are found in the
profound hearing loss case with 1.816 ms and 0.405 ms, respectively. When the degeneration
levels become moderate, the latency and jitter (1.664 + 0.257) decrease in a similar PD range
(Table 3.1). When fiber diameter increases and becomes close to the control group, the delay
becomes less. However, the fiber numbers with larger diameters do not appear as much as the

control case.

PD [pum] Mean delay + STD [ms]
Control Profound Severe Moderate
(basal) (basal) (middle) (apical)
0.3< PD <1.3 - 1.816+ 0.405 1.800+ 0.387 1.664+ 0.257
1.3<PD <2 1.248 £ 0.032 1.279+ 0.044 1.2844 0.043 1.270% 0.045
2<PD <3 1.197 £ 0.014 1.191+ 0.016 1.201+ 0.013 1.192+ 0.015
PD >3 1.159 + 0.006 1.162+ 0.010 1.163+ 0.007 1.157+ 0.006

Table 3.1. Mean delay + STD (jitter) for the counted fibers in each specimen. For calculations an
intracellular stimulus of 300 pA and a various run numbers, based on each fiber group quantity, are

chosen.

Moreover, for the thickest group of fibers (PD > 3 pum), the mean delay and jitter values are
the smallest compared with the other fiber groups. The successful spike conduction of thicker
fibers is based on a high density of sodium channels in the nodes of Ranvier and an adequate
number of insolating myelination sheets covering the internodes, which limit the

transmembrane currents.
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Figure 3.14. Spike pattern comparison between control and hearing loss cases in three cochlear regions.
(A) Delay (mean values) as a function of PD (20 runs per PD). (B-E) Spiking patterns of the
investigated specimens (S1 vs. control) based on the number of counted fibers in different cochlear
regions, the basal, middle, and apical, stimulated with 300 pA. The horizontal and vertical green lines
in panel B represent the membrane voltage value at 0 mV and the corresponding time (delay) at soma
after the stimulus onset, respectively. The color code in panel (B) applies to (C—E). Recording point at

axonal terminal. The x-axis of the right panel in panel E applies to all spike pattern graphs.

97



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Degeneration pattern of peripheral axon of human ANFs based on hearing loss levels

3.1.4 Extracellular stimulation

By considering one ANF (basal7) in the position 137°, synaptic excitation of a monophasic
anodic pulse and extracellular stimulation of a monophasic cathodic pulse from lateral CI, EL5
(143°), and its corresponding perimodiolar electrode CA11 (153°) were compared (Figure
3.15). In contrast to synaptic excitation Figure 3.15A, where the AP is initiated in the first
compartment, it is more complicated to understand the AP generation and propagation during

extracellular stimulation (Figure 3.15B-C).

Depending on the cell geometry, cochlear region, electrode position, and pulse intensity, there
are several sites along the fiber where spikes can be generated, and, moreover, excitation is
possible both with cathodic (negative) and anodic (positive) pulses. An indicator for possible
spike initiation sites is the membrane voltage profile along the ANF under subthreshold
conditions, e.g., the full blue line in Figure 3.15B-C, which has its maximum within different
parts of peripheral axon for both PD =2 um (left) and PD = 0.5 pm (middle).

As mentioned before, thinner fibers are easier to excite with intracellular stimuli, but the
opposite, known as reversed recruitment order (Blair and Erlanger, 1933), is seen for
extracellular stimulation. Comparing values of threshold currents in Figure 3.15A-C
demonstrates that the fiber with PD =2 pm needs 116 pA current whereas for thinner fiber (PD
= 0.5 pm), the stimulation current significantly about 136% is decreased with intracellular

stimuli.

Furthermore, applying intracellular stimulation makes the thinner fibers easier to excite;
however, this behavior does not happen in the extracellular. As shown in Figure 3.15B, the
ANF is stimulated with a current of about 109 pA in the healthy case with PD =2 um, whereas
in the degenerated case with PD = 0.5 um, the required current for excitation ANF becomes
larger just about 24%, which is about 139 pA, in the lateral CI system. On the other hand, in
the perimodiolar case, the same behavior occurs but with less current intensity (Figure 3.15C).
The needed current in the healthy and degenerated cases is about 64 pA and 86 pA, which is
approximately a 30% difference between healthy and degenerated excitation thresholds.
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Figure 3.15. Membrane voltage along ANF basal7 (137°, G-ratio = 0.625) as a response of intra- and

extracellular stimulation. (A) Membrane voltage for PD = 2 vs. 0.5 um at pulse offset (0.1 ms) and 1

ms after intracellular stimulus onset with a pulse amplitude at threshold (I;) and 1.2 x threshold. Right

panel: AP propagation along the ANF with PD = 2 pm at the threshold. Each line shows the membrane

voltage at a fixed time. The green and red lines represent the times corresponding to stimulus offset and

the first achievement of the AP peak, respectively. (B) Same configuration for extracellular stimulation

of lateral electrode ELS5 and (C) perimodiolar electrode CA11. Vertical dashed pink, cyan, and green

lines represent the positions of the peripheral terminal, soma, and axonal terminal, respectively.

Arrowheads indicate that the firing starts at presoma.
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To investigate the impact of the neural pathway on the threshold profiles, five electrodes from
each CI array system were selected (Table 2.5 and Figure 2.18). Two electrodes in basal (EL1,
EL3, CA2, and CA®6), one electrode in the middle (EL5 and CA11), and two electrodes in the
upper-middle (ELS, EL9, CA19, and CA20) in each CI system. A fixed potential of 1 V was
applied at the surface of the active electrode, and the V, distribution along the interested

pathways was calculated with the FE model.

Moreover, all calculations were implemented for three different peripheral axon geometries: a
healthy fiber of PD = 2 um and two degeneration levels with PD = 0.5 pm and without
peripheral axon case (profound degeneration). At each level of calculations, all ANFs were

considered with the same geometry.

Figure 3.16 demonstrates the electrode distances (upper panel) and the inverse relationship of
V. (lower panel) along the fiber of five TNs in blue and red, which were stimulated with

perimodiolar and lateral CI systems, respectively.
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extracellular voltage (lower panel) along the fiber of five target neurons in blue and red, which were

stimulated with perimodiolar and lateral CI systems, respectively.
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Figure 3.17. Excitation thresholds of TNs and co-stimulated ANFs along the fiber angles calculated for
ten electrodes. The electrode thresholds for three PD of 2, 0.5, and 0 um (without peripheral axon) is
demonstrated in the upper, middle, and lower panel, respectively. Note that all investigated ANFs are
considered with the same peripheral axon, soma, and central axon diameters at each level of calculation.
Vertical dashed lines indicate the angle of electrodes, filled symbols TN, unfilled co-stimulated neurons

(blue for perimodiolar, red for lateral CI system).

The threshold profiles for the selected electrodes are shown in Figure 3.17 for biphasic
(cathodic first) stimulation with 100 ps per phase. Applying the threshold current of the closest
TN (ANF 28°), the basal electrodes (EL1 and CA2) stimulated only one of the 30 investigated
fibers. There was no co-stimulated ANF in this region. The threshold is the same for the three
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investigated PD (2 um, 0.5 pm, and without peripheral axon) because the AP is initiated in this
case at the central axon. Contrarily, the second investigated basal electrode from the lateral
array (EL3) stimulated another group of fibers before the TN basalll (79°) in the case of PD
= 0.5 um and without peripheral axon, whereas the corresponding perimodiolar electrode
(CAO6) stimulates only the TN.

For the middle electrodes EL5 and CA11, co-stimulation of ANFs depend on peripheral axon
condition and CI system: ELS5 stimulated another group of fibers before TN basal7 (137°) in
the case of PD = 2 um, but no co-stimulation when PD = 0.5 um and two co-stimulated neurons
under the assumption that ANFs are without peripheral axon. For each level of degeneration,
it was assumed that all 30 ANFs had the same peripheral axon, soma, and central axon diameter
and, subsequently, different co-stimulated neurons might appear when only the PD parameter
is changed. For instance, basal6 is a co-stimulated neuron in the case of lateral electrode EL5
when PD is 2 um. However, this ANF does not appear in the next level of degeneration (PD =
0.5 um) because its electrode voltage threshold is essentially larger than the threshold of TN,
basal7 (Figure 3.17, upper and middle panels).

In the upper-middle turn, active electrodes from lateral CI (EL8, EL9) were compared with
perimodiolar CI (CA19, CA20). The stimulation of ANFs of this region becomes less selective
mostly for the lateral electrode system when peripheral axon degeneration increases (Figure
3.17, middle and lower panels). With increasing peripheral axon degeneration levels, higher
thresholds are needed to activate the TN, leading to disruption of the electrode selectivity and

cochlea tonotopic function in this region.

Table 3.2 indicates threshold values, spike initiation sites, and co-stimulated ANFs. The values
increase with increasing degeneration level of the TN, resulting in stimulating more neurons in

the neighborhood, particularly in the case of the lateral electrode system.

The mean values of standard deviation (STD) for threshold variations of the investigated
electrodes during peripheral axon degeneration of each TN were 0.22 V for lateral electrode
array and 0.07 V for perimodiolar array. Moreover, the perimodiolar array requires a lower
threshold than the lateral electrode system in most cases, which is in line with findings in
clinical studies (Cohen et al., 2001; Long et al., 2014; Lee et al., 2019).
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Lateral CI system

PD =2 pm
Electrode TN Threshold AP location TN Co-stimulated Threshold AP location Co-
array [V] neuron [V] stimulated
EL1 basall4 0.44 Central = - -
EL3 basalll 0.36 Peripheral - - _
ELS5 basal7 0.52 Peripheral basalg 0.42 =
ELS8 basall 0.49 Peripheral - - -
EL9 middle9 0.38 Peripheral = - :
PD =0.5 pm
EL1 basall4 0.44 Central = = -
EL3 basalll 1.04 Peripheral basall4/basall0 0.76/1.02 central/central
ELS basal7 0.8 Peripheral = - :
ELS8 basall 0.77 Presoma - - B
EL9 middle9 0.6 Central middle7/middle3/ 0.56/0.59/ presoma/central/
middle8/middle5 0.59/0.6 presoma/postsoma
Without peripheral axon
EL1 basall4 0.44 Central = - :
EL3 basalll 1.18 Central basall4 0.76 central
ELS basal7 1 Soma basal9/basal8 0.92/0.98 central/central/
ELS8 basall 1.08 Soma middle9/middle4/ 0.93/1.04/ central/central/
middle7 1.05 soma
EL9 middle9 0.58 Central middle7 0.56 soma
Perimodiolar CI system
PD =2 pm
CA2 basall4 0.44 Central - - B,
CA6 basalll 0.46 Peripheral = - R

103




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Degeneration pattern of peripheral axon of human ANFs based on hearing loss levels

CA1l basal7 0.35 Presoma - - -
CA19 basall 0.34 Peripheral = - _
CA20 middle9 0.37 Central - - -

PD = 0.5 pm

CA2 basall4 0.44 Central - - -

CAb6 basalll 0.58 Presoma - = -
CA11 basal7 0.5 Presoma - - -
CA19 basall 0.44 Peripheral middle9 0.42 central
CA20 middle9 0.34 Central - - _

Without peripheral axon

CA2 basall4 0.44 Central - - -

CA6 basall 1 0.63 Central = - -
CA11 basal7 0.65 Central - - -
CA19 basall 0.59 Soma middle9/middle7 0.41/0.56 central/central
CA20 middle9 0.33 Central - - -

Table 3.2. Thresholds of TNs and the co-stimulated neurons for ten investigated electrodes for the

lateral and perimodiolar electrode array systems.
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3.2 Impact different parameters on threshold current and

polarity sensitivity

In the second part of the results, different parameters such as CI array system (Figure 2.19),
pulse shape (Figure 2.20), stimulation strategy (Figure 2.21) were considered to investigate
excitation threshold currents based on different degeneration levels of the peripheral process
of ANFs. For this purpose, three ANFs were selected from different regions of the cochlear
and named as TNs (Table 2.6). In addition, six different geometry of peripheral parts of each
TN were used to analyze the excitation threshold individually and compare TNs excitation

behavior based on all the above-mentioned parameters.

3.2.1 Impact of type of array, pulse shape, stimulus strategy, and

degeneration level on threshold current

Figure 3.18 summarizes excitation thresholds of three investigated TNs in the basal, middle,
and upper-middle turn for the perimodiolar CI with pulse shapes: monophasic, pseudo-
monophasic, triphasic, and biphasic in the MP and three multipolar strategies: BP, TP, and
PTP. In all panels, six ANF statuses based on degeneration levels (Table 2.7) were considered
with a circle (intact), rectangle, triangle, cross, diamond, and plus, for AS1, AS2, AS3, AS4,
ASS, and AS6, respectively.

Figure 3.18A shows the excitation thresholds of the monophasic pulse for three TNs, B11
(blue), B7 (green), and M9 (red), in four stimulation strategies. The MP strategy needs the
lowest currents in both polarities. The deviation between ANO and CAT thresholds is small
for each degeneration case. This is obvious as most cases accumulated over the black dotted
line where the polarity ratio (ANO/CAT) is one. In addition, the threshold increases in both
polarities by increasing the degeneration levels of TNs except in M9, which has almost the
same ANO threshold for all degenerated levels because in all status cases AP initiation site is

the central process.

