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Damage to a cochlear implant (CI) user’s auditory nerve fibres (ANFs) is one of the factors that may
contribute to poor performance with the implant, likely because neural propagation of the electrical
signal from the cochlear implant to the brain is impaired. Various mechanisms have been identified in
literature that can cause damage to the auditory nerve. These mechanisms include neural degeneration,
demyelination and nerve fibre loss. There is no standardised testing procedure to identify the location or
types of cochlear nerve damage in cochlear implant users. Research has been conducted to investigate
if the results of electrophysiological measurements could be used to identity auditory nerve fibre

damage.

The aim of this study is to develop a procedure to identify potential neural damage using electro-
physiological measurements. Two different clinical electrophysiological tests were identified for use
in this procedure, namely electrically evoked compound action potential (¢CAPs) and electrically
evoked auditory brainstem responses (¢ABRs). First, indicators of distinct neural damage mechanisms
reported in the literature for both electrophysiological tests were consolidated. The neural model used

in this study was then verified against the expected eCAP responses from literature.
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A population of auditory neural fibres was integrated with a three-dimensional volume conduction
model to allow investigation of eCAP responses to the application of different damage mechanisms.
ECAP and eABR measures were recorded for a specific CI recipient. These electrophysiological
data were used to determine a neural damage profile. The identified damage was applied to a user-
specific model of the CI recipients cochlea and implant electrode, and the effects on the predicted
eCAP responses were analysed. The procedure developed in this study to identify potential neural
damage proved promising, suggesting that neural damage could be identified using electrophysiological

measures.
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3D Three-dimensional
ABI Auditory brainstem implant
ABR Auditory brainstem response
AGF Amplitude growth function
AN Auditory nerve
ANF Auditory nerve fibre
AP Action potential
ASSR Auditory steady-state responses
CI Cochlear implant
CL Current level
CN Cochlear nerve
CND Cochlear nerve deficiency
CT Computerised tomography
eABR Electrically evoked auditory brain stem response
eCAP Electrically evoked compound action potential
eCochG Electrocochleography
FEM Finite element method
HC Hair cells
HH Hodgkin-Huxley
HHL Hidden hearing loss
IHC Inner hair cells
IPG Interphase gap
MBD Model-based diagnostics
MRI Magnetic resonance imaging
NIHL Noise-induced hearing loss
NRT Neural response telemetry
OAE Otoacoustic emissions
OHC Outer hair cells
PD Pulse duration
PW Pulse width
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CHAPTER1 INTRODUCTION

1.1 PROBLEM STATEMENT
1.1.1 Context of the problem

Over 466 million people, or 6.1% of the world’s population, suffer from disabling hearing loss, making
it the most prevalent sensory impairment found in humans (Mathers, Smith and Concha 2000; Olusanya,
Davis and Hoffman 2019). Cochlear implants (CIs) are used to provide a sense of sound to people with
severe hearing loss, who would not benefit form a standard hearing aid. Hearing aids only amplify
sound signals to allow better acoustic stimulation of the auditory periphery of someone with hearing
loss (Leuwer and Miiller 2005). A cochlear implant is an electronic device which delivers electrical
stimulation directly to the auditory nerve in the inner ear, bypassing any damaged or missing structures
in the ear. The device detects sound signals using an external microphone, encodes the signals digitally

and transmits the encoded signals to the implanted electrode array (Wolfe 2020).

The first attempts to restore hearing by using electrical stimulation date back to the late 1700s and
early 1800s when physicists like Benjamin Wilson and Allesandro Volta attempted to stimulate the
auditory system with electrical current (Wolfe 2020). In 1957 Andre Djourno and Charles Eyries were
the first to develop and implant a device which successfully stimulated the auditory nerve directly. This
device was not implanted in the cochlea but rather at the stump of the severely damaged auditory nerve
(Eshraghi et al. 2012). The user was only able to distinguish changes in the stimulus intensity and
to differentiate broad stimulation frequency changes (Wilson and Dorman 2008). In 1985 William
F House read a newspaper article describing the work of Djourno and Eyries, which prompted him
to explore the development of implantable hearing technology. In 1961 Dr. House collaborated with
John Doyle, a neurosurgeon, to implant the first true CI. A single gold wire electrode was implanted in
the scala tympani through an opening anterior to the round window. In January of 1961 two people

received such implants, after which both users were able to perceive a sensation of sound. Both
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implants were removed after a short period of time because possible infection or edema was suspected
(Mudry and Mills 2013). This sparked the development of cochlear implants with single- and eventually
multi-channel devices (Wolfe 2020). In recent years the advance in CI development have included
improved surgical practices and the development of advanced speech coding strategies (Eshraghi et al.
2012). Despite the considerable progress in CI development, these implants still fall short of truly
restoring the user’s speech perception, and methods of improving cochlear implants are continuously

being researched (Eshraghi et al. 2012).

With the continued advancement of cochlear implants, various modelling processes have also developed.
Cochlear models provide a possible diagnostic tool by allowing the emulation of experiments which
cannot be performed physically due to technical and ethical limitations. Some of the first cochlear
models were lumped-parameter models developed by Johnstone, Johnstone and Pugsley (1966) and
Honrubia, Strelioff and Sitko (1976). Strelioff (1973) developed a model which described the electrical
properties of cochlear structures within a guinea pig cochlea. Soon after, another three-dimensional
discrete resistance model was developed by Black and Clark (1980). These models show the current
spread in the cochlea and could be used to evaluate various electrode configurations. These lumped
models were limited to examining only the electric potentials and current distributions inside the
cochlea, as the models were not yet coupled to auditory nerve models. The development of three-
dimensional (3D) volume conduction cochlear models made it possible to investigate the distributions
of electric potential and current density in the human cochlea in response to electrical stimulation
(Tong et al. 1990), as well as to examine how neuroprosthetic devices will function under various

conditions for specific users (Mangado et al. 2015).

Computational models of electrically stimulated auditory nerve fibres were being developed concur-
rently. In 1987 Colombo and Parkins developed the first electrical cable biophysical model of the
mammalian auditory-nerve neuron (Kalkman, Briaire and Frijns 2016). The model was based on the
original Hodgkin and Huxley nerve model (Hodgkin and Huxley 1952), but included modifications to
better incorporate physiological data obtained from single auditory nerve fibre (ANF) experiments in
squirrel monkeys (Parkins and Colombo 1987). Electrical auditory nerve models have been improved
over time by including data from various electrophysiological mammalian neuron studies (Kalkman,
Briaire and Frijns 2016). Improved knowledge of the morphology of the human auditory nerve has
also contributed to the improvement of ANF models (Rattay, Lutter and Felix 2001; Dekker, Briaire
and Frijns 2014).
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As computational power increased, more complex cochlear models could be implemented (Agrawal
and Newbold 2012). The integration of cochlear models with computational ANF models started
around 1990, when Finley et al. were the first to publish simulations of a three-dimensional volume
conduction model coupled with a model of the auditory nerve (Finley, Wilson and White 1990). Several
integrated models soon followed (Frijns, Snoo and Schoonhoven 1995; Hanekom 2001; Dang et al.

2015).

Cochlear implant users experience different levels of restored sound and speech perception. One of the
factors which influences the efficacy of the implant is auditory neural health, as damage to the auditory
nerve may alter the conduction parameters of electrically excited neural activity. The understanding
of the specific effects of partial auditory nerve degeneration on cochlear implant function is limited
at present (Pfingst, Zhou et al. 2015). However, severe spiral ganglion neuron (SGN) degeneration
appears to limit the efficacy of hearing restoration by a cochlear implant (Landry et al. 2011), as
severe SGN degeneration reduces the neural targets for cochlear implant stimulation (Shibata et al.
2011). A correlation between the degree of preservation of SGN and the level of speech recognition
after cochlear implantation has also been established (Nadol 1997). Determining the health of the
auditory nerve through a non-invasive method would be a valuable tool in the pursuit of cochlear

implant improvement.

Correctly identifying specific ANF damage has proved problematic, as there is no one established
testing method (Earl and Chertoff 2009). There have been calls for a distinct hypothesis explaining
how each psychophysical or electrophysiological measure may be affected by a specific aspect of

neuronal health or survival (Carlyon et al. 2021).

If a subject has severe auditory nerve (AN) damage or a completely absent AN, they may not benefit
from a cochlear implant, in which case an auditory brainstem implant (ABI) may be an alternative
method of treatment (Colletti et al. 2005). The ABI bypasses the AN by stimulating the second order

neurons in the cochlear nucleus using a multichannel surface array (Wong et al. 2019).

1.1.2 Research gap

Various physiological, electrophysiological and psychophysical measurements have been implemented
to determine the amount of sensory and neural damage to the auditory system (Zhou and Pfingst

2014). Physical means of determining auditory neural health include CT scans, magnetic resonance
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imaging (MRI) scans and histopathological examinations. Histopathological analysis of the auditory
periphery during autopsy allows better understanding of the mechanisms underlying auditory nerve
pathology. Cochlear histopathologic examinations only provide post-mortem insight (Viana et al.
2015), and the findings highlight the need for non-invasive clinical diagnostic tools (Sagers et al.
2017). Imaging of the inner ear has also been used to evaluate hearing loss and to determine if
tumours, congenital, inflammatory or infectious diseases are present (Verbist 2012). Cochlear imaging
techniques still have very poor quality (Wtodarczyk and Skarzyriski 2020). Computed tomography (CT)
scans allow imaging of the bony details of the sound conduction pathway and evaluating otospongiosis.
They are subsequently indicated for cases of conductive or mixed hearing loss (Chen, Phillips and
D. 2015; Verbist 2012). For sensorineural hearing loss, MRI scans are preferable, as they provide
a better view of the vestibulocochlear nerve. Both types of physiological scans may also be used

complementarily.

Electrophysiological measurements that may be performed on CI users include electrically evoked
compound action potentials (eCAPs), electrically evoked auditory brainstem responses (eABRs),
auditory steady-state responses (ASSRs) and otoacoustic emissions (OAEs) (Ramekers et al. 2014;
Shinn and Musiek 2007). ECAPs reflect the electrically evoked synchronized response of a population
of auditory nerve fibres (He, Teagle and Buchman 2017). EABRs indicate the responsiveness of the
peripheral auditory nerve fibres up to the brainstem, allowing measurement of the transmission of
signals between the cochlea and the brain (Di Stadio et al. 2019). ASSR is used to objectively measure
hearing thresholds and may be used to monitor the condition of the auditory nerve (Rampp et al. 2017).
OAE:s are generated in the cochlea by the outer hair cells and provide a simple, non-invasive indicator
of cochlear function (Kemp 2002). Electrocochleography (eCochG) is another electrophysiological
test, which is used to measure sound induced electrical potentials along the auditory pathway. ECochG
can distinguish between sensory and neural damage by the distinct level- and frequency-dependent
characteristics (Meenderink, Lin and Dong 2021). The use of tripolar (TP) electrode configurations
have also been proposed as a possible means of determining auditory neural health. Regions with
poor neural survival in the cochlea may be identified by abnormally high TP thresholds (Bierer and

Faulkner 2010).

Furthermore, reduced psychophysical thresholds, as well as the shapes and levels of threshold-versus-
stimulus-duration functions have been correlated with better neural survival (Tejani, Abbas and Brown

2017; Pfingst, De Haan and Holloway 1991). Physiologically, the number and density of spiral ganglion
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cells have also been used as a measure of auditory neural health (Dhanasingh et al. 2020). Many of
the studies in which these measurements were implemented have aimed to address the problem of
determining the health and survival of the auditory nerve. Thus far, these measurements have not
provided a reliable and consistent method with which to determine auditory neural health. Due to the
limitations of physiological testing procedures and the incomplete information obtained from any single
electrophysiological or psychophysical procedure, this study aims to add to the existing knowledge
base by considering the combination of two electrophysiological procedures as an improvement to

present methods for determining the type and extent of AN damage.

1.2 RESEARCH OBJECTIVE AND QUESTIONS

Cochlear implants aim to induce excitation of the AN using electrical stimulation, which means that
the health and survival of the AN is crucial to good CI performance. CI functionality depends on a
wide array of factors, one of which is the condition of the ANF. Even under ideal circumstances Cls do
not completely restore normal hearing and many users still have poor speech recognition (Pisoni et al.
2017). Research into improving cochlear implants is complicated by the limitations of human in vivo
studies. Many of these limitations can be overcome by implementing detailed cochlear models as a
means to investigate non-invasive intervention outcomes (Heshmat et al. 2020). Incorporating auditory
nerve fibre models into the cochlear volume conduction models provides a tool for predicting neural
excitation patterns. Various person-specific cochlear models have been constructed using CT-scan data
(Malherbe, Hanekom and Hanekom 2015; Cakir, Dwyer and Noble 2017; Gee et al. 2021). Using
person-specific information regarding the health of nerve fibres throughout the cochlea to construct the
integrated auditory nerve model will allow a more accurate model to be generated for each user, which
incorporates their unique neural survival pattern (Nogueira et al. 2016). The research objective for
this study is to find an improved in vivo method of determining ANF health for a specific user using

electrophysiological tests.

The study’s research objective has prompted investigation into the following research questions.

* Is it possible to evaluate a single AN model as well as an elementary population AN model as
predictors of neural response to ANF damage by using expected characteristics of SFAP and
eCAP responses to damage as reported in the literature?

* Can electrophysiological responses be used to identify or differentiate between damage mechan-

isms affecting ANFs?
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* How successful is the person-specific compound volume conduction (VC) and computational
ANF model in predicting the amplitude and latency characteristics of measured outcomes?
* Can a compound ANF model, which incorporates ANF damage provide insight on how the

placement of electrodes in the cochlea influences the characteristics of eCAPs?

1.3 APPROACH

Since cochlear neural survival affects the effectiveness of Cls, it is important to develop models which
reflect the characteristics of person-specific cochlear anatomy, neural survival profiles and electrode

array placement.

To date, several 3D CI models have been developed for research purposes, but very few have been
employed for diagnostic purposes (Hanekom and Hanekom, 2016). Computational cochlear models are
ideally suited to inform the diagnosis and possible treatments of cochlear neural damage. To achieve

this, the models must include the neural survival information specific to the CI user.

Various methods of determining neural damage will be investigated and the most promising methods
will be compiled into a testing procedure. This proposed neural testing procedure will provide
information regarding the condition of the auditory nerve fibres. This information can then be

incorporated into the implementation of the person-specific ANF model.

Once the proposed method for determining neural health has been established in simulation, it will be
evaluated in a clinical experiment. The experiment will be designed to determine the type and location
of neural damage within the cochlea, allocated into sections neighbouring the electrode contacts of the
implanted array. The damage will be determined by examining the effect that the degree, and different
types of neural damage have on measured electrophysiological test responses. The eCAP and eABR
electrophysiological tests will be used to identify the neural damage to an individual’s cochlear nerve

fibres.

1.4 RESEARCH GOALS

The first goal of this study is to determine a neural testing procedure, which aims to determine the health
of a person’s auditory nerve fibres. A further goal of this study is to develop a method for applying the

different types and levels of determined neural damage to the nerve fibres in the three-dimensional
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cochlear model. A clinical application of the testing procedure and the subsequent application of neural

damage to a three-dimensional model will be conducted.

1.5 RESEARCH CONTRIBUTION

The information obtained using the testing procedure developed in this study may improve subsequent
models, as more accurate person-specific neural models would complement the anatomically accurate
person-specific 3D models. Additionally, this information may also provide a means to determine
cochlear nerve damage and allow possible treatments or alternative stimulation procedures to be
investigated in simulation. Degeneration of the AN may progress with time, necessitating a consistent

method for monitoring this progression using non-invasive electrophysiological responses.

1.6 RESEARCH OUTPUTS

Journal and conference outputs:

e A journal article from work presented in this dissertation has been submitted to an accred-
ited international journal: Swanepoel P, Badenhorst W and Hanekom T "Electrophysiolo-
gical assessment of ANF damage.", Submitted to Ear and Hearing.

e A poster and video presentation at the Conference on Implantable Auditory Prostheses
(CIAP): Swanepoel P, Badenhorst W, Hanekom T & Hanekom JJ, "Can the effects
of auditory nerve damage be accounted for in a computational ECAP model?", 2021
Conference on Implantable Auditory Prostheses, Online, July 2021, p. 78

Research tools and methods:

e A standardised protocol for determining the type and extent of ANF damage using estab-
lished electrophysiological tests.

e Two ANF configuration models evaluated against expected eCAP measurements from
literature.

e A person specific cochlear model which includes auditory nerve fibres with the option of

implementing various damage mechanisms.

1.7 OVERVIEW OF STUDY

This study examined methods for assessing auditory neural health and incorporating an individual’s
neural health profile into a computational person-specific ANF model. Figure 1.1 contextualises the

research conducted for this study within the broader field of cochlear implant research.
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Figure 1.1. Contextualisation of this study (shaded blocks) within the broader field of cochlear implant

research.

This dissertation is divided into six chapters. Chapter 1 (this chapter) outlines the background,
specific research problem and the research questions addressed by this study. Chapter 2 presents
a literature review of electrophysiological testing procedures and how the measurements relate to
various auditory nerve damage configurations. The aetiology of ANF damage and the various damage
mechanisms are also discussed. Chapter 3 describes the configuration and evaluation of two ANF
damage models used to demonstrate the electrophysiological responses to neural damage. Chapter 4
reports the experimental setup for obtaining clinical eCAP and eABR measurements, as well as the
method for determining a neural damage profile from electrophysiological responses. The process of
integrating the ANF model with a user-specific 3D cochlear model is also described in this chapter.
Chapter 5 summarizes the results obtained from the clinical electrophysiological responses, the neural

damage estimation, and the subsequent person-specific cochlear model outputs. Chapter 6 presents a
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discussion of the clinical results, the effect of the damage applied to the user-specific neural model
outputs and the significance of all results in relation to the research questions. Chapter 7 offers a
conclusion to results discussed in this dissertation as well as a review of all findings obtained during

the course of this study.
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2.1 CHAPTER OVERVIEW

This chapter aims to provide an overview of the literature that constitutes the framework for the present
auditory neural health study. Section 2.2 presents an introduction to electrophysiological testing
methods, types of hearing loss and the responsible damage mechanisms. In Section 2.3 the possible
factors which influence the incidence of ANF damage are discussed. Section 2.4 describes three ANF
damage mechanisms investigated in this study. In Section 2.5 the existing methods of determining
ANF damage are discussed. Section 2.6 focuses specifically on the electophysiological methods which
are currently used to determine auditory nerve health. Section 2.7 gives background regarding the

history and development of ANF models.

2.2 INTRODUCTION

Cochlear implants, which restore a sense of hearing, are the standard treatment for people with profound
sensorineural hearing loss. The implants bypass the normal auditory process and electrically stimulate
the auditory nerve (AN) via electrodes implanted in the cochlea, leading to CI users experiencing
different levels of restored speech understanding. The efficacy of the implants relies on neural health,
as damage to the auditory nerve will limit or completely inhibit the conduction of electrically excited
neural activity. This study provides an overview of electrophysiological methods for determining
the health and survival of ANFs and the extent to which damage to ANFs can be accounted for in a

computational model.

Auditory neural health depends on various hearing loss aetiologies. In order to use a modelling
approach to disentangle the effect of neural health on CI performance, these aetiologies need to be
qualified according to their primary neural damage mechanisms. Hearing loss can be categorised as

either conductive or sensorineural hearing loss. Conductive hearing loss occurs when the conduction
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of sound waves through the outer or middle ear to the inner ear is impeded (Isaacson and Vora 2003).
Sensorineural hearing loss occurs when some combination of the outer hair cells (OHCs), inner
hair cells (IHCs) and spiral ganglion neurons (SGNs) are damaged, dysfunctional or lost (Kohrman
et al. 2020). In this study, only sensorineural hearing loss will be considered. Figure 2.1 shows the
qualification of the aetiologies according to damage mechanisms implemented as distinct modelling
elements in this study, namely ANF degeneration, ANF demyelination and ANF loss. Cochlear
implantation is commonly indicated as treatment for moderate-to-profound sensorineural hearing
loss (Buss et al. 2018), which encompasses all three of the damage mechanisms depicted in figure
2.2.