Moreover, in contrast to MP strategy, the ANO threshold ranges increase negligibly in BP, TP,
and PTP; however, the CAT threshold ranges increase significantly. The investigated TNs have
almost equal ANO thresholds for different ANFs degenerated cases, which indicates the AP
initiates from nearly the same site of the central process of TNs. In contrast, the CAT threshold
variations are substantial and increased significantly in each level of degeneration, especially
in AS5 and AS6 cases. Finally, the behavior of the fibers in TP and PTP strategies are similar

to each other.
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Another important point is the excitation threshold behavior of each TN depending on the
cochlear turns. Each TN demonstrates particularly CAT and ANO thresholds that significantly
occur only in multipolar strategies, especially in TP and PTP strategies. This means ANFs from
different turns of the cochlea are stimulated by individual current ranges. To summarize, using
monophasic pulse in four stimulation strategies shows that all threshold cases are densely
accumulated in MP, whereas, in multipolar strategies, each TN individually forms a cluster that

can be distinguished by degeneration levels.

Figure 3.18B represents the excitation thresholds for the pseudo-monophasic pulse. The ANFs
behavior is almost similar to monophasic pulse (Figure 3.18A) for all strategies. Furthermore,
the ANO threshold variations in the BP, TP, and PTP are minimal between degeneration cases
of individual TNs compared to MP strategy, and again, the clustering behavior is formed in
multipolar strategies compared to MP. Interestingly, the CAT threshold ranges are decreased
by half compared to monophasic pulse, as in Figure 3.18A. This threshold difference can be
understood from the voltage membrane changes induced by the two pulse shapes, as shown in
Figure 3.19A. The pseudo-monophasic pulse has a lower negative slope at the onset of the
CAT-leading phase compared to the monophasic pulse represented with the pink rectangle
(Figure 3.19A). Therefore, the pulse makes the transmembrane voltage less negative (20 vs. 55
mV hyperpolarized). The second charge-balanced phase of the pseudo-monophasic pulse has
a positive effect, causing the transmembrane voltage to depolarize more and faster to the
excitation threshold level. For a better understanding, the voltage membrane changes by
applying a monophasic pulse are displayed over time for a progressively degenerated fiber
(Figure 3.19B) and a healthy fiber (Figure 3.19C).
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Figure 3.18. Threshold profiles of three TNs for perimodiolar CI. Thresholds are shown for four
stimulation configurations: MP, BP, TP, and PTP with (A) monophasic, (B) pseudo-monophasic, (C)

triphasic, and (D) biphasic pulse. Blue, green, and red colors represent B11, B7, and M9, respectively,

in all panels. ANFs status based on degeneration levels are indicated with circle, rectangle, triangle,
cross, diamond, and plus shapes for AS1, AS2, AS3, AS4, ASS, and AS6, respectively. Black dotted
lines represent the ANO/CAT = 1. Legend from top-left panel A applies to all panels.

Figure 3.18C demonstrates the excitation thresholds with the triphasic pulse. The ANFs

behavior is almost comparable to previous pulse shapes in all stimulation strategies, and again,

the clustering behavior is formed in multipolar strategies compared to MP. Moreover, in

multipolar strategies, the CAT threshold ranges of the triphasic pulse are about 50% higher

than pseudo-monophasic and 50% lower than the monophasic pulse.
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Figure 3.19. Comparison of the transmembrane voltage just above the threshold. (A) Comparison
between excitation of the initiation sites for both pulse shapes. During the first cathodic phase, the
strongest deviations from the resting voltage appear in a central process region close to the soma.
Hyperpolarization of the monophasic pulse (55 mV) is almost three times larger than for the pseudo-
monophasic pulse (20 mV). In monophasic stimulation, the central process compartment with the
strongest hyperpolarization elicits the spike by break excitation (thick black line), and this spike is
conducted in both directions (thin black lines). Break excitation is an overshoot of membrane voltage
in the direction of the resting potential after a strong hyperpolarization. This overshooting trend is
strongly supported by the weak second phase of the pseudo-monophasic pulse (gray lines).
Consequently, the pseudo-monophasic stimulation needs less hyperpolarization during the first phase.
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(B) Degeneration status AS6, without peripheral process, when monophasic pulse is applied. (C)

Excitation of fiber with healthy status for monophasic pulse.

Figure 3.18D displays the excitation thresholds with biphasic pulse. The behavior in the MP
strategy is similar to the previous pulse shapes but with less variability, polarity ratio almost
close to one. However, the cluster form based on degeneration levels among individual TNs is
not visible anymore. The TN thresholds mostly accumulate over the black dotted line, resulting
from the same AP initiation site of TNs in different degeneration levels in both polarities. As
a result of losing the CAT threshold variations in multipolar strategies by applying the biphasic
pulse, it is challenging to distinguish TNs response based on different degeneration levels,

which differs from the previous pulse shapes (Figure 3.18A-C).

Figure 3.20 shows excitation thresholds as Figure 3.18 but for a lateral CI. Subsequently,
Figure 3.20A displays the excitation thresholds of monophasic pulse for the three investigated
TNs in the four stimulation strategies. The MP strategy needs significantly lower currents,
especially in CAT thresholds, compared to the other strategies. In addition, the ANO and CAT
thresholds do not change substantially by increasing degeneration levels. However, both ANO
and CAT thresholds increase significantly in multipolar strategies compared to the MP strategy.
The ANO threshold variations between the TNs are small in the BP strategy compared to TP
and PTP strategies. However, the cluster behavior is not formed in multipolar strategies in

lateral CI, as they formed in the perimodiolar CI (Figure 3.18A).

Figure 3.20B represents the excitation thresholds with the pseudo-monophasic pulse. The trend
is similar to monophasic pulse (Figure 3.20A) for all strategies, although CAT thresholds in
the BP are significantly lower and more concentrated compared to monophasic pulse in severe
degenerated cases (Figure 3.20A, BP strategy). Surprisingly, the similar CAT threshold ranges
between monophasic and pseudo-monophasic pulses (Figure 3.20A vs. Figure 3.20B) are in
contrast to the CAT threshold behavior in the perimodiolar CI case (Figure 3.18A vs. Figure
3.18B). Since the CAT thresholds in the perimodiolar CI are significantly decreased, but the
CAT thresholds reduction is not notable in the lateral CI.

Figure 3.20C displays the excitation thresholds with the triphasic pulse with a similar structure
as Figure 3.20A-B. The ANFs behavior is comparable to previous asymmetric pulses,
especially with pseudo-monophasic. The CAT threshold ranges of triphasic pulses are about

25% larger than monophasic and pseudo-monophasic pulses.

Figure 3.20D demonstrates the excitation threshold with the biphasic pulse. The ANO and CAT

threshold ranges are almost doubled compared to the perimodiolar case (Figure 3.18D). The
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threshold characteristics in both polarities are comparable in all four stimulation strategies for

all TNs, except in some severe degenerated cases.

To summarize, the excitation thresholds in the lateral CI are totally distinct from the
perimodiolar CI case. The excitation thresholds based on different degeneration levels of all
three TN in lateral CI demonstrate an unrecognized pattern regardless of the pulse shapes and

stimulation strategies.
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Figure 3.20. Threshold profiles of three TNs for lateral CI. Layout as in Figure 3.18.
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3.2.2 Impact of type of array, pulse shape, stimulus strategy, and
degeneration level on polarity ratios and polarity sensitivity

Figure 3.21-24 summarize the polarity sensitivity defined by the ANO/CAT threshold ratios of
three investigated TNs for the perimodiolar CI (left panels) and lateral CI (right panels) with
pulse shapes: monophasic (Figure 3.21), pseudo-monophasic (Figure 3.22), triphasic (Figure
3.23), and biphasic (Figure 3.24), in the MP and the three multipolar strategies for the six
degeneration levels (Table 2.7).

In this study, It is used the ANO/CAT ratio for polarity investigation instead of the different
CAT and ANO thresholds known as the polarity effect. The polarity ratio provides a better
insight into degeneration pattern recognition of ANFs. The trend ANO/CAT < 1, indicating the
lower ANF threshold for anodic stimulation, is related to the degeneration level and the
modiolus distance of the stimulating electrode. Polarity sensitivity is much more pronounced
for monophasic (Figure 3.21), pseudo-monophasic (Figure 3.22), and triphasic (Figure 3.23)
vs. biphasic (Figure 3.24) stimulation.

Figure 3.2lillustrates the polarity threshold ratios with monophasic pulse for two CI systems.
In the MP strategy (Figure 3.21A), ANO sensitivity (ANO/CAT<I) in the perimodiolar CI
occurred more frequently except in four cases that can be related to nearer distance electrode
to modiolus wall. A declining trend in ratios appears from intact to more degenerated cases in

both CI array systems only for the upper middle TN, M9.

Figure 3.21B-D displays the polarity ratios in multipolar strategies for both CI systems.
Interestingly, a declining trend in ratios always happens for all three TNs in the case of the
perimodiolar array. Despite, in the perimodiolar array, regardless of degeneration level, most
cases show ANO sensitivity. On the other hand, more degenerated cases (AS4 - AS6) become
ANO sensitive in the lateral system, whereas CAT sensitivity happens in intact and less

degenerated cases for all three multipolar strategies.
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Figure 3.21. Polarity ratios for different degeneration levels stimulated with the monophasic pulse.
Threshold ratios are shown for the TNs B11, B7, and M9 with color-coded degeneration levels
(A) monopolar (MP), (B) bipolar (BP), (C) tripolar (TP), (D) partial tripolar (PTP) stimulation
strategies. The horizontal dotted lines indicate the polarity ratio ANO/CAT = 1.

Figure 3.22 shows the polarity threshold ratios for pseudo-monophasic pulse. The behavior is
very similar to monophasic pulse (Figure 3.21A-D). Interestingly, again the decreasing trend
can be observed in the perimodiolar array for all TNs in the three investigated multipolar
strategies. In contrast, in the lateral array system, ANO vs. CAT sensitivity occurs mainly in
AS4 - AS6 degenerated cases vs. intact, slight, and moderate degenerated cases (AS1 - AS3).
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Figure 3.22. Polarity ratios for different degeneration levels stimulated with the pseudo-monophasic

pulse. Layout as in Figure 3.21.

Figure 3.23 demonstrates the polarity threshold ratios for triphasic pulse. The behavior is
similar to monophasic and pseudo-monophasic pulses (Figure 3.21 and Figure 3.22). Again the
decreasing trend can be noticed in the perimodiolar array for all TNs in the three investigated
multipolar strategies. In contrast, in the lateral array system, ANO vs. CAT sensitivity occurs
mainly in AS4 - AS6 vs. AS1- AS3.
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Figure 3.23. Polarity ratios for different degeneration levels stimulated with the triphasic pulse. Layout

as in Figure 3.21.

Figure 3.24 shows the polarity threshold ratios with biphasic pulse for both CI systems.
Contrary to the previous pulses, for the biphasic pulse in the lateral array, the ANO sensitivity
of the high degeneration vs. CAT sensitivity for intact and less degenerated cases is not
observed anymore. In most cases of the perimodiolar array, the polarity ratio is close to one;
hence, the declining behavior in perimodiolar CI from intact to progressive degeneration does

not occur in the biphasic pulse.
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Figure 3.24. Polarity ratios for different degeneration levels stimulated with the biphasic pulse. Layout

as in Figure 3.21.

To summarize, asymmetric pulses display individual patterns based on polarity threshold ratio
in perimodiolar and lateral array systems when the multipolar strategies were used. In the
perimodiolar case, a declining trend was observed between degeneration levels that can be
useful for detecting neural status. Also, the CAT and ANO sensitivity idea is noticed in healthy
to mild degeneration cases versus moderate to profound degeneration cases in the lateral case.
However, by using symmetric pulse shape like biphasic pulse, the polarity sensitivity and

declining trend disappear in both CI array systems, and regardless of degeneration levels,

115



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Impact different parameters on threshold current and polarity sensitivity

stimulation strategy, and array system, the polarity threshold ratios occurred near to one
(ANO/CAT ~ 1) in most cases.

3.2.3 Impact of type of array, pulse shape, pulse polarity, stimulus
strategy, and degeneration level on action potential initiation sites

Figure 3.25 displays AP initiation sites at ANO and CAT threshold levels for the three
investigated TNs in the basal, middle, and upper-middle turn for the perimodiolar CI (blue)
and the lateral CI (red) with monophasic pulse shape in the MP and the three multipolar
strategies, BP, TP, and PTP. In all panels, the y-axis represents the six ANF statuses based on

the degeneration levels, as in Table 2.7.

Figure 3.25 shows AP initiation sites when a monophasic pulse is applied. In the lateral CI, AP
mostly initiates at the peripheral sites regardless of the pulse polarity, stimulation strategy, and
degeneration levels, except for progressive cases, which are considered without peripheral
process. On the other hand, in the primordial CI, the AP initiates in the peripheral process parts
when CAT pulse is applied in MP and all multipolar strategies except for the progressive cases.
However, in the case of ANO pulses, the AP initiation sites occur only in the central processes

in multipolar strategies, and with MP strategy, most AP initiation sites happen in the central

parts of ANFs.
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Figure 3.25. AP initiation sites at ANO and CAT thresholds for monophasic pulse in four stimulation
strategies (A) MP, (B) BP, (C) TP, (D) PTP. The TNs: B11, B7, and M9 are demonstrated with star,

rectangle, and circle, respectively. In addition, the lateral and perimodiolar CI systems are indicated
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with red and blue colors. Pulse polarity is identified by filled (ANO) and unfilled shapes (CAT). Gray

dashed lines show the soma positions.