/‘ Hidden Hearing LossW-IL/ 7
! Cochlear Synaptopathy
ANF ‘ BET..

Degeneration | [
/ E é\\ Auditory Neuropathy

Sensorineural ;/

ANF
Hearing Loss ~ | Demyelination
\ // CN Hypoplasia ‘
\ CN Apla5|a

Figure 2.1. Diagram illustrating sensorineural hearing loss mechanisms.

Demyelination/ Fibre Loss Negeneration

Figure 2.2. An illustration of the effect of various hearing loss mechanisms on the ANF: Demyelination,

Fibre loss and Degeneration.
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2.3 FACTORS WHICH INFLUENCE THE INCIDENCE OF AUDITORY NERVE
DAMAGE

Noise-induced hearing loss (NIHL) is one of the most common causes of deafness. The Centers for
Disease Control and Prevention estimates that approximately 17% of adults have suffered permanent
noise-induced damage to their hearing (CDC 2021). Exposure to intense sound levels can be a result of
recreational, occupational or military environments. NIHL is the result of noise damage to the sensory

hair cells (HCs), synapses and primary auditory neurons (Kurabi et al. 2017).

Presbycusis, also known as age-related hearing loss, is the most common sensory impairment seen
in the elderly and refers to hearing loss caused by the ageing process. This kind of hearing loss is
generally bilaterally symmetrical (Lee 2013). The ageing process generally results in reduced hearing
ability and a greater risk of cochlear sensory-neural cell degeneration. Presbycusis can result from
either cochlear degeneration or loss of ANFs during cochlear ageing. Hearing loss generally starts in
the high-frequency section of the auditory spectrum and spreads towards the low-frequency section

with age (Wang and Puel 2020).

Hearing loss can occasionally be caused by traumatic brain injuries which have been shown to result
in damage to either the central or peripheral auditory system (Emerson et al. 2011). The possible types

of damage include degeneration of the spiral ganglion and organ of Corti, damage to the auditory and

vestibular nerves and subsequent intralabyrinthine connective tissue formation (Bartholomew et al.

2020).

Hereditary hearing loss can be classified as syndromic, which is associated with malformations of the
external ear in combination with abnormalities in other organs, or nonsyndromic, which displays no
visible external abnormalities but can be associated with abnormalities of the middle and/or inner ear
(Shearer, Hildebrand and Smith 1993). Over 400 types of genetic deafness and 60 genes for syndromic
and nonsyndromic hearing loss have been identified (Kochhar, Hildebrand and Smith 2007). Many of
these hereditary conditions cause sensorineural hearing loss, which is often the result of auditory nerve
damage. These conditions include Stickler syndrome, Pendred syndrome, Neurofibromatosis 2 and
various other diseases and gene mutations (Kochhar, Hildebrand and Smith 2007). Malformation of the
inner ear has also been associated with sensorineural hearing loss (Kazahaya and Singh 2007). Inner
ear malformations are generally a congenital condition which likely cause cochlear nerve deficiency

(CND) combined with cochlear aperture stenosis. Studies have found that individuals with congenital
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unilateral sensorineural hearing loss are more likely to have inner ear malformations than those with

bilateral hearing loss (Orzan et al. 2021).

Meniere’s disease is a progressive disorder that affects the inner ear. The disorder is characterized by
recurrent episodes of vertigo, tinnitus, a feeling of aural fullness and fluctuating sensorineural hearing
loss (Alonso et al. 2021). The aetiology of the disease is not known; it is however thought to occur
due to the accumulation of endolymphatic fluid in the cochlea. Hearing loss as a result of Meniere’s

disease usually presents unilaterally (Sharma 2017).

Benign tumours originating from the Schwann cells of the cochleovestibular nerve may result in
gradually worsening sensorineural hearing loss in the ipsilateral ear (Gan et al. 2021). These tumours
are referred to as acoustic neuroma and may also be called vestibular schwannoma, acoustic neurinoma,

acoustic neurofibroma or vestibular neuroma (Greene and Al-Dhahir 2022).

Ototoxicity is the impairment of inner ear tissues caused by pharmacological treatments and is char-
acterized by vestibular or cochlear dysfunction (Ganesan et al. 2018). If cochlear cells are exposed
to aminoglycoside antibiotics, which are used to treat several diseases like tuberculosis and bacterial
pneumonia, for an extended period of time it may result in the death of outer hair cells in the organ of
Corti. Cochlear hair cell (HC) damage caused by ototoxic medication leads to retrograde AN damage
which progresses from the base of the cochlea to the apex. The degree of hearing loss is directly
proportional to the dose of the ototoxic drug and repeated exposure leads to additive damage. As a
common cause of acquired hearing loss, bacterial meningitis can result in permanent sensorineural
hearing loss and, in rare cases, profound bilateral hearing loss (Kutz et al. 2006). The exact site
of physiological damage caused by meningitis has not been established. Outer hair cell damage,
severe loss of spiral ganglion cells and lesions of central neural pathways have all been suggested.
Suppurative labyrinthitis and ossification of the cochlea may also result from meningitis (Du, Wu and

Li 2006).

2.4 ANF DAMAGE MECHANISMS

The damage mechanisms identified from literature which are examined in this study are discussed in

this section.
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2.4.1 ANF degeneration

ANF degeneration as a hearing loss mechanism encompasses various hearing loss aetiologies. Hidden
hearing loss (HHL), also known as cochlear synaptopathy, refers to degeneration of cochlear synapses
without the loss of HCs and SGNs (Kohrman et al. 2020). Auditory neuropathy refers to hearing loss
as a result of auditory nerve dysfunction, which is distinct from impairment because of HC loss. This
condition presents with normal objective measurements of HC activity, such as otoacoustic emissions,
but abnormal measurements of auditory nerve functions, such as auditory brainstem responses (ABRs)
(Rance and Starr 2015). ANF degeneration can be caused by a number of factors such as infections,
ageing, dementia, ototoxic medications, metabolic disorders, neural diseases and prolonged exposure
to dangerously loud sounds (Zahnert 2011). Several of these pathologies involve degeneration of ANFs
over a period of time (Shibata et al. 2011). One such pathology is NIHL as a result of damage to
either the inner HCs or synaptic connections between HCs and cochlear neurons (Bohne and Harding
2000; Liberman 2017). A second example is the degeneration of the spinal ganglion over time which
may be caused by trauma from electrode implantation that could lead to new bone formation and
perielectrode fibrosis (Nadol 1997). This suggests that degeneration of the AN may progress over time,
making it necessary to have a consistent approach for monitoring this progression through non-invasive,

electrophysiological responses.

2.4.2 ANF demyelination

ANF demyelination is considered a separate hearing loss mechanism in this study, as it can be applied
as a separate modelling element. Neural demyelination is the term used to describe any damage to
a nerve fibre’s myelin sheath. Another myelin disorder, neural dysmyelination, which refers to any
condition that results in abnormal myelin synthesis, is also considered under this modelling element.
Demyelination can be caused by various environmental, genetic and age-related factors. These factors
include acoustic overexposure (Tagoe et al. 2014) and ototoxic medication such as carboplatin (Ding,
McFadden and Salvi 2002). Iron-deficiency anaemia in infancy could also alter AN myelination and
have long lasting effects on auditory signal transmission (Algarin et al. 2003), while hyperbilirubinemia
has been linked to ANF damage as a result of damage to the IHC synapses and myelin sheaths (Ye
et al. 2012). Certain cases of the rare autoimmune disorder Guillain—Barré syndrome have, in turn,
been shown to result in acoustic nerve conduction abnormalities from demyelination, indicated by
abnormal brainstem auditory evoked potentials (Nelson, Gilmore and Massey 1988). The perikaryal

demyelination of ANF myelin sheaths appears to be symptomatic of age-related hearing loss (Cohen,
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Park and Grasso 1990), which may contribute to the loss of SGNs and the ensuing decline of the AN
function (Xing et al. 2012).

2.4.3 ANF loss

ANF loss is the third mechanism of hearing loss implemented as a modelling element in this study.
Cochlear nerve deficiency (CND), defined as a small or absent cochlear nerve, is a common cause of
unilateral sensorineural hearing loss, particularly in cases where the deafness is congenital (Clemmens
et al. 2013). CND is a general term used to describe both cochlear nerve hypoplasia which is a
significant narrowing of the cochlear nerve (CN), and cochlear nerve aplasia which refers to the
absence of the CN (Cinar et al. 2019). People with CN hypoplasia may benefit from cochlear
implantation, whereas cochlear implantation is contra-indicated for CN aplasia (Buchman et al. 2006).

This study will consequently only consider CN hypoplasia.

2.5 EXISTING APPROACHES TO DETERMINING ANF DAMAGE

Damage to the AN has several detrimental effects on neural activation, such as elevated thresholds and
reduced suprathreshold amplitudes in electrophysiological responses (Kujawa and Liberman 2009),
as well as changes in the pattern of neural excitation in the cochlea (Cohen, Richardson et al. 2003).
For example, higher stimulation currents are required to stimulate damaged ANFs relative to intact
ANFs, which in turn leads to a wider spread of neural excitation in the cochlea. The increased spread
of excitation could result in overlapping excitation regions, which may reduce the user’s speech
perception (Shibata et al. 2011). Moreover, severe ANF degeneration can reduce the neural targets
for electrical stimulation by the CI, diminishing its efficacy (Goehring et al. 2019). The peripheral
excitation behaviour of neurons as observed in electrophysiological responses is intrinsically linked to
the perceptual outcomes of a CI user (Brochier, Guérit et al. 2021). The unique neural damage profiles
of CI users may explain the widely varying speech understanding performance observed (Guedes et al.
2007). Consequently, information regarding the condition of an individual’s AN may allow optimal

programming of the device for the user (Carvalho et al. 2020).

Person-specific computational models of the auditory periphery attempt to predict neural excitation
behaviour as a result of electrical stimulation (Malherbe, Hanekom and Hanekom 2015). These models
may be applied to investigate and probe a variety of phenomena in CI users, among others the effect of

neural health on the neurophysiological outcomes that may be expected for a specific CI recipient. A
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VC model that describes the cochlear morphology and electrical characteristics of the tissue is used to
predict the spread of current as a result of electrical stimulation. The current distribution predicted by
the VC model can subsequently be translated to neural excitation characteristics by a neural model.
However, the effects of degeneration and demyelination are often not taken into account in the neural
component of the existing computational models. This is primarily because there is presently no
established method for the quantification of auditory neural survival profiles to inform the models.
Including information about neural damage could improve the accuracy of a model’s predictions for a

specific user.

Despite the lack of standardised auditory neural testing procedures, attempts have been made to
include varying degrees of auditory nerve damage when modelling the auditory periphery. Goldwyn,
Bierer and Bierer (2010) developed a computational model of simplified cochlear geometry which
can simulate variations in spiral ganglion density and illustrate how these affect the simulated neural
activation patterns. Verhulst, Altoe and Vasilkov (2018) simulated cochlear synaptopathy by altering
the number and types of ANF that connect to each inner HC in the cochlear model. Another study
implemented a cochlear model for which either intact or degenerate nerve fibres could be used to
investigate whether neural degeneration affects the optimal position in which the electrode should be
placed (Briaire and Frijns 2006). A later study by Snel-Bongers et al. (2013) implemented three sets
of nerve fibres with different stages of degeneration in their cochlear model to account for possible
neural damage. This study suggested that inconsistencies in the results may reflect the assumption that
only one degeneration morphology was implemented at a time and that a combination of the different
morphologies may provide more accurate predictions. None of these modelling approaches, however,

represent a user-specific neural survival profile, but rather a general level of AN damage.

Several studies have been conducted to examine the plausibility of using either eCAP or eABR meas-
urements to determine the survival rate and health of the auditory nerve (Pourjavid et al. 2011; Starr,
Picton, Sininger et al. 1996). Many of these studies have focused on a single type of electrophysical
test (either eCAP or eABR) and have investigated responses specific to either nerve degeneration or
demyelination or have not specified the type of neural damage. In this study, degeneration, demy-
elination and fibre loss are investigated as separate mechanisms of neural damage that may occur

independently or concurrently.
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2.6 PRESENT ELECTROPHYSIOLOGICAL NEURAL TESTING PROCEDURES

At present there is no standardised in vivo protocol for determining the extent of auditory nerve
damage, as no single objective procedure provides a complete and accurate measure of neural health.
Furthermore, the electrophysiological waveforms which are typically used to probe neural health need
expert interpretation. A standardised interpretation protocol may allow more consistent assessment of

surviving spiral ganglion ANFs among different researchers and clinicians.

2.6.1 ECAP testing procedures

The first electrophysiological testing approach evaluated for this study was eCAP measurement.

ECAPs offer a possible test procedure to determine the health of the AN (Hughes, Castioni et al. 2012).
The use of eCAPs to determine CI stimulus levels for individual electrodes has been established in
various studies, while more recent studies have examined the possibility of using eCAP measurements
to determine the physiological condition of the AN (He, Teagle and Buchman 2017). An eCAP is
a synchronous response that is generated by a large number of ANFs. The waveform consists of a
positive peak PO, followed by a negative peak N1, followed by another positive peak P1, as shown
in figure 2.3. Some publications refer to the positive peaks as P1 and P2 with the negative peak N1
(Abbas and Brown 2015).

0.1
0.05

-0.05
-0.1
-0.15
-0.27

Recorded Potential (V)

-0.257

0.3+ N1

0.8 0.9 1 1.1 1.2 1.3
Time (ms)

Figure 2.3. A basic eCAP waveform.
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2.6.1.1 Stimulus artefact rejection paradigms

Stimulus artefacts often contaminate the recorded eCAP response, obscuring important information
(Deprez et al. 2017). Forward masking, alternating polarity and subthreshold template subtraction
are the three most common, artefact-reduction methods (Baudhuin, Hughes and Goehring 2016; He,

Teagle and Buchman 2017).

Brown, Abbas and Gantz (1990) developed the forward-masking paradigm which minimises the
stimulus artefact and allows artefact-free eCAPS to be recorded using an intracochlear electrode. The
forward-masking paradigm, also referred to as the masker-probe paradigm, is one of the most popular
techniques used to reduce stimulus artefacts in e€CAPs and is the default method used by Cochlear’s
Custom Sound EP software (Custom sound® EP 2021; Alvarez et al. 2008; Baudhuin, Hughes and
Goehring 2016). Two biphasic current pulses are presented in this method. This first pulse is referred
to as the ‘masker’ and the second as the ‘probe’. The procedure for the forward-masking paradigm is

(Brown, Abbas and Gantz 1990; He, Teagle and Buchman 2017):

1. A probe-only stimulus (A) is applied as a single biphasic current pulse. This stimulus elicits an
eCAP and a substantial stimulus artefact.

2. A masker-plus-probe stimulus (B) is applied which consists of a masker biphasic pulse, followed
by a probe biphasic pulse. The pulses are presented with a masker probe interval (MPI) that
will ensure that the probe stimulus occurs in the ANF refractory period which will result in a
combination of the two stimulus artefacts and an absent or reduced neural response.

3. A masker-only stimulus (C) is presented which consists of another single biphasic pulse. This
response will consist of the masker artefact and associated eCAP.

4. Extraction of the eCAP from the stimulus artefact is achieved by subtraction. The artefact evoked
by the probe can be identified by subtracting the masker-only response from the masker-plus-
probe response (B-C). This artefact is then subtracted from the entire response evoked by the

probe to obtain the artefact-free eCAP response (A-(B-C)) .

The limitation of this method is that it requires that the masker-plus-probe response should only
have one evoked eCAP response and two stimulus artefacts. If the masker-to-probe intervals or
masker stimulus is chosen incorrectly an unintended neural response may be elicited, resulting in an

unsuccessful artefact removal (He, Teagle and Buchman 2017).
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The alternating polarity method is used exclusively as the artefact reduction method used by Advanced
Bionics’ SoundWave and MED-EL’s Maestro software (Baudhuin, Hughes and Goehring 2016). The

procedure for this method is :

1. A cathodic-leading stimulus (A) is applied, inducing an eCAP and artefact.

2. An anodic-leading stimulus (B) is then applied, inducing another eCAP and artefact.

3. Because of the alternating polarity of the stimulation, the artefacts elicited by the two stimuli
have reverse polarity. The eCAP polarity stays the same. This allows the stimulus artefacts

to be removed by averaging both responses, leaving an artefact-free eCAP ((A+B)/2).

This method relies on the assumption that reversing the polarity does not affect the eCAP latencies or
amplitudes. It has been shown that the latency of the evoked eCAPs differ for cathodic and anodic
leading stimuli, which means that this method may result in distorted eCAP measurements (Undurraga,

Wieringen et al. 2010; He, Teagle and Buchman 2017).

Miller et al. (1998) developed the subthreshold template subtraction method. The steps for this method

are as follows:

1. A response is evoked using a biphasic stimulation pulse (A) that is below the neural threshold,
which will consist of only the stimulus artefact.

2. A second response is evoked using a supra-threshold biphasic stimulation pulse (B), which
will contain both the stimulus artefact and the evoked eCAP.

3. The artefact response (A) is scaled up to correspond to the size of the stimulus artefact in
(B).

4. The scaled artefact response is then subtracted from response B, leaving only the eCAP.

This artefact removal paradigm is the least prevalent as it requires a very accurate recording system

and low ambient noise level (He, Teagle and Buchman 2017).

2.6.2 ECAP response to degeneration

2.6.2.1 Amplitude

Multiple studies have shown that suprathreshold eCAP amplitudes reflect the sum of auditory neuronal

activities and can consequently be used to indicate the level of preservation of the AN (Caldas et al.
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2016; Scheperle 2017; He, Shahsavarani et al. 2018). This was verified by a study which showed that
suppressed amplitudes of eCAP waveform peaks seem to reflect the degeneration of the AN (Kujawa

and Liberman 2009).
2.6.2.2 N1 latency

Increased nerve degeneration has been shown to result in reduced N1 peak latency (Strahl et al. 2016).
It has been theorised that the latency of the eCAP peaks (especially N1) elicited at high-intensity
levels reflects the site of excitation along the neuron. In the event of dendrite degeneration, the site
of excitation moves to the central axon of the nerve. This results in shorter N1 latencies at high

stimulation levels for degenerated ANFs (Stypulkowski and van den Honert 1984).
2.6.2.3 Relative refractory periods (RRPs)

Studies examining the effects of ANF damage on the RRPs of eCAPs have reported varying results. For
example, a study by Botros and Psarros (2010) suggested that longer RRPs are associated with better
neural survival in CI users. Similarly an AN model also predicted a decrease in RRPs as progressive
retrograde nerve fibre degeneration is implemented (Smit, Hanekom and Hanekom 2008). Conversely,
another study found that CN deficiency caused no significant difference in the relative refractory period

(He, Shahsavarani et al. 2018).
2.6.2.4 Functions

Various functions derived from eCAP measurements have been investigated for possible use in de-
termining auditory neural health (Biesheuvel, Briaire and Frijns 2018). For example, the slope of the
eCAP amplitude growth function (AGF) has been shown to be predictive of spiral ganglion neural
density (Pfingst, Zhou et al. 2015). A negative correlation between the AGF slope and the duration of
deafness and cochlear implantation age suggests that ANF damage will result in reduced AGF slopes
(Gértner et al. 2021). AN damage also appears to result in a steeper eCAP amplitude-intensity function
(Legatt 2018). Steep input-output functions (also known as eCAP growth functions) may indicate
better survival of spiral ganglion populations, which are an indication of better auditory neural health
(He, Shahsavarani et al. 2018; Xu et al. 2020). This assumption has been substantiated by studies
which found that the slopes of eCAP input-output functions in users with CND were significantly

smaller than users with normal-size CNs (He, Shahsavarani et al. 2018).
2.6.2.5 Pulse duration (PD) and Inter-phase gap (IPG)

The effect of changes in the PD and IPG on both eABR and eCAP responses have been examined to

determine the health of the AN. Subjects with CND have showed more profound IPG effects in their
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maximum eCAP amplitude and the slope of the eCAP input-output function and smaller effects on
the eCAP thresholds than subjects with normal CNs (He, Xu et al. 2020). There is also evidence that
the stimulation current level required to evoke an eABR or eCAP response of a specific amplitude
decreases with increasing PD and IPG. Neural loss or damage reduces the magnitude of this decrease
in the required stimulation current (Prado-Guitierrez et al. 2006; Ramekers et al. 2014). Poorer eCAP
discrimination also appears to indicate the loss of spiral ganglion nerve fibres, as well as a reduction in

AN synchronization (Ji et al. 2014).
2.6.2.6 Cathodic versus anodic stimulus

Polarity sensitivity studies have shown ANFs to have a higher sensitivity to anodic compared to
cathodic polarity suprathreshold stimulation levels (Hughes, Choi and Glickman 2018; Undurraga,
Carlyon et al. 2013). Recent studies have indicated that this polarity sensitivity could correlate to neural
degeneration (Jahn and Arenberg 2019). Biophysical modelling data indicate that cathodic stimulation
likely excites the peripheral processes, whereas anodic stimulation could potentially initiate action
potentials at the central axon (Joshi, Dau and Epp 2017). Consequently, cathodic stimulation may be
less effective than anodic stimulation in degenerated ANFs, as degeneration generally progresses from

the peripheral processes to the central axon (Herrmann et al. 2021).