Figure 3.26 displays the AP initiation sites when pseudo-monophasic is applied. The same
behavior in AP initiation sites can be observed in the lateral array as in Figure 3.25. AP
initiation sites in the lateral CI mainly happen in the peripheral parts regardless of pulse polarity
and stimulation strategy except for profound degeneration cases. However, by using the
perimodiolar array, AP initiation sites differ for ANO vs. CAT thresholds. When TP and PTP
strategies are used, AP initiation sites mainly differ between peripheral and central parts related

to CAT and ANO polarity.
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Figure 3.26. AP initiation sites at ANO and CAT thresholds for pseudo-monophasic pulse in four
stimulation strategies (A) MP, (B) BP, (C) TP, (D) PTP. Layout as in Figure 3.25.

Figure 3.27 demonstrates the AP initiation sites when triphasic is applied. The same behavior
in AP initiation sites can be observed in the perimodiolar and lateral array systems as in Figure
3.25. In lateral array, AP initiation sites mainly happen in the peripheral parts regardless of
pulse polarity and stimulation strategy. By using the perimodiolar array, AP initiation sites
differ for ANO vs. CAT thresholds.
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Figure 3.27. AP initiation sites at ANO and CAT thresholds for triphasic pulse in four stimulation
strategies (A) MP, (B) BP, (C) TP, (D) PTP. Layout as in Figure 3.25.
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Figure 3.28. AP initiation sites at ANO and CAT thresholds for biphasic pulse in four stimulation
strategies (A) MP, (B) BP, (C) TP, (D) PTP. Layout as in Figure 3.25.

By applying a symmetric biphasic pulse (Figure 3.28), the lateral CI keeps the AP initiation
sites in the peripheral sites regardless of pulse polarity, degeneration levels, and stimulation
strategy. While in the perimodiolar array, the AP initiation sites are mostly the same in both
CAT and ANO thresholds regardless of TN degeneration levels.
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3.2.4 Impact of distance between channels and distance to modiolus

wall on polarity sensitivity

Differences in threshold characteristics between perimodiolar and lateral Cls result from the
electrode to modiolus distance and the distance between channels. To investigate the impact of
distance between channels, one channel gap is considered in perimodiolar CI by increasing the
distance between channels from 0.7 to 1.4 mm (Figure 2.21B). In addition, for the lateral CI, it
was decreased the distance between channels from 2.4 to about 1.3 mm (Figure 2.21C).

The effect of doubled channel separation is evident for multipolar configurations in
perimodiolar array; compare Figure 3.18 and Figure 3.29. For monophasic pulses, the ANO
and CAT threshold ranges are reduced by a factor of 2 when the distance of returning electrode
is increased (Figure 3.29A vs. Figure 3.18A). The clustering behavior is also noticeable in all
three multipolar strategies. The investigated TNs have individually similar ANO thresholds in
all degeneration cases; in contrast, the CAT thresholds are increased in each level of

degeneration, similar as in Figure 3.18 A but with lower thresholds (Figure 3.29A).

Figure 3.29B shows similar characteristics of pseudo-monophasic pulses as in monophasic
pulse yet with lower CAT thresholds dropped by half (Figure 3.29A vs. Figure 3.29B), as
Figure 3.18A-B for multipolar strategies. The same clustering behavior can be observed as in
Figure 3.18B.

Triphasic pulse (Figure 3.29C) displays similar behavior with previous pulses with the almost
same CAT threshold ranges as in monophasic pulse (Figure 3.29A) and higher CAT thresholds
than pseudo-monophasic pulse (Figure 3.29B). In addition, the ANO and CAT threshold ranges
are reduced by a factor of 2 when the distance of returning electrode is increased compared to
Figure 3.18C.

For biphasic pulse again, the ANO and CAT threshold ranges in the multipolar strategies are
decreased by a factor of about two (Figure 3.29D vs. Figure 3.18D). However, the cluster form
based on degeneration levels among individual TNs is not visible anymore, and the threshold
ratios are mostly close to one, as in Figure 3.18D. Overall, both polarity threshold ranges are
decreased by increasing the returning electrode distance in all multipolar strategies, which are

related directly to current shunting between electrodes.
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Figure 3.29. Threshold of three TNs for perimodiolar CI for four different pulse types and three
multipolar strategies (BP+1, TP+1, and PTP+1) by changing the distance between channels of both CI
systems. (A) Monophasic, (B) pseudo-monophasic, (C) triphasic, and (D) biphasic pulse. Layout as in
Figure 3.18.

The effect of halving channel distance is studied and shown in Figure 3.30 for multipolar
strategies in the lateral CI. As displayed in Figure 3.30A-D, except for the threshold ranges,

which are significantly increased compared to Figure 3.20A-D, the threshold characteristics
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are very similar to multipolar strategies in Figure 3.20A-D. The ANO/CAT ratios are again
close to one (Figure 3.20D and Figure 3.30D) for the biphasic pulse, and no cluster is formed

regardless of pulse shape and stimulus strategies as before.
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Figure 3.30. Threshold of three TNs for lateral CI for four different pulse types and three multipolar
strategies (BP-V1, TP-V1, and PTP-V1) by changing the distance between channels of both CI systems.
(A) Monophasic, (B) pseudo-monophasic, (C) triphasic, and (D) biphasic pulse. Layout as in Figure
3.18.
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Figure 3.31 represents the polarity ratios for monophasic stimulation. The polarity ratio in
perimodiolar CI is significantly decreased by doubling the distance between channels
compared to Figure 3.21B-D, left panels. Interestingly, the declining trend is also again visible
between intact and different degenerated cases, similar to Figure 3.21B-D (left panels). In
contrast, the polarity ratio substantially increased by halving the distance between channels in
the lateral CI. However, the polarity behavior of all TNs in intact and different degenerated
levels is similar to Figure 3.21B-D (right panels).
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Figure 3.31. Polarity ratios for different degeneration levels stimulated with the monophasic pulse by
changing the distance between channels of both CI systems. (A) bipolar (BP), (B) tripolar (TP),
and (C) partial tripolar (PTP) stimulation strategies. The horizontal dotted lines show the polarity ratio
is equal to one (ANO/CAT =1).
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Figure 3.32 illustrates the polarity ratios with the same structure as Figure 3.31 but for pseudo-
monophasic stimulation. The polarity ratio is significantly decreased by doubling the distance
between channels compared to Figure 3.22B-D (left panels). The declining trend is again
visible between intact and most degenerated cases, similar to Figure 3.22B-D (left panels). On
the other hand, lateral CI shows similar polarity behavior as monophasic pulse (Figure 3.31
and Figure 3.22B-D, right panels).
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Figure 3.32. Polarity ratios for different degeneration levels stimulated with the pseudo-monophasic

pulse by changing the distance between channels of both CI systems. Layout as in Figure 3.31.

Figure 3.33 demonstrates the polarity ratios with the same configuration as Figure 3.31 but for
triphasic stimulation. The polarity ratio is significantly decreased by doubling the distance
between channels compared to Figure 3.23B-D, left panels. Again, the declining trend is
noticeable between intact and most degenerated cases, similar to Figure 3.23B-D, left panels.
Lateral CI represents similar polarity behavior as previous pulses (Figure 3.31-32, right panels)

and Figure 3.23B-D, right panels.
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Figure 3.33. Polarity ratios for different degeneration levels stimulated with the triphasic pulse by
changing the distance between channels of both CI systems. Layout as in Figure 3.31.

Figure 3.34 shows the polarity ratios for biphasic stimulation. In contrast to the previous pulse
shapes, by applying the biphasic pulse in the lateral CI array (Figure 3.34, right panels), the
polarity effect is lost, similar as in Figure 3.24B-D, right panels. The declining trend in
perimodiolar CI (Figure 3.34, left panels) from intact to progressive degeneration does not

occur by applying this pulse shape, same as in Figure 3.24B-D, left panels.
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Figure 3.34. Polarity ratios for different degeneration levels stimulated with the biphasic pulse by
changing the distance between channels of both CI systems. Layout as in Figure 3.31.
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3.3 Scala tympani versus scala vestibuli electrodes

3.3.1 Stimulation at threshold

The extracellular stimulations for six ANFs (named as target neuron: TN) from different
cochlear regions (Table 2.8) for the electrode placed in the scala tympani (ST) vs. in scala
vestibuli (SV) were investigated. Three different neural statuses: intact, intermediate, and
progressive degenerated, are studied by the excitation of the nearest electrode. In addition,
ANO and CAT thresholds are considered for the excitation threshold of TNs in all three

degenerated levels.

Figure 3.35 displays the excitation profiles of TN=B12 (a =56°) from the lower-middle of the
basal turn in three ANF statuses for threshold stimulation with ST electrode (left) and SV
electrode (right); the corresponding threshold values for AP initiation are shown on top. In the
intact case (Figure 3.35A), both ANO and CAT thresholds for the SV electrode are smaller
than the corresponding ST electrode (up to 50% in CAT). The AP initiation sites of all six cases

are at the peripheral process shown with golden color.

Figure 3.35B represents the intermediate case where the ANO threshold for ST is about 50%
lower than the CAT threshold (ANO sensitivity). On the other hand, the CAT threshold is about
5% lower than the ANO threshold (CAT sensitivity) in the SV case. In this degeneration level
of ANF, first AP is generated in the peripheral process in all panels, but the AP cannot load the
large capacitance of the soma and pass through the soma since the fiber diameter is reduced;
except for the CAT stimulus in the ST. Then, the second (real) AP initiation happens for the
three remaining cases at the central process. Figure 3.35C represents the progressive status of
TN where the excitation thresholds for all cases are similar to the intermediate case (Figure

3.35B), but the AP initiation sites are in the central process since their peripheral parts are lost.
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Figure 3.35. Threshold stimulation of TN B12 for intact (A), intermediate (B), and progressive case

(C) for the scala tympani electrode (left) and the scala vestibuli electrodes (right). In each panel, traces
represent the membrane voltage over time in selected compartments for ANO (left) and CAT (right)
pulses. The green, blue, red, and violet lines represent peripheral nodes, pre-somatic compartments,
soma, and central nodes, respectively. Corresponding threshold values are displayed on the top of each
panel. The bottom part in panel (A), the CAT pulse shows the extracellular potential V, for CAT along
the first part of the TN (blue line), the soma positions (black spheres), the largest (negative) I/, and V,
of soma (horizontal black dashed lines); the vertical black dashed lines indicate the positions of nodes
of Ranvier, and the blue curves show the distances of the compartment centers to the electrodes. The

golden curves indicate the spike initiation compartments.

The next TN=B7 (a = 137°) investigates excitation profiles based on the ANFs status and
electrode position (Figure 3.36). In the intact case, CAT thresholds are about 30% and 50%
lower than the ANO thresholds (CAT sensitive) in the ST and SV, respectively (Figure 3.36A).
AP initiation sites happen at the peripheral process in both polarities in ST and SV cases. The
CAT threshold is about 20% lower than ANO in the intermediate level despite the real AP site
of both polarities at the same compartment from the central process (Figure 3.36B, left). Also,
in the SV case, the CAT threshold is about 74% smaller than the ANO threshold, and the second

and real AP initiation sites are in the central process (Figure 3.36B, right).

Figure 3.36C represents the progressive case of the ST and SV electrodes. The ANO threshold
and AP site remain the same as the intermediate case in the ST (Figure 3.36B, left), whereas
the CAT threshold is almost double compared to the intermediate case with the same AP site.
At this degenerated level, ANO sensitivity occurs for the ST electrode. On the other hand, the
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thresholds and AP sites in both polarities in the SV are similar to the previous degeneration
level (Figure 3.36B vs. Figure 3.36C, right). In addition, in the SV, CAT sensitivity occurs in
contrast to the ST case (ANO sensitivity).
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Figure 3.36. Threshold stimulation of TN=B7 for intact (A), intermediate (B), and progressive (C) for
the scala tympani electrode (left) and the scala vestibuli electrodes (right). Layout as in Figure 3.34.

The third selected fiber is TN=B2 (a = 253°), which shows the threshold stimulation behavior
depending on the degeneration level and electrode position in Figure 3.37. In the intact, CAT
thresholds are lower than ANO thresholds, and the threshold ranges are almost similar in both
ST and SV electrodes (Figure 3.37A). The AP initiation sites in this level happen at the

peripheral process (golden compartment).

Figure 3.37B displays the intermediate case where the CAT excitation thresholds need less
than ANO thresholds in the ST (with 25%) and SV (with 50%). The AP initiation sites are
similar between the ST and SV, corresponding to ANO and CAT pulses individually. In the
progressive case (Figure 3.37C), the thresholds are almost comparable to the intermediate case
since the AP initiation sites happen at the same central process compartments with respect to
the CAT and ANO pulses (Figure 3.37B vs. Figure 3.37C).
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Figure 3.37. Threshold stimulation of TN=B2 for intact (A), intermediate (B), and progressive (C) for
the scala tympani electrode (left) and the scala vestibuli electrodes (right). Layout as in Figure 3.34.

Concerning cochlear turns, the next investigated TN is selected from the middle turn, TN = M7
(o =402°). In the intact case, the ANO threshold is almost triple the CAT threshold in the ST,
while the AP sites are in the peripheral process (Figure 3.38A, left).