2.6.3 ECAP response to demyelination

2.6.3.1 Amplitude

Mild myelin damage has been shown to result in slightly reduced eCAP amplitudes. These reductions
have also shown the possibility of recovery over time. Severe myelin damage, however, results in
reduced amplitudes, elevated thresholds and prolonged peak latencies (El-Badry and McFadden 2009).
A study has suggested demyelination as a mechanism for hidden hearing loss, which presents with
reduced suprathreshold amplitude of the sound-evoked compound action potential (Wan and Corfas

2017).
2.6.3.2 Latency

The latency of the eCAP waveform is also affected by ANF demyelination. Prolonged N1 latencies in
eCAP responses indicate demyelination. The N1 latency also seems to correlate with wave I, IIl and V
eABR latencies. An increase of these latencies indicate a reduction in the ANF’s myelin layer (Ito

et al. 2004; Zhang et al. 2017).
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2.6.3.3 RRP

It has been established that demyelinated fibres have longer eCAP refractory periods than healthy
fibres (Kaji 2003). Simulations have also shown that axonal demyelination of the auditory nerve
results in an increase in the refractory period due to a reduction in the rate of repolarization of the AP
(Quandt and Davis 1992). Both the absolute and relative refractory periods seem to be prolonged when

demyelination is present (Low and McLeod 1977).

2.6.4 ECAP response to fibre loss

2.6.4.1 Amplitude

Subjects with auditory neuropathy display smaller eCAP amplitudes and significantly higher eCAP
thresholds than normal hearing individuals (He, Abbas et al. 2016). Multiple participants demonstrated
a statistically significant correlation between maximum eCAP amplitude and spiral ganglion cell (SGC)

density (Ramekers et al. 2014).
2.6.4.2 Latency

AN deficiency has been shown to prolong the eCAP N1 latency (Xu et al. 2020). One study showed
that CND results in prolonged peak latency and increased response width (He, Chao et al. 2020).
Another study indicated that subjects with auditory neuropathy spectrum disorder have longer averaged

P1 latencies and greater response widths than subjects who only have sensorineural hearing loss.
2.6.4.3 Interphase gap

Subjects with CND have exhibited a smaller IPG effect on the eCAP threshold and a larger IPG effect
on the maximum eCAP amplitude than subjects with normal-sized cochlear nerves (He, Chao et al.
2020). This may be explained by the greater probability of spike initiation near the threshold level in

people with normal cochlear nerves, resulting in increased sensitivity to changes in the IPG.

2.6.5 EABR testing procedures

The second electrophysiological measure evaluated for this study was eABR waveforms. ABR
measurements provide another potential tool for identifying ANF damage (Kujawa and Liberman
2009). ABRs are typically measured by presenting either clicks or tone stimuli and recording electric
potentials using surface electrodes placed on the forehead and mastoid (Gorga, Johnson et al. 2006).
Instead of directly evaluating a subject’s hearing ability, ABR tests evaluate the synchronous auditory

neural function (Winston 2013). The ABR measurements present as a series of individual potentials or
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waves, that are thought to correspond to the serial processing of the auditory pathway (Eliades and
Tsunada 2019). The waveforms consist of approximately seven vertex positive waves, as illustrated
by figure 2.4. The ABR wave peaks originate from various auditory structures. Wave I and II are
generated by auditory nerve pathways, wave Il originates in the cochlear nucleus and wave IV in
the superior olivary complex. Wave V is attributed to the lateral lemniscus (S. Abdelsalam and Omar

2015).

Amplitude (uV)

Time (ms)

Figure 2.4. A basic eABR waveform.

Only waves I to V are generally assessed for neural diagnostic purposes. For CI users eABRs
are measured using the implanted electrode array and surface electrodes. These eABR waveforms
can be used to distinguish between the various neural damage mechanisms: neural degeneration,
demyelination and fibre loss. The wave delays or latencies, amplitudes and wave functions are

all characteristics that could contribute to the identification of the type and level of damage to the

AN.

2.6.6 EABR response to degeneration

2.6.6.1 Amplitude

Abnormalities in the amplitudes of the various waves of the eABR waveform appear to correspond to
the amount of damage to, or loss of, ANFs. Damage to the ANFs appears to result in reduced supra-
threshold eABR amplitudes (Furman, Kujawa and Liberman 2013). Studies specifically examining the
amplitudes of eABR wave I or wave V showed a significant correlation between reduction of these

amplitudes and the level of auditory neuropathy (Stamper and Johnson 2015; Verhulst, Bharadwaj
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et al. 2015; Rance and Starr 2015; Barbee et al. 2018; Buran et al. 2020; Liberman and Kujawa
2017).

2.6.6.2 Latency

In eABR measurements, an increase in latency of the waves has been identified as a means of
determining auditory nerve damage (Kasbekar et al. 2019). Various encephalomyopathies and neural
disorders, as well as vestibular schwannomas, have been shown to affect auditory neural conduction,

resulting in increased eABR interwave latencies (Eggermont 2019).
2.6.6.3 Functions

Various functions derived from recorded eABR waveforms offer possible tools for analysing AN
damage. For example, steeper slopes in the latency-intensity functions of an eABR wave V seem
to indicate sensorineural hearing loss (Gorga, Worthington et al. 1985). The slopes of the eABR
input-output functions also appear to correlate with AN survival (Pfingst, Zhou et al. 2015). The
amplitude ratio of wave V to wave I has also been examined for possible use in identifying AN

dysfunction (Rance and Starr 2015).

2.6.7 EABR response to demyelination

2.6.7.1 Amplitude

Studies have shown that poor auditory nerve myelination may result in decreased wave I amplitudes
and elevated wave I thresholds (Zhou, Abbas and Assouline 1995). Demyelination disorders have been

shown to result in abnormal ABRs with reduced amplitudes (Rance and Starr 2015).
2.6.7.2 Latency

Demyelination of ANFs results in diminished functionality of a CI, as the conductivity of the AN
is affected. Studies have shown that myelin deficits may cause increased eABR wave I latencies, as
well as increases in the interval latencies between wave II-IV and wave III-IV (Ito et al. 2004; Zhang
et al. 2017). These suprathreshold latencies seem to reflect the importance of myelination for the AN’s
conduction velocity (Long et al. 2018). Some studies offer the loss of Schwann cells as an explanation

for the prolonged latency and increased width of eABR wave I (Wan and Corfas 2017).
2.6.7.3 Threshold

Demyelination also seems to result in elevated eABR thresholds (Zhang et al. 2017; Long et al. 2018).
In cases of severe myelin damage, eABR readings may be completely absent (El-Badry and McFadden
2009).
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2.6.8 EABR response to fibre loss

2.6.8.1 Amplitude

Patients with CND, which usually refers to a small or absent auditory nerve, have been shown to
display decreased wave V amplitude (Wang, Guo et al. 2022). Cochlear malformations, which often

include hypoplasia, may result in reduced wave III amplitudes (Di Stadio et al. 2019)
2.6.8.2 Latency

Patients with CND have additionally been shown to exhibit delayed wave V latency (Wang, Guo et al.
2022). Another study also found that cochlear nerve hypoplasia results in an evoked eABR wave with

delayed latency (Yamazaki et al. 2015)

2.7 ANF MODELS

Many of the first ANF models were based on animal morphology, such as the unmyelinated giant squid-
based model from Hodgkin and Huxley (1952), the myelinated frog-based model from Frankenhaeuser
and Huxley (1964) and the rat-based model from Schwarz and Eikhof (1987). The animal morphology
was used, as detailed anatomical information can be obtained from animal experiments, which cannot
be gained from human studies. Developing ANF models which more closely reflect human morphology
may allow more accurate model predictions of physiologically measured data. For this reason, the
conductance-based model presented in Hodgkin and Huxley (1952) has since been adjusted to take
into account that human neurons function at higher temperatures than squid neurons, which accelerate
several of the gating processes. Another model adjustment of conductance values is required to

accommodate higher channel density (Macherey et al. 2007).

Three such adapted models are briefly discussed. Smit, Hanekom and Hanekom (2009) developed a
modified HH compartmental model which was based on the original nerve morphology by Rattay,
Lutter and Felix (2001). This model included a human Ranvier node which was achieved by slowing
down the fast activating potassium current kinetics and modifying several parameters including resting
membrane potential, membrane capacitance, ionic and leakage conductances and corresponding
equilibrium potentials to better reflect corresponding human parameter values. The model was then
further improved by adding a persistent sodium current which was integrated into a generalised single

cable human sensory ANF model (Smit, Hanekom and Hanekom 2009).
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Another adapted model was developed by Briaire and Frijns (2005), which is based on the Schwarz-
Eikhof-Frijns model (Frijns, Snoo and Schoonhoven 1995). The modifications included a 10 um
soma diameter and a 2 um pre-somatic compartment as implemented by by Rattay, Lutter and Felix
(2001) which required nodes of Ranvier with corresponding diameters to be added to that segment
(Briaire and Frijns 2005). The internodal distances of the dendrite was also scaled to ensure the correct
anatomical position of the dendritic terminal nodes and soma when the nerve model was integrated

with the cochlear VC model (Briaire and Frijns 2005).