On the other hand, the CAT sensitivity appears in the SV electrodes, but the difference between
ANO and CAT thresholds (36%) is not significant as in the ST case. In addition, the AP
initiation site happens in the peripheral part as expected (Figure 3.38A, right). In the
intermediate state (Figure 3.38B), CAT sensitivity happens in ST and SV electrodes. Both
thresholds increased slightly in the ST case, but significantly threshold enhancement happened
in the SV case compared to the intact case (Figure 3.38A vs. Figure 3.38B). In addition, the
AP initiation sites in the intermediate level occur in the central process in all cases. Figure
3.38C shows the progressive case where the ANO and CAT excitation thresholds and AP sites

are equal to the previous degenerated levels (Figure 3.38B, intermediate case).
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Figure 3.38. Threshold stimulation of TN=M7 for intact (A), intermediate (B), and progressive (C) for
the scala tympani electrode (left) and the scala vestibuli electrodes (right). Layout as in Figure 3.34.

The fifth TN 1s M4 (a= 495°) which is located almost in the upper-middle turn and illustrates

the excitation profiles based on electrode location and fiber state in Figure 3.39.

The intact case of the ST (Figure 3.39A, left) represents CAT sensitivity where the ANO
threshold is almost quadruple to the CAT threshold. In addition, the AP initiation sites of CAT
and ANO are located at peripheral and central processes, respectively. In contrast, in the SV
case (Figure 3.39A, right), the CAT threshold is smaller than ANO, the same as the ST case,
but since the distance of electrode to TN increased needs a higher current than the ST. Again,
the AP sites are similar to the ST case (CAT at peripheral process and ANO at central process).

In the intermediate state (Figure 3.39B), the ANO thresholds and AP sites remain the same as
the intact case (Figure 3.39A) in the ST and SV cases. However, the CAT thresholds are
noticeably increased up to six times larger than the intact case (Figure 3.39A vs. Figure 3.39B,
left). The intermediate degenerated level (Figure 3.39B) shows ANO sensitivity in the ST and
SV cases, and AP sites are located in the central processes except for the CAT pulse of the ST.
In the progressive level (Figure 3.39C), the thresholds and AP initiation sites are comparable

to the previous degenerated level (intermediate case, Figure 3.39B).
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Figure 3.39. Threshold stimulation of TN=M4 for intact (A), intermediate (B), and progressive (C) for
the scala tympani electrode (left) and the scala vestibuli electrodes (right). Layout as in Figure 3.34.

The last TN is selected from the beginning of the apical turn, M1 (a = 592°). In the intact
(Figure 3.40A), CAT thresholds are smaller than ANO thresholds, and all AP initiation sites
are located at the peripheral parts. The threshold and AP initiation site of the ANO pulse of the
ST is similar to the CAT pulse of the SV.

The intermediate case demonstrates ANO sensitivity in both ST and SV cases. The CAT
threshold in the ST case (Figure 3.40B, left) is almost triple, and in the SV case (Figure 3.40B,
right), almost 46% increases compared to the ANO thresholds. The AP initiation sites happen
in the central processes except for the CAT pulse of the ST (peripheral process). Figure 3.40C
displays ANO sensitivity in the ST and SV cases for the progressive degenerated level. The
thresholds and AP sites (except CAT in ST) are almost similar to the intermediate case (Figure
3.40B vs. Figure 3.40C).
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Figure 3.40. Threshold stimulation of TN=M1 for intact (A), intermediate (B), and progressive (C) for
the scala tympani electrode (left) and the scala vestibuli electrodes (right). Layout as in Figure 3.31.

3.3.2 Stimulation of intact auditory nerve fibers

This section selects only three TNs (B12, B2, and M1) from the six investigated TNs for a
more detailed investigation. The three TNs are chosen based on the cochlear turns with similar
CAT excitation thresholds in ST and SV or less SV thresholds. These three TNs are stimulated
with the electrode located in comparable positions in ST and SV. In all investigated cases, the

AP initiated from the peripheral process, which was sensitive to CAT pulse.

Figure 3.41 demonstrates the membrane voltage over time for selected compartments of three
intact cases located in the basal, middle, and apical turns for the ST (left panel) vs. SV
stimulations (right panel). The color-coded manner of compartments is similar to Figure 3.35.
The voltage profiles of the V, (blue) against the distance to electrode (green) curves in all cases
demonstrate that the closest part of the fiber possesses the highest voltage value. However, this
does not necessarily mean that the closest part can initiate the AP. According to the voltage

membrane equation, there are three forces to change the transmembrane potential ( V;,):

1) Activating function (AF), which is proportional to the second derivative of the
extracellular voltage in every compartment with two neighbors and inversely
proportional to its intracellular resistance and capacitance (Rattay et al., 1986, 1999).

i1) Axial force which is the current flow of the neighbor compartments and again inversely

proportional to its intracellular resistance and capacitance.
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ii1) The ionic current force which is acting due to opening of channels.

AF is the most important driving force in extracellular stimulation, whose values estimate the
candidate sites of AP initiation. However, depending on the AF values of the neighbors, a node
with the highest AF may not initiate the AP, especially for the intact fibers at the threshold
stimulation since the voltage values are low. In these cases, investigating the second force may
help explain and understand the initiation of AP even in non-expected sites. However, before
the pulse onset, the cell is in the resting state, and for the AP initiation, the most critical time
is the stimulus onset, when the ionic forces do not start to act yet. At this time, the axial force

of each compartment is affected mainly by the AFs of other neighboring compartments.

The AP can be initiated even at a site with negative AF, shown in Figure 3.41A, left. In the
intact case of investigated ANF for the ST stimulating electrode, the AP starts in the fourth
node, which possesses a negative AF value shown with the orange star, while both internode
neighbors have the highest positive AF values according to the I, curvature. The dashed orange
curve demonstrates the axial force of the same compartment that initiates the AP. In the first
half of the stimulus time, the axial force is dominant by a high positive value resulting from
the positive AF of the neighbor internodes that initiates the AP in this compartment even with
a high negative AF. In contrast, the threshold for the SV case is half of the ST threshold, and
AF has less oscillation in the SV case than ST.

Figure 3.41B-C displays other cases, and again the AP initiates in a node where the AF is not
as high as in the neighboring compartments. The AF vs. axial forces in all three cases
demonstrate that the net driving force in the nodes with the highest value of AF is almost zero
because the high positive value of AF is surrounded by large negative values of AF neighbors
that result in all together becoming small, almost zero. Whereas the winner nodes have a
positive net driving force, especially at the first half of the stimulus time (vertical gray dashed
line), which results in AP initiation in these non-expected compartments (orange). However,
the depolarized regions during the stimulus onset in blue and purple V,, curves result from the

positive AF, where the V, curves also show a positive curvature.
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Figure 3.41. Threshold stimulation of intact target fibers, B12 (top), B2(middle), and M1(bottom) for
the scala tympani electrodes (left) and scala vestibuli electrodes (right). In each panel, upper traces
represent the membrane voltage over time in selected compartments for CAT pulse. The green, blue,
red, violet, black (only in A), and orange lines represent peripheral nodes, pre-somatic compartments,
soma, central nodes, internodes, and AP initiation sites, respectively. Corresponding threshold values
are displayed on the top. The lower part in each panel shows the extracellular potential (V) distribution
for CAT along the peripheral process of the ANFs (blue line) and the soma position (black spheres),
the soma and largest (negative) V, (horizontal grey dashed lines); the vertical grey dashed lines indicate
the positions of nodes of Ranvier; a schematic illustration between the blue and the green curves shows
the compartments with internodes in grey, nodes in black and soma in red circle. The green curves show
the distance to the electrode center along the peripheral process; the corresponding AF (light blue curve,
I.,+/C) is reproduced with its zero line (horizontal grey dashed line); the stars in color coded manner
represent the AP starting node in orange, the possible winner in the right and left neighborhoods in
purple and light blue, respectively; the last colored traces show the corresponding AF (solid line) and

the axial voltage changes, ddL;", (dashed line) of the same compartments during the stimulus time with

the same color code as in the stars: AP initiation compartment in orange, right and left possible winners

in purple and light blue, respectively.

3.3.3 Stimulation of intermediate vs. progressive degenerated

auditory nerve fibers

The same simulation of three TNs from the previous section investigated the ANFs behavior
in detail under degeneration conditions as the intermediate and progressive levels based on ST
and SV electrodes.

In both cases (intermediated vs. progressive degeneration), the voltage membrane behavior
along the ANFs as well as the AF curves for the three from six TNs (B12, B2, and M1) are
shown for the electrodes positioned in the ST vs. in the SV. Depending on the nerve positions,
both sensitivities occurred in degenerated cases; therefore, both CAT and ANO pulses are
shown in Figure 3.42. Surprisingly, in all degenerated cases (from investigated ANFs), when
the electrode is located in SV, the propagated AP initiated from the central process; however,
for the ST case, the AP initiation sites occur at different parts of ANFs depending on the
degeneration level and the polarity of the pulse. However, contrary to the intact fiber’s
behavior, in degeneration cases, the AP initiation can perfectly be explained only by AF
behavior as a result of high extracellular potentials required for the degenerated fiber excitation

that accordingly causes high AF values.
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Figure 3.42 demonstrates the V,, over time for the same selected compartments and with the
same color codes as in Figure 3.41. In addition, the AF curves are shown in blue, and the AP
positions are indicated with orange and green stars in the case of propagated AP and the
peripheral initiated AP, respectively. This figure shows the V,, behavior in intermediate (plots
above in each section) and progressive cases (plots below in each section) for the selected
ANFs located in the basal (A), middle (B), and apical turns (C), for the ST (left) vs. SV

stimulations (right).

Figure 3.42A left (ST stimulation) displays ANO sensitivity in both degenerated cases; the AP
starts at a central node about 2.5 mm away from soma, which possesses a positive AF value
(the orange star). Although in the intermediate case, the first AP started in the middle of the
peripheral process, yet the thin peripheral process was not strong enough to load the soma

capacitance and pass the soma.

The right panel of Figure 3.42A demonstrates CAT sensitivity in both degenerated cases for
the SV stimulation. The AP starts in a central node about 1 mm away from the soma, which
has a positive AF value (orange star). However, again in the intermediate case, the first AP
occurs in the third peripheral node with the highest positive AF value (green star), but the AP
cannot propagate due to collision block. In addition, the AP starts in a central node about 2.5

mm away from the soma in both degenerated cases, in the ANO pulse.
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Figure 3.42. Threshold stimulation of intermediate and progressive degeneration target fibers top and
bottom of each panel, respectively, for B12 (A), B2 (B), and M1 (C) for the scala tympani electrodes

(left) and scala vestibuli electrodes (right). In each panel, traces represent the membrane voltage over
time in selected compartments for ANO and CAT pulses. The green, blue, red, violet, and orange lines
represent peripheral nodes (intermediate degeneration), pre-somatic compartments (intermediate
degeneration), soma, central nodes, and AP initiation sites, respectively. Corresponding threshold
values are displayed on the top for both polarities. The middle traces represent the corresponding AF
(light blue curve, I,,:/C) with its zero line (horizontal grey dashed line); the stars in a color-coded

manner represent the AP starting node in orange and the first AP initiation site in green.

Figure 3.42B displays the middle ANF for ST (left panel) and SV (right panel). Both
degenerated cases showed CAT sensitivity for both electrode locations in ST, SV, and the APs
initiated at the second node of the central process (orange), which is about 1 mm away from
the soma. Although for the intermediate degeneration in both SV and ST cases, the first AP
starts at the fourth and first node in the peripheral process with the highest AF wvalue,
respectively, but due to the faster propagation of the central initiated AP (green), the peripheral
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AP is stopped as a result of collision block. In addition, in the ANO pulse, the APs occur at
about the same position in the central processes. However, in the intermediate cases, another
AP occurs in the peripheral process with the highest AF value (green star), although due to the
thin diameter of the peripheral processes, the AP is not strong enough to load the soma

capacitance and pass the soma.

Figure 3.42C illustrates ANO sensitivity in the intermediate and progressive degenerated apical
ANF for both electrodes locations in ST (left panel) and SV (right panel); the APs occur at
about 1 mm away from the soma in the central processes (orange). In the intermediate case of
SV, the first AP happens at the middle of the peripheral process, with the highest AF value
(green star), but it stops again due to collision block. In addition, in the case of CAT pulse for
SV stimulation, in both degenerated cases, the AP happens at the same central node of about
2.5 mm away from the soma (orange), whereas in the ST stimulation, AP initiates at different

positions in the intermediate vs. progressive cases.

3.3.4 Strong versus weak stimulation

The intact and degenerated ANFs exist in a damaged cochlea, yet the number of intact fibers
is expected to be often reduced according to the level of hearing loss. For electrical hearing
stimulus strength may increase inversely with peripheral axon diameter and the local density
of ANFs. In this section, the ANO and CAT thresholds as well as the AP initiation sites of
intact and degenerated ANFs are studied for both electrode positions (ST vs. SV).

Figure 3.43 shows the stimulation of the three investigated neural statuses for six investigated
ANFs when the electrode is located in ST vs. SV. In Figure 3.43A, the ANFs are stimulated at
their threshold values; a color shows each nerve for intact, intermediate, and progressive
degenerated cases represented with diamond, circle, and triangle, respectively. Marks above
and below the black dashed line indicate a higher sensitivity to ANO and CAT, respectively.
The right plot (SV) shows the same threshold values for both degeneration cases, resulting
from the same AP initiation sites, whereas these thresholds are more deviated when the

electrode is located in the ST.
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Figure 3.43. (A) ANO/CAT threshold values for six color-coded target fibers (B) The AP initiation
sites for the strong amplitudes (progressive degeneration thresholds) of both ANO and CAT pulses on
the intact, intermediate, and progressive degenerated ANFs are displayed for the six target fibers for

scala tympani electrodes (blue) vs. scala vestibuli (red).