A third adapted model is a compartmental ANF model which is based on the Hodgkin-Huxley model
and was developed by Rattay, Lutter and Felix (2001). In this compartmental model each sub-unit
is modelled separately. This HH squid-based model was adjusted for the increased temperatures at
which human nerves function by multiplying the right side of the differential equations for the gating
variables (m, n and k) by 12 in order to accelerate the gating processes. The model also accounted for
10-fold channel density by multiplying the potassium, sodium and leakage conductance values by 10.
This model aimed to reflect human morphology by including alternating unmyelinated dendritic nodes
and dendritic internodes, unmyelinated compartments around the soma, an unmyelinated soma and

alternating unmyelinated and myelinated central axon internodes (Rattay, Lutter and Felix 2001).

2.8 ELECTRODE POSITION

The electrode-to-modiolar distances of the implanted CIs have to be taken into account when analysing
electrophysiological responses, as they may affect these responses. Studies have found that electrode-
to-modiolar distances may contribute to the current level required for suprathreshold stimulation. This
also means that increased neural responses can be generated at the same stimulation level by decreasing

modiolar distance (Davis et al. 2016).

Different electrode array designs affect the electrode-to-modiolar distances. Pre-curved arrays, such as
the perimodiolar arrays, have been shown to have significantly reduced electrode-to-modiolar distances
compared to straight arrays (Davis et al. 2016). Perimodiolar electrodes correlate to lower eCAP

threshold values as a result of closer nerve—electrode interaction (Christov et al. 2016).

Studies examining the correlation between eCAP parameters and SGN survival have also noted that
non-neural factors, such as electrode-modiolus distance must be taken into account when analysing

eCAP results to determine neural survival (Brochier, McKay and Carlyon 2021). This supposition
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is supported by another study which cites significant correlation between eCAPs and electrode-to-
modiolar distances (Wermeskerken, Olphen and Graamans 2009). Increased modiolus-electrode

distance appears to correlate with higher eCAP thresholds (Lee et al. 2020).

The correspondence between eABRs and electrode-to-modiolar distances have also been investigated.
Moving the electrode from the cochlear outer wall towards the modiolus has shown significant
reductions in eABR thresholds as well as a general decrease in the gradient of the eABR input-output
function (Shepherd, Hatsushika and Clark 1993). This was corroborated by a study that showed a
reduction in the eABR threshold when the electrode array was moved from a lateral to a medial position

in the cochlea (Risi 2018).

2.9 CHAPTER SUMMARY

Existing electrophysiological measurements, various types of hearing loss, and the underlying mechan-
isms of ANF damage were investigated for this literature study. From the literature it was determined
that eCAPS and eABRS are the most promising measurements for use in determining ANF damage
in this study. This chapter reviewed the information available in the literature about the effect of
degeneration, demyelination and fibre loss on the prominent characteristics such as the amplitude and
latency of eCAP and eABR waveforms. The available data was compiled into a comprehensive table
for reference purposes when analysing electrophysiological response characteristics for indicators of

several damage mechanisms.

The information compiled from the literature is then utilized in this study to propose a method
for parameterizing the mechanisms that define various neural damage types (ANF degeneration,
demyelination, and fibre loss). These mechanisms can then be identified in clinical eCAP and eABR
responses. The clinical damage profiles can then be used to add another layer of user-specificity to
their model. These models can be used to investigate the health of a CI user’s auditory nerve and allow

for model-based diagnostics.
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3.1 CHAPTER OVERVIEW

In section 3.2 the single fibre and population models used in this study are described. Section 3.3
outlines the expected effects of ANF damage on eCAP responses, and describes the process of applying
ANF damage to the neural models. The evaluation of the single fibre and ANF population models as
predictors of eCAP responses to ANF damage as anticipated from the literature is shown in sections
3.4 and 3.5, respectively. Section 3.6 provides a discussion of the eCAP responses to damage. A

chapter overview is presented in section 3.7.

3.2 MODELLING AUDITORY NERVE FIBRES
3.2.1 ANF model

Elementary computational auditory neural models were constructed in MATLAB! to examine the
effects of degeneration and demyelination of the ANF on eCAP amplitude and latency. The morphology
used for the construction of the single human auditory neuron model is based on the neural model
developed by Badenhorst, Hanekom and Hanekom (2017). The model is rooted in the Hodgkin-
Huxley-based human compartmental ANF model of Rattay, Lutter and Felix (2001). The ANF has
26 active nodes and 47 compartments in total. Additionally, the dendrite’s inter-nodal distances were
scaled in accordance with the model by Kalkman, Briaire, Dekker et al. (2014). This scaling was
done to compensate for the temperature constraints of the Rattay model and to increase the anatomical
accuracy regarding the dendritic terminal nodes at the lateral edge of the spiral lamina and of the soma

in Rosenthal’s canal. The neural model is illustrated in figure 3.1.

IMATLAB 2018a, The MathWorks, Inc., Natick, Massachusetts, United States
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The first simulation of the eCAP measurement was set up using a single neuron model with two

monopolar point electrodes. The electrodes are aligned along the fibre as seen figure 3.2. The single

fibre response is technically not an eCAP response as the response is not compound and should be

called a single fibre action potential (SFAP). The single fibre response should still give some indication

of the expected responses to neural damage as eCAPs represent a synchronous response of multiple

electrically stimulated nerve fibres. A biphasic, cathodic-first stimulus with a 100 us pulse width

was used in this simulation (figure 3.3). Both the stimulating and recording electrodes were located

0.75 mm above the straight fibre within an infinite homogeneous medium. The stimulating electrode

was placed above node 1 and the recording electrode was placed 20 mm further along the fibre. The

modelling temperature was set at 37°C for all simulations.

Terminal Peripheral axon nodes:
/=10 um /=25 pm
) X ; X X 0.6x  0.4x 0_§§\
4 ¥ X i MEDHE
Node: 1 2 3 4 5 6 7-9

Comp: 1 2 3 / 5 6 7 8 9 w0 11 13-15

Soma:
100 pm  d=30pum 5 pm

- / 500 pm
P X y’

1
10 77 79

Central axon nodes:
[=2.5pum
500 pm

12

Figure 3.1. Illustration of the single ANF model used for simulations, taken from Badenhorst,

Hanekom and Hanekom 2017 with permission.

Stimulating 20 mm Recording
Electrode Electrode
[ Soma {
0.75 mm ﬁ 0.6 mm
37 mm

Figure 3.2. Electrode placement relative to single nerve fibre in the simulation.
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Figure 3.3. Example of a biphasic, cathodic-first stimulus with a 100 us pulse width.
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3.2.2 Population ANF model

An elementary ANF population model was created that contains a population of 101 straight ANFs
(figure. 3.4). The ANFs are uniformly spaced around a semicircle with a diameter of 6 mm that mimics
the curve of the organ of Corti in the basal turn of the cochlea. While this model was not intended
to serve as an anatomically accurate population model, it allowed transverse alignment of electrode
contacts with different fibres in the population instead of the electrodes being aligned along the fibre as

seen in the single fibre model (figure. 3.2).

Recording
Electrode
1
Stimulating , )
Electrode 0.4 Somas 06
0 <
01 L 04
02 w7 02
y 03 = X

Figure 3.4. Illustration of the ANF population model and electrode placement used in simulation.

3.2.3 Models setup

The computational models are based on a system of transmembrane voltage dependent HH-based
differential equations (Hodgkin and Huxley 1952). The computational ANF model includes adjustable
parameters that can used to simulate different types and levels of ANF damage in the model, specifically

the number of myelin layers and compartments to be removed from the modelled nerve fibres.
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3.3 MODELLING NEURAL DAMAGE

Neural damage parameters can be established using either eCAP or eABR measurements, or both as
complimentary measurements. These parameters inform the type and level of damage to the nerve
fibres in a peripheral auditory model. In this study parameters for damage mechanisms were applied to
ANF models, after which electrophysiological measurements of the auditory periphery (eCAPs) were
simulated to evaluate the predicted output from the neural damage model against the expected eCAP

responses.

3.3.1 Damage parameters

The information obtained from a review of available literature concerning eCAP and eABR responses
was consolidated to produce a tabled inventory of the electrophysiological responses that are associated
with each type of neural damage. The combination of these tables and the eCAP damage templates

allow the prediction of eCAP responses to various types and degrees of neural damage.

Table 3.1 shows the effect of neural damage on eCAP responses as reported in the literature. The
effects of ANF demyelination, ANF degeneration and ANF loss on an eCAP response are illustrated in

figure 3.5 atoc.
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Table 3.1. A summary of the qualitative eCAP responses to neural damage in comparison to normal

eCAP waveform responses.

Observed response

References Damage Mechanism

Prolonged N1 latency.

Increased eCAP relative refractory

Ito et al. 2004

Zhang et al. 2017
El-Badry, Ding et al. 2007
Quandt and Davis 1992

periods. (Slower recovery) Kaji 2003 Demyelination
Low and McLeod 1977
Reduced suprathreshold amplitude El-Badry, Ding et al. 2007
Wan and Corfas 2017
Reduced N1 latency at stimulation Schvartz-Leyzac and Pfingst 2016
levels near saturation. Stypulkowski and van den Honert
1984
Lai and Dillier 2000
Shorter eCAP relative refractory Botros and Psarros 2010 Degeneration
periods. (Faster recovery) Smit, Hanekom and Hanekom
2008*
Significantly higher eCAP thresholds He, Shahsavarani et al. 2018; He,
Xu et al. 2020 and Shepherd,
Roberts and Paolini 2004 cited
in Skidmore et al. 2020
Smaller maximum eCAP amplitudes He, Xu et al. 2020 Fibre Loss

Flatter slopes of input-output func-

tions

He, Shahsavarani et al. 2018

(* Based on simulated data)

The template below illustrates the expected eCAP responses to demyelination, degeneration and fibre

loss. The three figures in the template illustrate the expected change of eCAP characteristics such as

latency and amplitude when various ANF damage mechanisms are applied. The solid black waveforms

represent the eCAP response of a healthy nerve, while the coloured lines represent the expected eCAP

response of a damaged nerve.
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Figure 3.5. Template of SFAP and eCAP responses to (a) degeneration (b) demyelination and (c) fibre

loss.
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Table 3.2 shows the relation of eABR responses to neural damage. The effects of ANF demyelination,

ANF degeneration and ANF loss on an eABR response are illustrated in figure 3.6 a to c.