On the other hand, Figure 3.43B demonstrates the AP initiation sites for both polarities when
the pulse amplitude is set to the strongest value of the threshold of the same progressive case.
The SV and ST stimulation cases are shown in red and blue marks, respectively. While the
electrodes in ST stimulate different positions of the ANFs (depending on the level of
degeneration), the SV electrodes, interestingly, excite the central sites in all investigated fibers.
By comparing the AP initiation sites for the threshold case versus the strong stimuli, the AP
initiation sites change when strong stimuli were applied in the intact case for all six target
fibers. Applying the ANO threshold, the AP sites shift when located at the peripheral part to
the central process in both ST and SV electrodes. In addition, CAT thresholds demonstrate the
same AP sites behavior as ANO thresholds for the SV stimulating electrodes and in two fibers
B2 and M7, for the ST electrodes.
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3.3.5 Scala tympani versus scala vestibuli cochlear implant arrays

In this section, two types of CI arrays, perimodiolar and lateral Cls, were used to investigate
the excitation behavior of ANFs based on ST and SV electrode array insertion. Therefore, for
a systematic comparison, four ANFs (Table 2.10) from different cochlear regions were selected
based on the closest distance of the terminal part of ANF to the center of the stimulating
electrodes and called TN, which are similar in both types of CIs with ST and SV insertions.

Two different pulse shapes, a biphasic pulse as symmetric and a pseudo-monophasic pulse as
asymmetric, were applied. In addition, both polarities, ANO and CAT, were involved.
Moreover, three ANF health statuses, one intact (healthy) and two degenerated cases based on
the various morphometry of the peripheral axon (Table 2.11), were considered to study the
ANF excitation behavior based on array types, CI insertion in ST and SV, and polarity

sensitivity.

Figure 3.44A shows the distance of B14 to the stimulating electrodes in the ST and SV for the
perimodiolar and lateral CIs. In the perimodiolar array, the TN distance to the center of the SV
electrode is about 25% farther than the ST electrode. However, in the lateral CI, the distance
from the terminal to the soma of TN is similar in both ST and SV; however, the distance of the
central parts of TN in SV becomes about 30% larger than ST.

The extracellular voltage (Ve) of TN, B14, is displayed in Figure 3.44B. In the perimodiolar
CI, the terminal part of TN is about 15% larger in the ST compared to SV (Figure 3.44B, left
panel). In addition, the peak value of Ve in ST is about 0.67 V occurs in the soma region. In
comparison, the highest value of Ve in the SV is about 0.5 V and happens 0.9 mm away from

the terminal.

In contrast, in the lateral CI (Figure 3.44B, right panel), the Ve in the terminal of TN is about
15% larger in SV than ST, which is inversed behavior compared to perimodiolar CI (Figure
3.44B, left panel vs. right panel). In addition, the Ve of ST and SV from the terminal to soma
are opposite from each other. However, the Ve is similar from the soma to the end of the fiber;
only the Ve of ST is about 30% larger than the SV.

Figure 3.44C demonstrates the excitation thresholds of B14 for ST (blue symbols) and SV
(green symbols) perimodiolar (left) and lateral (right) CIs with biphasic (black unfilled
symbols) and pseudo-monophasic (red unfilled symbols) pulses. In the perimodiolar CI (Figure
3.44C left), the ST thresholds are lower than the SV in all status of ANF in both pulse shapes.
Considering ANO/CAT = 1 shown with the black dashed line, the excitation thresholds
represent CAT sensitivity in all ANF status regardless of pulse shapes, ST and SV stimulating
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electrodes except the intact case of ST, which shows ANO sensitivity. The ST thresholds with
biphasic pulse need about 24% and 35% less current than SV in the intact and degenerated
cases, respectively. By changing the pulse shape to pseudo-monophasic, again, ST thresholds
are smaller than SV with 24% and 30% for the intact and both degenerated cases, respectively.

By comparing the biphasic and pseudo-monophasic pulses, the excitation currents become less
about 6% in the intact case (for ST and SV) and up to 11% (in the SV case) in degenerated

cases when pseudo-monophasic applied.

On the other hand, the lateral CI (Figure 3.44C, right) demonstrates CAT sensitivity in all cases
regardless of ANF health status, the position of the stimulating electrodes, and pulse shapes.
By applying the biphasic pulse, the ST needs about 14% and 41% less CAT current than the
SV in intact and degenerated cases. However, by applying the pseudo-monophasic pulse, the
excitation currents in ST are less than SV with 25% and 44% in the intact and both degenerated

cases.
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Figure 3.44. Excitation profile of B14. (A) Fiber distance to the stimulating electrodes. (B) the
extracellular voltage Ve versus length of the fiber in ST and SV are shown with blue and green curves,
respectively. (C) Threshold profiles of B14. The intact (healthy) ANF is displayed as circles, and the
degenerated ANF is indicated with diamonds and triangles for severe and progressive cases. The blue
and green-filled symbols show thresholds for ST and SV ClIs. The black and red unfilled symbols
represent biphasic and pseudo-monophasic pulse shapes. Black dashed lines represent the

ANO/CAT=1.
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Figure 3.45. Polarity ratios for the perimodiolar (left) and lateral (right) CI arrays for intact and two
degeneration levels for ST and SV active electrodes. (A) Biphasic pulse and (B) pseudo-monophasic
pulses stimulated both CI arrays within ST and SV. Threshold ratios are shown for B14. The horizontal
dotted lines indicate the polarity ratio ANO/CAT = 1.

Polarity ratios (ANO/CAT) for active electrodes of ST and SV based on perimodiolar and
lateral CI arrays are shown in Figure 3.45. By applying biphasic (Figure 3.45A) and pseudo-
monophasic (Figure 3.45B) pulses, CAT sensitivity happens in perimodiolar and lateral CI
arrays for ST and SV in all ANF status except the intact case of the ST stimulating electrode
for the perimodiolar CI. Figure 3.45A demonstrates the polarity ratios are close to one (no
difference in polarity ratio between ANF status levels) in all cases regardless of array types and
degeneration levels of ANFs in both ST and SV stimulating electrodes. However, applying the
pseudo-monophasic pulse makes the polarity ratios more distinguishable between intact and
degenerated cases. Overall, by employing pseudo-monophasic pulse, the polarity ratio

variations are more significant compared to the biphasic pulse, and an increase of ratio is
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observed in degenerated cases in comparison with the intact cases that allow detecting ANF
health status better; however, it is challenging to be functional for detecting ANF health status.

Figure 3.46A demonstrates the distance of the TN, B5, to the stimulating electrodes in the ST
and SV with the same layout as Figure 3.44. In the perimodiolar array (Figure 3.46A, left), the
TN distance to the center of the SV and ST electrodes from the terminal to the soma are almost
equivalent, but the distance increased up to 15% in the SV compared to ST in the central parts.
However, in the lateral CI, the distance from the terminal to the soma of TN is similar in both
ST and SV, but after 0.5 mm away from the terminal, the distance to the SV electrode becomes

larger, about 22% compared to the ST.

The Ve of TN, B5, for ST and SV stimulating electrodes with both CI systems is shown in
Figure 3.46B. In the perimodiolar and lateral Cls, The Ve value of the terminal part of TN is
about 8% larger in the SV than ST. In addition, the peak values of Ve in the SV and ST are
about 1 mm and 1.4 mm away from the terminal in the perimodiolar CI. In contrast, in the
lateral CI, the maximum value of Ve happens 0.2 mm away from the terminal in SV, but in the
ST, the maximum of Ve occur at about 1.4 mm far away from the terminal, which is similar to

the perimodiolar CI case (Figure 3.46B, left vs. right blue curve).

Figure 3.46C indicates the excitation thresholds of BS with the same layout as Figure 3.44C.
In the perimodiolar CI (Figure 3.46C, left), by considering ANO/CAT = 1, the excitation
thresholds represent CAT sensitivity in all ANF status regardless of pulse shapes and position
of the active electrodes in ST and SV. The CAT threshold of the intact case of SV needs about
64% and 71% less current than the ST threshold in biphasic and pseudo-monophasic pulses,
respectively. Moreover, the degenerated cases of SV need about 7% and 10% less CAT

currents than the ST with biphasic and pseudo-monophasic pulses, respectively.

On the other hand, the lateral CI (Figure 3.46C, right) shows ANO sensitivity for the intact
case of the ST with both pulse shapes, whereas the degenerated cases of the ST and all ANF
status of the SV represent CAT sensitivity in both pulses. By applying biphasic pulse, the
difference between excitation current of the intact case of ST and SV is about 4% which is less
in ST. However, the CAT thresholds are about 10% larger in the ST case than SV in the
degenerated cases. Moreover, pseudo-monophasic pulse demonstrates a threshold difference
between ST and SV with 15% less current in the intact case of the ST. In addition, the CAT
thresholds in both degenerated cases are about 10% larger in the ST than SV, which is similar

to the biphasic pulse.

Overall, both CI arrays demonstrate that stimulating the SV electrode requires less current than

the ST electrode in both degenerated cases, which may impact of ANF pathway.
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Figure 3.46. Excitation profile of BS5 for perimodiolar CI (left) and lateral CI (right). Layout as in
Figure 3.44.
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Figure 3.47. Polarity ratios are demonstrated for BS. Layout as in Figure 3.45.

Figure 3.47 represents polarity ratios of TN (B5) for ST and SV stimulating electrodes with
biphasic and pseudo-monophasic pulses for the perimodiolar CI (left panels) and lateral CI
(right panels). By utilizing biphasic (Figure 3.47A) and pseudo-monophasic (Figure 3.47B)
pulses, CAT sensitivity happens in perimodiolar and lateral CI arrays for ST and SV in all ANF

status except the intact case of the ST stimulating electrode for the lateral CI.

Figure 3.47A demonstrates the polarity ratios with biphasic pulse and the ratios almost similar
in both ST and SV stimulating electrodes for both arrays. In addition, by changing the pulse to
pseudo-monophasic (Figure 3.47B), the polarity ratios are almost comparable between both
arrays, and by comparing to the biphasic pulse (Figure 3.47A), the ratio trends are similar but
with an about 20% higher ratio.
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Figure 3.48. Threshold profiles of B3 for perimodiolar CI (left) and lateral CI (right). Layout as in

Figure 3.44.
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Figure 3.48A displays the distance of the B3 to the stimulating electrodes in the ST and SV
with the same layout as Figure 3.44. In the perimodiolar array (Figure 3.48A, left), the TN
distance to the center of the SV and ST electrodes from the terminal to the soma is almost
comparable, but the distance increased up to 10% in the SV compared to ST in the central parts.
However, in the lateral CI (Figure 3.48A, right), the ST and SV electrodes distance of the
terminal of TN are similar, but the distance of SV electrode increased about 15%, 35%, and

27% in the peripheral, soma, and central regions, respectively, in compared with ST electrode.

The Ve of TN, B3, for ST and SV stimulating electrodes with perimodiolar and lateral ClIs is
shown in Figure 3.48B. In the perimodiolar CI, the Ve value of the terminal part of TN is
similar in both ST and SV stimulating electrodes (Figure 3.48B, left). In addition, the maximum
Ve happens with the same vale about 0.59 V in both stimulating electrodes at 1.6 mm in the
ST case and 1.1 mm in the SV case far away from the terminal. On the other hand, in the lateral
CI (Figure 3.48B, right), the Ve of the stimulating SV electrode is about 8% larger than ST at
the terminal of TN; however, the peak value of Ve is about 0.55 V in both stimulating electrodes

and occur at 1.6 mm in ST case and about 0.8 mm in SV case far away from the terminal.

Figure 3.48C shows the excitation thresholds of B3 with the same layout as Figure 3.44C. In
the perimodiolar CI (Figure 3.48C, left), by taking ANO/CAT = 1, the excitation thresholds
represent CAT sensitivity in all ANF status in the SV stimulating electrode regardless of pulse
shapes. However, the ST stimulating electrode demonstrates ANO sensitivity in the intact case

with biphasic pulse and all ANF statuses by applying pseudo-monophasic pulse.

Surprisingly, the excitation threshold of the intact case with the SV electrode demands 47%
less current than the ST electrode in both pulses. However, in the degenerated cases, the
stimulating ST electrode requires less current than the SV electrode with 59% and 28% for

biphasic and pseudo-monophasic pulses, respectively.

On the other hand, the lateral CI (Figure 3.48C, right) demonstrates the CAT sensitivity in the
SV regardless of pulse shape and ANF status levels, whereas the CAT sensitivity occurs in the
ST only in the degenerated cases for the biphasic pulse. The threshold excitation polarity of the
lateral Cl is comparable to the perimodiolar CI. However, the SV needs about 16% less current

than the ST in the intact case regardless of the pulse shapes.

Although, by applying the biphasic pulse, the SV requires about 36% higher current compared
to the ST, but surprisingly, by changing pulse shape to pseudo-monophasic, the threshold
difference between ST and SV stimulating electrodes is less than 2% that means the excitation
thresholds by ST and SV stimulating electrodes are almost similar but with different polarity
(ANO for ST, CAT for SV).
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Figure 3.49. Polarity ratios are shown for B3. Layout as in Figure 3.45.

Figure 3.49 demonstrates polarity ratios of TN (B3) for ST and SV stimulating electrodes with
biphasic and pseudo-monophasic pulses for the perimodiolar CI (left panels) and lateral CI

(right panels).

Using biphasic (Figure 3.49A) and pseudo-monophasic (Figure 3.49B) pulses, CAT sensitivity
happens in perimodiolar and lateral CI arrays for ST and SV in all ANF status except the intact
case of the ST stimulating electrode for both CI systems. The polarity ratios are almost
equivalent between the perimodiolar and lateral arrays when the biphasic is applied (Figure
3.49A, right vs. left).

Figure 3.49B shows the polarity ratios with pseudo-monophasic pulse and indicates the ANO
sensitivity in ST stimulating electrodes regardless of ANF status and array systems; however,
in contrast, the ST stimulating electrodes display CAT sensitivity in all ANF status and both
CI arrays.
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Figure 3.50. Threshold profiles of M9 for perimodiolar CI (left) and lateral CI (right). Layout as in

Figure 3.44.
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Figure 3.50A displays the distance of the TN, M9, to the stimulating electrodes in the ST and
SV with the same layout as Figure 3.44. In the perimodiolar array (Figure 3.50A, left), the
distance of the terminal of TN to the center of the SV stimulating electrode is about 40% larger
than the ST electrode. In addition, the TN distance to SV electrodes increases up to 80% at the
soma and 32% in the central parts compared to ST. In contrast, in the lateral CI (Figure 3.50A,
right), the distance of TN’s terminal to the center of the SV electrode is about 45% larger than
the ST stimulating electrode. This distance difference between ST and SV is noticeable through
the whole fiber, which the SV case is larger than the ST case with 45% at the soma and 15%
at the central parts.

The Ve of TN, M9, for ST and SV stimulating electrodes with perimodiolar and lateral CIs, is
shown in Figure 3.50B. In the perimodiolar CI (Figure 3.50B, left), the Ve value of the terminal
of TN in the ST stimulating electrode is about 27% higher than the SV stimulating electrode.
In addition, the maximum Ve happens with a value of about 0.7 V in the ST stimulating
electrode at 1 mm far away from the terminal; however, in the SV case, the highest Ve appears
about 0.5 mm away from the terminal with a value of 0.52 V. In contrast, in the lateral CI
(Figure 3.50B, right), the Ve of the terminal for the ST electrode is larger than the SV electrode
with the difference about 33%. In addition, the maximum Ve of the ST electrode happens at
the terminal with 0.65 V whereas, for the SV stimulating electrode occurs 0.5 mm far away
from the terminal with about 0.46 V.

Figure 3.50C indicates the excitation thresholds of M9 with the same layout as Figure 3.44C.
In the perimodiolar CI (Figure 3.50, left), concerning ANO/CAT = 1, the excitation thresholds
represent CAT sensitivity with the biphasic pulse in the ST and SV stimulating electrode
regardless of ANF health status. However, by applying pseudo-monophasic pulse, the polarity
sensitivity is opposite between ST and SV stimulating electrodes regardless of the ANF health
status (ANO sensitivity in ST vs. CAT sensitivity in SV). Moreover, the ST stimulating
electrode needs about 33% and 86% less current compared to SV stimulating electrode for the
intact and degenerated cases, respectively with the biphasic pulse, whereas applying pseudo-
monophasic pulse, the ST stimulating electrode needs about 40% and 80% less current

compared to SV stimulating electrode for the intact and degenerated cases, respectively.

On the other hand, in the lateral CI (Figure 3.50C, right), the SV stimulating electrode
represents CAT sensitivity regardless of pulse shapes and ANF health status. However, the ST
stimulating electrode shows CAT sensitivity only in the degenerated cases for the biphasic
pulse and the intact case for the pseudo-monophasic pulse. The excitation threshold of the intact
cases in the ST stimulating electrode requires about 70% less current than the SV electrodes

for both pulse shapes. In addition, the excitation thresholds of degenerated cases with ST
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electrodes need about 67% and 50% less currents than SV electrodes with biphasic and pseudo-

monophasic pulses, respectively.
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Figure 3.51. Polarity ratios are shown for M9. Layout as in Figure 3.45.

Figure 3.51 indicates polarity ratios of TN (M9) for ST and SV stimulating electrodes with the
same layout as Figure 3.45. By applying biphasic pulse (Figure 3.51A), CAT sensitivity
appears in all cases in both CI arrays except the intact case of the ST stimulating electrode in
the lateral CI.

All ratios are almost similar between CI systems except the intact case of ST for the
perimodiolar CI, which is almost doubled. In the perimodiolar CI (Figure 3.51B, left), when
the pseudo-monophasic is applied, ANO sensitivity occurs in all ANF status for the ST
stimulating electrodes, and the inversed polarity appears for the SV stimulating electrode (CAT
sensitivity). In contrast, in the lateral case (Figure 3.51B, right), ANO sensitivity happens only

in the degenerated cases of the ST stimulating electrode.
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Biphasic pulse Pseudo-monophasic pulse
Perimodiolar
CI ANO [pA] CAT [pA] ANO [pA] CAT [pA]
ANFs = TNs ST SV ST SV ST NAY ST SV
status
B14 92 107 83 96 117 120 73 94
> BS 114 177 141 118 137 199 147 118
<
~N
= B3 141 158 162 119 124 184 181 105
M9 68 160 72 146 76 292 70 142
B14 94 145 83 127 135 216 73 114
g
= BS 608 545 463 423 788 699 412 372
z
= B3 297 452 236 340 295 541 368 292
E
M9 161 371 142 286 148 455 222 248
B14 94 145 83 127 135 218 73 114
=
‘7 BS 608 545 463 423 792 705 412 372
2
%” B3 297 452 236 340 297 550 360 292
=
=
M9 161 371 142 286 150 459 215 250

Table 3.3. Excitation currents of TNs in both polarities for different degeneration levels for investigated

scala tympani (ST) and scala vestibuli (SV) electrodes for perimodiolar array system with biphasic and

pseudo-monophasic pulses.

153




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Scala tympani versus scala vestibuli electrodes

Biphasic pulse Pseudo-monophasic pulse
lateral CI
ANO [pA] CAT [pA] ANO [pA] CAT [pA]
ANFs TNs ST SV ST SV ST NAY ST SV
status
B14 83 114 93 104 77 141 85 99
> BS 108 63 99 47 120 59 95 49
<
~N
= B3 114 88 124 71 101 104 132 62
M9 162 124 82 116 74 229 101 111
B14 95 148 91 130 145 220 85 116
g
= BS 620 572 487 452 694 648 447 403
z
i B3 211 423 175 320 207 514 298 275
E
M9 84 293 80 202 76 353 125 178
B14 95 148 91 130 145 222 85 116
>
‘7 BS 628 580 485 450 694 648 445 399
2
%” B3 211 426 175 320 207 525 290 275
=
=
M9 84 241 78 202 76 357 123 178

Table 3.4. Excitation currents of TNs in both polarities for different degeneration levels for investigated

scala tympani (ST) and scala vestibuli (SV) electrodes for lateral array system with biphasic and pseudo-

monophasic pulses.
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Chapter 4

Discussion

4.1 Degeneration pattern of human cochlear nerves

Only a small number of human subject studies were performed on the morphometry of
degenerated ANFs. Analysis of the signaling of the human ANFs is of great interest to
pathophysiology and a better understanding of CI stimulation. Due to limitations of human in
vivo studies, detailed computational models enable understanding the neural signaling in the
degenerated auditory system and ClIs. In the first part of this study, four human cochleae with
normal hearing and different hearing loss levels were investigated, and their ANFs were
evaluated concerning diameters and myelination thickness of their peripheral axons. The
extracted morphometric data were used as input in a multi-compartment model to compare
neural signal conduction in normal and degenerated TNs for synaptic excitation from IHCs. In
addition, two CI systems were added to the FE model to investigate the impact of peripheral

axon degeneration on signaling during extracellular stimulation.

4.1.1 Variation in peripheral axon diameter

Unimodal distribution in peripheral of ANF diameters of mammalian species such as cat,
guinea pig, and monkey were reported (Gacek and Rasmussen, 1961; Arnesen and Osen, 1978;
Friede, 1984; Gleich and Wilson, 1993). Similar to animals, Spoendlin and Schrott reported
unimodal diameter distribution for humans with normal hearing (Spoendlin and Schrott, 1989).
The group has reported the same range of diameter for three cochlear regions, basal, middle,
and apical. They suggested this similarity results from the almost similar peripheral length of
human ANFs in all three regions compared to other species. The current study shows a
unimodal distribution in normal hearing specimen vs. multimodal distribution for hearing loss
cases. Our reported diameter range for the normal hearing case is in agreement with our recent

study in all three cochlear regions (Potrusil et al., 2020).



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m 3ibliothek,
Your knowledge hub

Degeneration pattern of human cochlear nerves

4.1.2 Appearance of small fibers in hearing loss specimens and

consequences

A massive number of fibers with PD < 1 um was found in subjects with high levels of hearing
loss and poor speech discriminations (Spoendlin and Schrott, 1989). It was found similar fiber
ranges in our hearing loss cases and extremely thin fibers (smaller than 0.5 pm) in severe and
profound cases. Peripheral axon diameter variation leads to changed spike conduction velocity
that may affect speech discrimination (Rattay and Motz, 1987; Rattay et al., 2013). According
to our modeling study, the spike conductance of such thin peripheral axon diameter fibers with
G-ratio = 0.6 (about mean value of G-ratio) resulted in loss of signals and thus in a significantly
reduced axonal spiking probability, e.g., 10% (PD = 0.4 um, Figure 3.12D); jitter and spike
latencies increase versus control up to 0.4 and 1 ms, respectively (Figure 3.14 and Table 3.1).
Such high delays in spike patterns (see Figure 3.14B vs. C) are expected to affect the temporal
fine structure in the neural pattern of the cochlear nerve and, consequently, auditory perception
(Rattay and Lutter, 1997). These extended latencies and jitters, calculated for intracellular
stimulation to mimic the synaptic excitation, affect also the neural status between the ears and
by larger variations in interaural time differences they contribute to poor sound localization
and speech discrimination, especially in a noisy environment (Zwislocki and Feldman, 1956;
Rosen, 1992; Saberi and Perrott, 1999; Bernstein and Trahiotis, 2015).

4.1.3 Degeneration level affects cochlear implant outcomes

Techniques such as electrocochleography, polarity sensitivity, electrically evoked compound
action potential (eCAP), and eCAP responses to changing interphase gap are used to evaluate
the residual neural health (Santarelli et al., 2008; Garadat et al., 2012; Long et al., 2014; Pfingst
et al., 2015; Hughes et al., 2018; Shearer et al., 2018; He et al., 2020). A recent study on lateral
and perimodiolar CI systems reported a lower eCAP threshold in the apical region (Lee et al.,
2019). Although their findings are in agreement with some studies (Cohen et al., 2001;
Parkinson et al., 2002), others found the opposite result for the apical region (Polak et al., 2004;
Brill et al., 2009; Van de Heyning et al., 2016). Table 3.2 demonstrates that both higher and
lower thresholds in the apical turn are possible, but the correlation depends on the cochlear

geometry, electrode position, neural status, and degeneration level of the ANFs.

In a study of 10 cats, better localized neural excitation for electrodes close to the modiolus
compared with the lateral wall was reported (Shepherd et al., 1993). Similar investigations were

performed for human subjects that suggest lower threshold, better localization of the nerve
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stimulations, broader dynamic range, and less channel interactions are possible for electrode
array systems close to modiolus compared with those close to the lateral wall of ST (Cohen et
al., 2001; Donaldson et al., 2001; Tykocinski et al., 2001; Saunders et al., 2002; Hughes and
Abbas, 2006; Lee et al., 2019). In agreement, it was showed lower thresholds for the TNs in
most investigated electrodes located close to modiolus compared with the lateral array (Table
3.2). According to our findings, insignificant channel interaction (concerning the tonotopic
principle) occurred for lateral CI and no interaction for perimodiolar array in case of fibers with
PD =2 um (Figure 3.17, upper panel), whereas with severe levels of degenerations, a lateral
CI shows poorer focal stimulation efficiency compared with a perimodiolar CI (Figure 3.17,

middle and lower panels).