Table 3.2. A summary of the qualitative eABR responses to neural damage in comparison to normal

eABR waveform responses.

Observed response

References

Damage Mechanism

Reduced suprathreshold

Starr, Picton and Kim 2001

amplitudes of waves I-V. Skoe and Tufts 2018
Wan and Corfas 2017

Prolonged wave I latency. Zhang et al. 2017 Demyelination
Ito et al. 2004
Skoe and Tufts 2018

Increased interpeak latency. Rance and Starr 2015

Reduced wave I suprathreshold amp- Liberman and Kujawa 2017

litude.

Prolonged wave V latency. Jerger and Johnson 1988
Skoe and Tufts 2018 Degeneration
Bhattacharyya 2021

Increase in relative wave Rance and Starr 2015

V to I amplitude Hickox and Liberman 2014, Schaette
and McAlpine 2011 and Gu et al.
2012 cited in Verhulst, Bharadwaj et
al. 2015

No eABR can be elicited: cochlear Han et al. 2019

nerve aplasia.

Higher thresholds in eABRs: coch- Yamazaki et al. 2015

lear hypoplasia

Reduced eABR Wave I amplitudes  Furman, Kujawa and Liberman 2013, Fibre Loss
Stamper and Johnson 2015 and
Schaette and McAlpine 2011 cited
in Verhulst, Jagadeesh et al. 2016

Reduced eABR Wave V amplitudes  Di Stadio et al. 2019
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The template below illustrates the expected eABR responses to demyelination, degeneration and fibre
loss. The three figures in the template illustrate the expected change of eABR characteristics such as
latency, interpeak latency and amplitude when various ANF damage mechanisms are applied. The solid
black waveforms represent the eABR response of a healthy nerve, while the coloured lines represent

the expected eABR response of a damaged nerve.
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Figure 3.6. Template of eABR responses to (a) degeneration (b) demyelination and (c) fibre loss.
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3.3.2 Applying ANF damage to models

Both the single fibre model and simplified ANF population model were evaluated as predictors of
the neural response to ANF damage as observed in electrophysiological measurements established
in the literature. Only the population model could be evaluated as a predictor of the effects of fibre

loss.
3.3.2.1 Demyelination simulation

Demyelination of the AN was simulated by reducing the ANF’s dendrite and axon myelin layers
to examine the effect on the eCAP. The ANF consisted of six unmyelinated dendritic nodes, six
myelinated dendritic internodes with 40 layers of myelin, three pre- and one post-somatic unmyelinated
compartments, an unmyelinated soma, 69 central axon nodes and 69 myelinated central axon internodes
with 80 layers of myelin. All unmyelinated sections were simulated with a single layer of myelin,
except for the soma, which had three layers (Rattay, Lutter and Felix 2001). In the demyelination
simulations the dendrite myelin layers were reduced from 40 to 37 and then 34. When myelin was
reduced to less than 34 layers, an action potential was triggered in the nerve fibre, but could not
propagate along the nerve. The axon’s demyelination was applied by removing 20 layers incrementally

to reduce the myelination from 80 to 40 layers.
3.3.2.2 Degeneration simulation

Neural degeneration was simulated by progressively removing compartments from the dendritic end
of the nerve fibre. The location of the electrode relative to the fibre terminal affects the stimulation
intensity required to elicit a response. Since the electrode location was fixed over node 2, systematic
truncation of the nerve fibre resulted in progressively higher stimulation intensities required to generate
responses in the nerve fibres. Both ANF degeneration and stimulus intensity affect eCAP amplitude
and latency. To isolate and best display the effect of ANF degeneration on eCAPs, it was necessary to
select a range of fibre truncations which allow neural excitation at the same stimulation intensity for

the simulations in this section.
3.3.2.3 Fibre loss simulation

Partial ANF loss can be the result of either a congenital condition or severe neural degeneration. In a

modelling context, fibre loss can be implemented through the selective removal of ANFs.
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3.4 EVALUATING THE SINGLE FIBRE NERVE MODEL AS A PREDICTOR OF NEURAL
RESPONSE TO ANF DAMAGE.

The effects of the gradual demyelination and degeneration of the single nerve fibre modelled in

MATLAB are presented below.

3.4.1 Demyelination: single fibre

The effects of demyelination of the dendrite, the axon and both the dendrite and axon were investigated.
Figure 3.7 illustrates the effects of (a) demyelination of only the dendrite and (b) only the axon
on the SFAP. Both the axon and dendrite demyelination follow the same trend as that of full fibre

demyelination, as illustrated in figure 3.8.
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Figure 3.7. Demyelination of the (a) dendrite and (b) axon of a single ANF, illustrating varying

degrees of increased latencies and RRPs, and reduced amplitudes of the SFAP response.

All three of these modelled ANF SFAP responses to demyelination displayed the expected increased

latencies, RRPs, and reduced amplitudes varying degrees.
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Figure 3.8. Demyelination of the full neural length of a single neural fibre, also illustrating increased

latencies and RRPs and reduced amplitudes of the SFAP response.

3.4.2 Degeneration

Figure 3.9 shows the SFAP response to the neural degeneration up to the seventh, ninth and eleventh
neural compartment at stimulation near saturation. These three truncations all generated neural
responses at the same stimulus intensity, so that SFAP latency and amplitudes may be compared. The
single fibre model predicts a negligible latency reduction in response to fibre degeneration. The cO
value referred to in the legend of figure 3.9 indicates the compartment at which the neural fibre starts.

Thus, for cO =7 the first 6 compartments of the fibre are removed etc.
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Figure 3.9. Figure illustrating the effect of degeneration in a single fibre’s AP response.
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3.4.2.1 Compound damage

Compound damage to the ANFs was simulated by gradually removing myelin layers from the ANFs

while progressively degenerating the fibre.

Figure 3.10 shows the SFAPs in response to neural degeneration and demyelination of the full nerve
fibre. The results show the truncation of six compartments, with no myelin damage; the truncation of
eight compartments with 37 layers of dendrite myelin and 60 layers of axon myelin; and finally the

truncation of ten compartments with 34 layers of dendrite myelin and 40 layers of axon myelin.
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Figure 3.10. Total single fibre degeneration and demyelination.

From the compound damage response, it seems that one of the damage mechanisms will dominate the
overall SFAP response. The negligible effect of degeneration in the single fibre model is maintained
when compound damage is applied so that the SFAP response is dominated by demyelination which is

characterised by increased N1 latency.
3.4.2.2 Fibre loss

The effects of fibre loss could not be modelled for a single fibre model. The simplified population

model was used to investigate the effects of fibre loss.

3.5 EVALUATING THE NEURAL POPULATION MODEL AS A PREDICTOR OF NEURAL
RESPONSE TO ANF DAMAGE

The effects of the gradual demyelination, degeneration and fibre loss of the MATLAB neural fibre

population model are presented below.
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3.5.1 Modelling ANF population damage

A single fibre action potential is not a true eCAP, as it only reflects the activity of one neuron. To
simulate a true compound action potential, an ANF population is required. The placement of the
electrode relative to the nerve will also affect the generated eCAP. In a single fibre model there is no
population for the electrodes to be placed relative to, and as a result the recording electrode is placed a
few compartments down from the stimulating electrode on the single nerve fibre. Figures 3.11 and

3.12 illustrate the two possible electrode placements.

Figure 3.12. Electrode placement across nerve fibres.
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The effect of these electrode placements on population eCAP responses to fibre degeneration can be
seen in figure 3.13. The images demonstrate how important realistic electrode placement is to the

eCAP modelling process.

Recorded Potential (nV)
Recorded Potential (1:V)

0.8 0.9 1 11 1.2 0.7 0.8 0.9 1 11 1.2 1.3
Time (ms) Time (ms)

@ (b)

Figure 3.13. The effect of electrode placement on neural population eCAP responses to degeneration.
The figure shows the eCAPs as recorded by electrodes placed (a) along and (b) across the nerve fibre

population, as illustrated in figures 3.12 and 3.11.

The improved accuracy of the AP generation as a result of the spacial separation of the fibres in the
population model provided a closer approximation to measured compound action potentials than that
of the single fibre model. The recording electrode was placed at the boundary of the population, over
node 2 of fibre 100. The stimulus electrode was placed approximately in the middle of the population,
over the second node of fibre 51 (Fig. 3.4). A biphasic, cathodic-first stimulus with a 25us pulse width
and IPG of 8us was used in these simulations. The modelling temperature was again set at 37°C for
all simulations. A two-pulse forward masking technique was used for artefact reduction in the eCAP

simulation.
3.5.1.1 Demyelination

The effects of demyelination of the dendrite, the axon and both the dendrite and axon of the entire
ANF population were investigated. Figures 3.14(a) and 3.14(b) illustrate the demyelination of the
dendrites and axons respectively. Figure 3.15 illustrates the effect of demyelination of both the dendrite
and axon. All three scenarios follow the same trend. The eCAP latencies and amplitudes predicted
by the single fibre model and population model cannot be directly compared, as the placement of

the stimulation and recording electrodes differs between the models. However, both models show an
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increase in latency and relative refractory times, as well as a minor reduction in eCAP amplitude with

increasing demyelination, which is consistent with the literature (see table 3.1).
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Figure 3.14. The eCAP response of a population of nerve fibres after various levels of demyelination
were applied to the nerves’ (a) dendrites and (b) axons, demonstrating increasing latencies and RRPs

and decreasing amplitudes as demyelination increased.
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Figure 3.15. The eCAP response of a population of nerve fibres after various levels of demyelination
were applied to the full neural length, demonstrating increasing latencies and RRPs and decreasing

amplitudes as demyelination increased.

3.5.1.2 Degeneration

Figures 3.9 and 3.16 show the eCAP response to the neural degeneration of up to the seventh, ninth

and eleventh neural compartments at stimulation near saturation. The population model predicts
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the expected reduction in eCAP latency with increased degeneration of the fibre model, though the

reduction predicted for the single fibre model is almost negligible.
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Figure 3.16. Figure illustrating the effect of degeneration in a ANF population’s eCAP response.