4.1.4 Clinical implications

In studies related to cochlear insults such as noise and drug exposure, it was reported that soma
and axonal degeneration were less and slower than the loss of IHCs and peripheral axons
(Johnsson, 1974; Johnsson and Hawkins, 1976; Hinojosa et al., 2001). On the other hand, in a
series of histological studies by Spoendlin and Schrott (1988; 1989; 1990), they found that the
number of peripheral axons highly correlated with the number of somata in hearing loss as well
as normal-hearing specimens. These findings suggest that simply excluding the peripheral axon
is no general rule, and the type of degeneration is highly dependent on the origin of the
impairment. However, recent valuable models in computational studies mostly eliminate the
peripheral part of the ANFs to simulate the degeneration of ANFs (Briaire and Frijns, 2006;
Snel-Bongers et al., 2013; Kalkman et al., 2014). This study may shed more light on the impact
of ANF degeneration on neural signaling, demonstrating that more realistic models should be

considered for improving CI performance.
4.1.5 Modeling details and limitations

The goal of this study was to find trends in the excitability of human ANFs when their
peripheral axons are degenerated. Limitations of this study were a small number of available
human cochleae, missing geometric parameters such as internode lengths, positions, and
surfaces of nodes of Ranvier, lengths of pre-somatic sections, as well as complete individual
data sets for every ANF concerning the connected soma and axon. Due to lack of these data,
for all ANFs, it was simply assumed constant values for the length of the non-myelinated pre-
somatic section (100 pm), the diameters of the spherical soma (20 um) and the axon (4 pm)

independent of the degree of degeneration. Although in a previous study, a quite constant
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diameter ratio of 2 was found for healthy subjects for (central axon diameter)/(peripheral axon
diameter) in the whole cochlea (Rattay et al., 2013). The vagueness on these post-dendritic data

affects predictions such as "Is a spike elicited in the peripheral axon, soma or central axon?".

Other points of interest were the choice of the membrane model and the estimate of spiking
probability. Biophysically based neuronal membrane models typically follow the pioneers
Hodgkin and Huxley to quantify the ionic transmembrane currents via gating probabilities
(Rattay et al., 2003). This method uses deterministic probabilities, which means running a
model several times under the same conditions always produces exactly the same results. As
spikes simulated with this method will not create any jitter seen in experiments, it was added a
noise term which can be interpreted as current fluctuations in the ANF (Hochmair-Desoyer et
al., 1984; Rattay, 2000). Although other models for human ANF membranes are published, a
review (Bachmaier et al., 2019) and some tests showed that Rattay modified the Hodgkin
Huxley model replicates many features known from experiments (Motz and Rattay, 1986;
Rattay et al., 2013; Rattay and Danner, 2014). However, features not included in this simple
membrane model are, e.g., accommodation effects during repetitive stimulation (Boulet et al.,
2016) or the impact of I, currents, which influence excitation during hyperpolarization phases
(Hossain et al., 2005; Negm and Bruce, 2014).

Despite the mentioned shortcomings, combining the FE approach with our compartment model
is in good quantitative agreement with experimental CI data. Calculated threshold current range
for the active electrode was from 40 to 300 pA depending on the electrode array system and
level of degeneration. This range is in agreement with clinical data from (Kawano et al., 1998;
van den Honert and Kelsall, 2007; Long et al., 2014). Additionally, the intracochlear potential
decrement along a CI array of the standard conductivity parameters was in line with clinical
data from (Tang et al., 2011; Kalkman et al., 2014).

4.1.6 Conclusion

Degeneration models of the human auditory system are of great concern for better
understanding and recognizing influence factors to improve the functionality of the Cls, which
provides better sound perception for CI recipients. In the first part of this study, degeneration
patterns of the peripheral part of human ANFs investigations were accomplished based on
hearing loss levels of several human temporal bones. In addition, synaptic excitation via [HCs
and the excitation properties of electrical potential distribution induced by two CI were

analyzed. The main findings suggested:
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II.

I1I.

IV.

The unimodal distribution of control peripheral axon diameters becomes multimodal
for hearing loss cases; a group of thin peripheral axon fibers with diameters between
0.3 and 1 um with a peak at 0.5 pm appeared.

Postsynaptic currents from IHCs excite such thin peripheral axon fibers easier and
earlier than under control conditions. However, this advantage is lost as their
conduction velocity decreases proportionally with the diameter and causes increased
spike latency and jitter in soma and central axon. Firing probability reduces through the
soma passage due to the low intracellular current flow in thin peripheral axon fibers
during spiking.

Compared with peripheral axon diameter, variations in myelination thickness have a
small impact on spiking performance.

Contrary to synaptic excitation, Cls cause several spike initiation sites in peripheral
axon, soma region, and central axon; moreover, fiber excitability reduces with fiber
diameter. In a few cases, where weak stimuli elicit spikes of a TN in the central axon,
peripheral axon diameter reduction has no effect. However, in many cases, a spike in a
TN is first initiated in peripheral axon, and consequently, peripheral axon degeneration
demands an increase in threshold currents.

Threshold currents of a TN and co-stimulation of degenerated ANFs in other frequency
regions depend on the electrode position, including its distance to the outer wall, the

cochlear turn, and the three-dimensional pathway of the TN.
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4.2 Impact different parameters on threshold current and

polarity sensitivity

Neural health is of great interest to determine individual degeneration patterns for improving
speech perception in CI recipients. Therefore, in recent years, several studies tried to identify
and quantify neural survival in CI users. Among all proposed techniques, polarity sensitivity is
a promising way to evaluate the neural status of ANFs in CI users. Nevertheless, investigating
neural health based on polarity sensitivity is a challenging and complicated task that involves
various parameters, and the outcomes of many studies show contradictory results of polarity
sensitivity behavior. In this study, the computational investigations benefit from an accurate
three-dimensional finite element model of a human cochlea with realistic human ANFs and
determined ANFs degeneration pattern of peripheral part with a diminishing of peripheral axon
diameter and myelination thickness based on degeneration levels. In order to see how different
parameters may impact the polarity sensitivity behavior of ANFs, it was investigated polarity
behavior under the application of symmetric and asymmetric pulse shapes, monopolar and

multipolar CI stimulation strategies, and a perimodiolar and lateral CI array system.

Our main findings: (1) AP initiation sites occurred mainly in the peripheral site in the lateral
system regardless of stimulation strategies, pulse polarities, pulse shapes, cochlear turns, and
ANF degeneration levels. However, in the perimodiolar system, AP initiation sites varied
between peripheral and central processes depending on stimulation strategies, pulse shapes,
and pulse polarities. (2) In perimodiolar array, clusters formed in threshold values based on
cochlear turns and degeneration levels for multipolar strategies only when asymmetric pulses
were applied. (3) In the perimodiolar array, a declining trend in polarity ratio (ANO threshold
/ CAT threshold) with multipolar strategies was observed between intact or slight degenerated
cases and more severe degenerated cases. Whereas, in the lateral array, CAT sensitivity was
noticed for intact and less degenerated cases and ANO sensitivity for cases with high degrees
of degeneration. The results suggest that a combination of asymmetric pulse shapes, focusing
more on multipolar stimulation strategies, as well as considering the distances to the modiolus

wall allows us to distinguish the degeneration patterns of ANFs across the cochlea.

4.2.1 Effect of pulse shape

Biphasic symmetric charge balance pulse is widely used as a standard pulse shape to stimulate
the surviving ANFs in Cls. According to numerous clinical studies, pulse shape is a critical
factor for studying neural status (Undurraga et al., 2010; Bahmer and Baumann, 2012a, 2012b,
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2013; Hughes et al., 2018; Luo et al., 2020). In consistent with several clinical studies, which
reported that asymmetric pulse shapes are more effective than symmetric biphasic pulse for
evaluating polarity sensitivity in CI users (Macherey et al., 2006, 2008, 2017; Carlyon et al.,
2013; Guérit et al., 2018; Jahn and Arenberg, 2019b), presented results showed that when a
symmetric biphasic pulse is applied, recognition of peripheral changes based on polarity
sensitivity was not feasible. It was found threshold variations, and consequently, polarity
sensitivity between degeneration levels could not be detected with symmetric biphasic pulses.
As a symmetric biphasic pulse consists of phases with equal amplitude and duration but
opposite polarities, the contribution of the extracellular gradient is almost the same for both
phases; consequently, it may not be possible to estimate which polarity affects the ANFs

mainly.

In agreement with the presented results, several studies reported that symmetric biphasic pulses
did not provide much evidence for polarity sensitivity (Undurraga et al., 2013; Guérit et al.,
2018; Hughes et al., 2018; Xu et al., 2020). In addition, Spritzer groups found opposite results
of polarity, which was in consistent with (Macherey et al., 2006), and also, they could not find
polarity sensitivity for peak electrode locations (Spitzer and Hughes, 2017; Spitzer et al., 2019).
They suggested that using symmetric biphasic pulse is not an excellent choice to study polarity
sensitivity (Spitzer, Choi and Hughes, 2019). In line with findings by Undurraga, who reported
the same ANO and CAT threshold detection using biphasic pulse (Undurraga et al., 2013), it
was found ANO/CAT ratios mostly close to one in perimodiolar array when a biphasic pulse

was applied to the active electrodes.

In contrast to symmetric pulses, several studies demonstrated promising results in polarity
investigations by using asymmetric pulse shapes, e.g., pseudo-monophasic and triphasic
(Macherey et al., 2006, 2008, 2017; Undurraga et al., 2013; Carlyon et al., 2013, 2018; Bahmer
et al.,, 2017; Mesnildrey et al., 2017; Jahn and Arenberg, 2019b). However, some of these
studies could not provide direct evidence to prove the role of the polarity effect in estimating
neural health, which might result from various factors such as stimulation strategy and CI

systems.

Despite using triphasic pulse, Carlyon and Jahn groups (Carlyon et al., 2018; Jahn and
Arenberg, 2019b) reported that up to 70% of investigated electrodes showed ANO sensitivity
and could not prove polarity behavior as an indicator for estimating neural survival. Similar to
their results, it was found more ANO sensitivity using asymmetric pulses, such as pseudo-
monophasic and triphasic pulses, in the perimodiolar array. However, this ANO sensitivity
occurred not only in degenerated cases but also in intact case; because the perimodiolar array

is mostly close to the modiolus axis, anodic pulses may exhibit more efficiency since they
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active central parts of ANFs (Figure 3.25-28). On the other hand, it was found a reduction trend
in polarity ratios from about 1 in intact to about 0.5 in the most degenerated case. As ANO
sensitivity is observed more frequently regardless of neural health status, it was suggest that
considering the ANO/CAT ratios and comparing them across the array might shed light on

estimating neural health in future investigations.

4.2.2 Effect of cochlear implant stimulation strategy

Several clinical investigations demonstrated that MP strategy induces uniform thresholds
across the CI and develops outcomes with poor tonotopic representation due to a broad electric
field (Bierer and Middlebrooks, 2002; Bierer et al., 2015a), yet MP stimulation strategy is
widely used as a standard strategy in commercial CI systems. In contrast, multipolar strategies
such as BP, TP, and PTP produce sharper electric fields compared to the MP strategy (Kral et
al., 1998; Bierer and Middlebrooks, 2002; Snyder et al., 2004; Nelson et al., 2008; Bierer and
Faulkner, 2010; Landsberger et al., 2012; Srinivasan et al., 2013; Long et al., 2014). Evidence
from numerous psychophysical and physiological studies suggests that multipolar strategies
increase selectivity, reduce channel interaction, cause larger variation of detection thresholds
between electrodes across CI array, and it is beneficial for diagnostic purposes, particularly for
investigating the electrode neuron interface (Pfingst and Xu, 2004; Bierer, 2007; Bierer and
Faulkner, 2010; Landsberger et al., 2012; Srinivasan et al., 2013; Long et al., 2014; Bierer and
Nye, 2014; Schvartz-Leyzac et al., 2020). Undurraga and Chatterjee’s groups have reported
that multipolar strategies cause changes in AP initiation sites leading to threshold variation
(Undurraga et al., 2012; Chatterjee and Kulkarni, 2014). In agreement with the findings
mentioned above, it was found the obtained threshold values were more concentrated and in
the same range in MP stimulation, whereas by applying multipolar strategies, threshold values

created clusters based on different degeneration levels as well as cochlear turns.

While degeneration of ANFs occurs mostly in peripheral part (Fayad and Linthicum, 2006),
peripheral processes may remain partly intact. However, depending on hearing loss levels,
reducing in diameter and myelination thickness happens (Spoendlin and Schrott, 1989;
Heshmat et al.,, 2020). These findings suggest that variation in peripheral processes is
imminent; thus, peripheral excitation results in behavioral differences based on degeneration

status across the array.

Various clinical studies had suggested that polarity effects were observed more significantly
when multipolar strategies were applied (Macherey and Carlyon, 2010; Macherey et al., 2011;
Undurraga et al., 2012; Jahn and Arenberg, 2019b; Mesnildrey et al., 2020). Miller and
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Chatterjee have reported that multipolar strategies excite more peripheral processes of ANFs
and demonstrate better local ANFs activation and degeneration patterns (Miller et al., 2003;
Chatterjee and Kulkarni, 2014). In alignment with those studies, presented results showed that
with changing the level of degenerations in the peripheral process, at least for one polarity,
threshold values were changed based on peripheral degeneration levels when multipolar
strategies were used. Consequently, in the perimodiolar CI, the polarity threshold ratios
significantly differed and followed a declining trend for intact to progressive degenerated cases,
whereas, by using MP stimulation, the declining trend was lost. In addition, in the lateral CI,
the anodic vs. cathodic sensitivity occurred mainly in severe to progressive degenerated cases
vs. intact to moderate cases by only applying multipolar strategies. However, according to the
results, applying symmetric pulse shape regardless of stimulation strategy led to similar
threshold ranges in polarity, i.e., polarity threshold ratios close to one (Figure 3.24), which
agrees with clinical studies (Macherey et al., 2006, 2008; Undurraga et al., 2013). Furthermore,
Macherey group reported that using the BP strategy with symmetric pulse could not provide
enough evidence for polarity behavior, whereas with applying asymmetric pulse, polarity
effects were observed (Macherey and Carlyon, 2010; Macherey et al., 2011).

4.2.3 Effect of cochlear implant array

Commercially available CI arrays are generally produced in two types: lateral and perimodiolar
arrays. In a lateral CI system, electrodes are located farther from the modiolus wall than in a
perimodiolar array. To investigate the impact of electrode modiolus wall distance, it was used
both CI systems in a realistic model as reported in manufacturer data. Consistent with
(Schvartz-Leyzac et al., 2020), who observed that thresholds are directly proportional to
electrode modiolus axis distance, the presented results indicate that lateral array needed larger

threshold values compared to perimodiolar array.

However, owing to the fact that in a lateral array, the distance between channels is larger than
in a perimodiolar array, it was placed an additional electrode between two investigated existed
electrodes. In addition, in perimodiolar system, it was used the multipolar strategies with one
gape in between channels (BP+1, TP+1, and PTP+1) to have the channel distances as similar
as possible in both CIs. Our result showed that reducing the channel distance in lateral CI only
affected the threshold ranges and not the overall behavior of the thresholds. Consequently, it
was observed a significant increase in the threshold values due to the current shunt effect.
Subsequently, increasing the channel distances in the perimodiolar CI led to a significant
decrease in threshold values. Interestingly, in perimodiolar array, the threshold variation

between cochlear turns slightly decreased due to wider electric field by setting one electrode

163



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Impact different parameters on threshold current and polarity sensitivity

gap between channels, which is in line with previous studies that reported variation in
thresholds across the CI strongly depends on the expanse of the electric field (Bierer, 2007;
Bierer et al., 2011; Bierer and Nye, 2014). Therefore, the results suggest that while the distance
between electrodes alters the threshold ranges, the modiolus wall distance strongly affects
threshold variations and consequently polarity ratios, not only across the array but also between
degeneration levels when multipolar strategies are applied, as some clinical studies reported
that the distance between electrode to modiolus wall impacts detection thresholds in multipolar
strategies (Long et al., 2014; Mesnildrey et al., 2020).

On the other hand, similar to Long group (Long et al., 2014), who reported no significant
difference in threshold ranges across the array in MP strategy, it was also found analogous
threshold ranges in both Cls, not only across the array but also between different degeneration
levels when applying MP strategy. Consequently, it was could not find any effect of electrode
modiolus distance on polarity behavior in MP strategy, as also seen in Jahn and Arenburg's
study (Jahn and Arenberg, 2019b) that used MP strategy and reported that electrode modiolus

wall distance does not affect polarity behavior.

4.2.4 Perceptual efficacy

Our study investigated the impact of pulse types, stimulation strategies, and electrode distance
to modiolus on thresholds, spike initiation sites, and polarity sensitivity for normal and
degenerated ANFs. However, the perceptual efficacy of the artificially generated spiking
patterns depends essentially also on the population size of spiking ANFs per active channel.
Frequency information transmitted by a small group of ANFs may be lost already during the
first neural processing in the cochlear nucleus. Therefore, the focus on a stimulation strategy
with sharp frequency selectivity is sometimes successfully replaced by sending the same
(combined) input to two channels because of a poor ANF density in a specific frequency region
of a patient or by using an implant with a low channel number (Saleh et al., 2013; Bierer and
Litvak, 2016; Zhou, 2017). Electrically evoked compound action potentials (ECAPs) recorded
by modern Cls are of help to estimate the population size for each channel and intensity
(Cullington, 2002; Abbas et al., 2004; Nehmé et al., 2014; DeVries et al., 2016). In addition,
the amplitudes of the electrically evoked auditory brainstem response (EABR) (Bierer and
Faulkner, 2010; Bierer et al., 2011; Causon et al., 2019) reflect the frequency responses of each
channel along the first processing centers. Both techniques can be applied to adapt the findings

for individual patient data.
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4.2.5 Conclusion

Neural health investigation is of great concern for improving the functionality of the CIs which

provides better perception for CI recipients. Polarity sensitivity is one technique for estimating

neural health status; however, the clinical and computational outcomes based on polarity

sensitivity have been contradictory over the past decades. We believe various parameters are

crucial for studying polarity sensitivity associated with neural health. This study aims to

investigate the effect of some of these parameters on polarity sensitivity. The findings

suggested:

L

IIL.

I1I.

IV.

The asymmetric pulse shape is more suitable for studying polarity sensitivity when
other parameters such as stimulation strategy, electrode distance to the modiolus wall,
and cochlear turn are also considered.

MP as the default stimulation strategy in most Cls causes a broad electric field and
uniform thresholds across the CI that negatively impact the polarity sensitivity and do
not reveal helpful information on polarity behavior related to the ANF degeneration
status.

In contrast, multipolar strategies demonstrated clear information associated with neural
health when asymmetric pulse shape was considered. Therefore, a potential approach
for estimating neural health is achieved by combining the asymmetric pulse shapes with
multipolar strategies such as BP, TP, and PTP.

Finally, the distance between electrodes of the CI arrays and electrode distance to the
modiolus wall affect threshold variations (consequently pulse polarity) only when

multipolar strategies are applied, and the effect is not observed by MP strategy.
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4.3 Scala tympani versus scala vestibuli implantations

Due to several reasons, such as ossification, obstruction, and infection of the ST, the CI
insertion in ST is not feasible. In addition, concerning under some circumstances, e.g., CI array
dislocation, device failure, electrode extrusion, and upgrade CI technology, reimplantation is
needed. However, pulling out the CI from ST may be causing some damage to the modiolus
wall, or intracochlear breakage happens; also, in some cases, perielectrode fibrosis exists in
ST, which raises the complexity of inserting CI again in ST (Balkany et al., 1996; Rinia et al.,

2006). Hence, it is better to consider SV insertion as a valuable alternative.

Some studies reported equivalent results between former ST and later SV implantation
(Steenerson et al., 1990; Pijl and Noel, 1992). Moreover, several clinical studies reported
comparable performance between SV and ST users. Also, some of them published even slightly
better performance in SV users (Deguine et al., 1993; Balkany et al., 1996; Gulya and
Steenerson, 1996; Bird et al., 1999; Kiefer et al., 2000; Bacciu et al., 2002; Leonor and Santiago
Luis, 2004; Lin et al., 2006, 2009; Nichani et al., 2011; Suzuki et al., 2011; Lee et al., 2019;
Stock et al., 2020). Many computational modeling studies are available to investigate CI
electrode position in ST (Kalkman et al., 2014; Hanekom and Hanekom, 2016; Bai et al., 2019;
Heshmat et al., 2020; Potrusil et al., 2020); however, up to now, not a single computational
investigation was done for electrode position in SV. Therefore, this dissertation tried to study
the excitation behavior of human auditory fibers depending on electrode position in ST and
SV.

In this part of the investigation, six ANFs were selected from different cochlear turns (basal,
middle, and apical turns). In addition, three ANF health states, intact, intermediate, and
progressive cases, were used to analyze the threshold excitation and AP initiation site with ST
and SV electrodes. Electrodes in ST and SV were placed at an equal distance to the terminal
part of intact ANFs; however, for degenerated cases, in which the reduction and loss of
peripheral axons happen, electrodes in SV have a larger ANF distance compared to ST

electrodes.

The excitation thresholds of both ST and SV stimulating electrodes demonstrated CAT
sensitivity in the intact case in all selected ANFs, and also, the AP initiation sites happen in the
peripheral process regardless of the electrode position. In contrast, in the degenerated cases,
the excitation behavior of ANFs changed, and AP initiation sites differ depending on polarity
and electrode position. Therefore, to obtain a better understanding, it is needed to investigate

in more detail to analyze the AP sites and ANF excitation behavior.
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Furthermore, the highest voltage value does not really indicate that the closest part of the fiber
can initiate the AP. According to the voltage membrane equation, there are three forces to alter
the transmembrane potential: Firstly, AF, which is proportional to the second derivative of the
extracellular voltage in every compartment with two neighbors and inversely proportional to
its intracellular resistance and capacitance (Rattay, 1986, 1999). Secondly, the axial force is
the current flow of the neighbor compartments and is again inversely proportional to its
intracellular resistance and capacitance. Thirdly, the ionic current force is acting due to the

opening of channels.

AF is the most important driving force in extracellular stimulation, whose values estimate the
candidate sites of AP initiation. However, depending on the AF values of the neighbor
compartments, a node with the highest AF may not initiate the AP, especially for the intact
fibers at the threshold stimulation since the voltage values are low. In these cases, investigating
the second force may help explain and understand the initiation of AP even in non-expected
sites. However, before the pulse onset, the cell is in the resting state, and for the AP initiation,
the most critical time is the stimulus onset, when the ionic forces do not start to act yet. At this
time, the axial force of each compartment is mainly affected by the AFs of other neighboring

compartments.

Moreover, the three-dimensional ANF pathways profoundly impact the excitation threshold
and AP initiation sites; since the peripheral axons have a more spiral and irregular shape, the
AF alone is not enough to detect the AP initiation sites in the intact case. Hence, it is necessary
to consider axial current and combine it with AF to calculate the net driving force for accurate
AP site detection. The AF and axial forces in the intact cases of investigated ANFs demonstrate
that the net driving force in the nodes with the highest value of AF is almost zero, whereas, in
the nodes where real AP occurs, the net driving force is positive, notably at the first half of the

stimulus time.

On the other hand, in the degenerated cases, by reducing the peripheral axon diameters or losing
the peripheral parts, the AP initiation sites can ideally be described only by AF behavior due
to high extracellular potentials required for the degenerated fiber excitation that accordingly
causes high AF values. Because the central axon has less irregular and helical shape and is
more smooth and thicker than the peripheral axon, it is easier to stimulate; therefore, AF is a

good indicator for the AP initiation site.

Furthermore, in the intermediate case where the peripheral processes are thinner than the intact
case (2 um vs. 0.5 pm), the first AP started in the peripheral process, with a positive AF value.

However, the AP cannot propagate either due to faster AP propagation in the central process
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resulting in collision block or is not strong enough to load the soma capacitance and pass the

soma. Hence, the real AP with positive AF happens in the central process.

The peripheral axon diameter often diminishes during the degeneration process, causing
increased thresholds and frequently shifting the primarily exciting region from the peripheral
process to the central process (Heshmat et al., 2020). A total loss of peripheral axons occurs in
many cochlear neurons of people with severe hearing deficits (Spoendlin and Schrott, 1988),
resulting in a trend to higher sensitivity (lower thresholds) for anodic versus cathodic
stimulation. However, the polarity sensitivity is related to several factors, such as pulse shapes,

stimulation strategy, ANF pathways, and electrode position (Heshmat et al., 2021).

In severe and profound hearing level cases, most fibers have degenerated, and the number of
intact fibers is poor, but according to (Heshmat et al., 2020) study, several intact fibers are still
existing, although it is significantly less. So to activate these majority, degenerated ANFs, it
may need to apply strong stimulation, which may lead to firing the AP from different ANF
sites, resulting in large jitters and delays that can disturb the temporal fine structure.
Furthermore, one important finding in the strong stimulation investigation that shows the ST
stimulating electrodes cause AP in different positions of the ANFs depending on the level of
degeneration. In contrast, interestingly, the SV stimulating electrodes excite the central process

in all investigated fibers regardless of degeneration levels.

In the second part of the ST and SV implantation investigation, two types of CI arrays, a
perimodiolar and a lateral system, were used to investigate the excitation behavior of ANFs
based on ST and SV electrode array insertion. For a systematic comparison, four ANFs from
different cochlear turns were selected, and three ANF health statuses, one intact and two
degenerated cases based on the various morphometry of the peripheral axon (Table 2.11) were
considered. In addition, one symmetric pulse (biphasic) and one asymmetric pulse (pseudo-

monophasic) with both polarities, ANO and CAT, were applied.

SV array insertion is located in the highest scalae in the cochlea; in general, the ANF distance
to the center of the stimulating electrode in SV is longer than the ST array; though, it depends
on the array type and the cochlear turns. Based on investigated ANFs in this study, the SV
distance to fibers is larger than the ST array after the soma region (central process) for both CI
array systems. However, in some cases in the upper basal turn, the electrode distance from the
terminal and peripheral parts up to the soma of ANFs are almost similar between ST and SV
in the perimodiolar array. Overall, depending on the ANF location, the electrode distance to
the investigated fibers can differ between ST and SV.
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By selecting ANF from the upper basal turn, the excitation current in SV becomes less than ST
regardless of pulse shape, array type, and ANF health status. The ANF pathways play a critical
role in excitation cause the SV array stimulates with a lower threshold than ST. Moreover,
other selected ANF, which is located at the beginning of the middle turn, shows the almost
similar behavior that SV needs less current than ST array for the intact case. In addition, the
pulse shape impacts the excitation threshold since the asymmetric pulse decreases threshold
intensity and reduces the threshold difference between ST and SV arrays. Finally, another ANF
from the middle turn shows that the ST requires less excitation current than SV regardless of
ANF health status, and also, the asymmetric pulse shape again causes reduce the threshold

intensity in both arrays regardless of ANF status.

For polarity sensitivity investigation, the results imply that the SV array is always CAT
sensitive regardless of pulse shape, CI array system, cochlear turn, and ANF health status. In
contrast, the polarity sensitivity depends on the array types, pulse shape, and ANF health status
for the ST array insertion. In addition, the polarity behavior is changed based on cochlear turns
that show the above-mentioned parameters such as pulse shape and CI array system affect the

polarity, which is consistent with the latest investigation (Heshmat et al., 2021).
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