3.5.1.3 Fibre loss

Fibre loss can only be modelled in a population model. Although different configurations of fibre
loss may be possible, in this simulation fibre density was uniformly reduced over the population. The
model predicts the expected reduction in amplitude, as fewer fibres contribute to the eCAP. Fibre loss
seems to affect the eCAP latency with shorter latencies predicted for fewer fibres for this particular
simulation setup. However, the exact manner in which the latency is affected may depend on the

specific configuration of fibre loss.
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Figure 3.17. Fibre loss population.

3.5.1.4 Compound damage

Compound damage to the ANFs was simulated by gradually reducing myelin layers from the ANFs
and simultaneously degenerating the fibre incrementally. Figure 3.18 shows the eCAPs in response to

neural degeneration and demyelination of the full nerve fibre.
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Figure 3.18. Total population degeneration and demyelination.

From the predictions from both the single fibre and population models’ response to compound damage,

it is evident that a single mechanism dominates the eCAP response. In the population model the
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effect of compound damage on the eCAP response is dominated by degeneration, characterised by
reduced N1 latency, faster recovery and an increase in the eCAP amplitude. The increase in amplitude
may reflect increased excitability of the ANFs as a result of dendritic degeneration (Si¥kovi et al.
2014). This response contrasts with the response of the single fibre model to compound damage, where
demyelination appears to be dominant. This suggests that the electrode and nerve fibre configuration of
the model used to predict eCAP responses is an important factor to consider, as the model configuration

may emphasize a specific damage mechanism.

The predominance of a single damage mechanism in the compound damage response can be seen in
the separate damage simulation setups as well. Table 3.3 illustrates the average latency difference

between population demyelination and degeneration.

Table 3.3. Comparison of population model eCAP N1 Latency: Degeneration vs Demyelination.

Nerve Fibre Condition N1 Peak Latency

Latency (us) Difference (us)

Degeneration of 6 compartments (c0 = 7) 829
Degeneration of 8 compartments (c0 = 9) 808 21
Degeneration of 10 compartments (c0 = 11) 778 30

Demyelination (Dendrite 40 layers, Axon 80 layers) 1057
Demyelination (Dendrite 37 layers, Axon 60 layers) 1073 16
Demyelination (Dendrite 34 layers, Axon 40 layers) 1075 2

The results shown in the table above demonstrate that the magnitude of the latency shifts or differences

produced by degeneration in the eCAP is larger than those generated by demyelination.

3.6 DISCUSSION

This section of the study evaluates the prediction of various damage mechanisms and subsequent
electrophysiological responses by computational models by comparing the model responses to what is
reported in the literature . The models predict eCAP responses to three types of neural damage and a
combination thereof to provide a basis for including appropriate neural damage when modelling the

auditory periphery for diagnostic purposes.
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3.6.1 Factors which influence model accuracy

Two models were implemented, a single fibre model and an elementary population model suitable
to be adapted for integration in volume conduction models. The orientation of the stimulating and
recording electrodes relative to the peripheral fibre terminal proved important. In the single fibre model
the recording electrode was placed over the central process of the fibre. However, the simulations show
that degeneration affects the initiation of the action potential at the periphery where the damage is
inflicted rather than the subsequent propagation of the action potential. For this reason it is necessary
to place the recording electrode in the proximity of the dendrite. The single fibre model proved more
sensitive to demyelination than degeneration when subjected to combined damage, in contrast to the
population model’s response. The single fibre model was used to investigate the suitability of this
neural model to predict neural responses to ANF damage. The single fibre predictions demonstrated
the damage mechanisms from literature. Since the modelling setup for the single fibre model does
not correspond to the anatomical placement of electrodes in a cochlea, the predictions by the model
are not suitable to represent complex eCAP responses or combined damage scenarios. Therefore, a

population model has to be used when investigating person-specific AN damage.

3.6.2 ECAP response to damage

Degeneration of the ANFs caused shorter latencies and faster eCAP recovery functions. In both models
demyelination of the nerve fibres resulted in delayed N1 latencies and reduced amplitudes. Combined
degeneration and demyelination of the nerves showed that the eCAPs generated by the population
model proved more sensitive to the neural degeneration than the demyelination. The latency changes

are more profound for ANF degeneration than demyelination (Table 3.3 on page 46).

These eCAP responses can be used to analyse measured eCAP responses and might allow conclusions
as to the subject’s cochlear neural health. Reduced suprathreshold amplitudes combined with prolonged
N1 latency of the eCAP response would indicate demyelination of the measured ANFs. Demyelination
would present a prolonged wave I latency, increased inter-peak latencies and reduced suprathreshold
amplitudes in eABR measured waveforms. ANF degeneration is indicated by reduced N1 latency, faster
relative refractory period in eCAPS as well as increased wave latencies, reduced wave I amplitudes and
an increased relative wave V/I amplitude of eABR measured waveforms. ANF loss is characterised by
reduced suprathreshold eCAP and eABR amplitudes in cases of hypoplasia. In cases of severe fibre

loss, it may be impossible to evoke eCAP and eABR waveforms.
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3.6.3 Application of the findings

Using these findings to establish a reliable and consistent protocol for determining the type and extent
of AN damage would allow the development of better user-specific model-based diagnostics. From
this study a method to include rudimentary user-specificity to the neural component of a computational

model of the auditory periphery may be proposed.

(1) Measure the eCAP (and the eABR) response for all active electrodes.

(2) Identify whether degeneration, demyelination or fibre loss dominates the neurophysiolo-
gical response for the ANF population targeted by the stimulating electrode.

(3) If demyelination was identified as the primary neural damage mechanism, select and apply
initial demyelination parameters to the ANF population in the proximity of the stimulating
electrode. Two parameters are associated with demyelination: the number of myelin layers
lost on the dendritic section of the fibre and the number of myelin layers lost on the axonal
section of the fibre. Conversely, if degeneration was identified as the dominant damage
mechanism, select and apply an initial degeneration parameter to the ANF population in
the proximity of the stimulating electrode. The parameter associated with degeneration is
the number of internodal dendritic sections that are truncated from the fibre model. If fibre
loss was indicated, remove nerve fibres from the modelled population.

(4) Adjust the damage parameters to reflect trends in latency across electrodes. Note that the
level of correspondence between measured and predicted eCAPs may intrinsically depend
on the modelling setup, e.g. the level to which the geometry of the model reflects the
anatomy of the cochlea in which the measurements were taken, the number and distribution
of neurons in the model, and the location and orientation of the electrodes relative to the

neurons.

3.7 CHAPTER OVERVIEW

This chapter provides a consolidated overview of the present state of knowledge about the interpretation
of eCAP and eABR measurements to qualify the health (demyelination and degeneration) and survival
(fibre loss) of ANFs. This qualification is necessary to formulate an approach to include the status
of the ANFs in computational models of the auditory periphery. It was shown that the sensitivity
of eCAP predictions to specific mechanisms of neural damage is affected by the relative orientation

of the stimulating and measurement electrodes in the model. A model where the stimulating and
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measurement electrodes are aligned in the same dimension along the length of a single fibre is
not sensitive to degeneration and is thus not an appropriate model to support adjustment of model
parameters to reflect neural health. This implies that at least two dimensions are required to allow
placement of the stimulating and measurement electrodes perpendicular to the peripheral processes of
the fibres thereby preserving the relationship between measured and modelled eCAPs. A method is
proposed for the systematic implementation of user-specific neural damage in CI models. This method

needs to be validated in in vivo studies with CI users.
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ELECTROPHYSIOLOGICAL TESTING
AND PERSON-SPECIFIC
MODELLING

4.1 CHAPTER OVERVIEW

This chapter provides an overview of the methodology used for the clinical experimental procedure as
well as the subsequent modelling process. Section 4.2 describes the setup of all necessary hardware
and software used to obtain the clinical eCAP and eABR measurements. Section 4.3 describes the
process used to generate and incorporate the ANF model geometry into a 3D VC cochlear model.
This section also describes how the voltage outputs generated by the 3D model are adapted to be
used as input to the time-dependant ANF model in Matlab. Section 4.4 provides an overview of the
technique for generating eCAP waveforms using user-specific voltage inputs obtained from the 3D
model. Section 4.5 outlines the procedure used to determine electrode-to-modiolus distances using the

user’s CT scans. A summary is presented in section 4.6 which concludes this chapter.

The electrophysiological results measured during the clinical session were analysed for the damage
characteristics of the different damage mechanisms identified from the literature. These results were
then compiled into a damage profile for the CI user, indicating which sections of the auditory nerve

might have ANF degeneration, ANF demyelination, or ANF loss.

Using the CI user’s CT scans a person-specific cochlea and auditory nerve model with the implanted

electrode array was then generated using the University of Pretoria Bioengineering Group’s existing
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model generation software. The VC cochlear model provided the potential distribution at the neural

tissue which was used as input for the user’s computational auditory neural model.

The computational model was used to predict eCAP responses to stimuli. The damage profile de-
termined from clinical measurements was then applied to the corresponding locations within the
computational auditory nerve model. The model was subsequently used to examine the effect of
the damage applied to the nerve on the predicted eCAP responses. The relation of both the dam-
aged and healthy eCAPs predicted by the model to the clinical eCAP measurements could then be

examined.

4.2 EXPERIMENTAL DESIGN: ECAPS AND EABRS

The aim of this section of the study was to evaluate the health and survival of the auditory nerve
of a specific CI user by conducting electrophysiological measurements. This study consists of two
risk-free, standard electrophysiological tests. These tests measure eCAPs and eABRs, which reflect
person-specific information about the auditory nerve’s reaction to electrical stimulation from the CI,

which in turn is used to determine the auditory nerve’s health and survival.

The CI user who participated in these clinical measurements has a Cochlear Nucleus CI512 cochlear
implant in the right cochlea. The implant includes a receiver, which obtains and decodes the electrical
signal from the sound processor, a stimulator and a perimodiolar electrode array that transmits the
signal to the cochlea. This cochlear implant is used to measure eCAP responses from the auditory
nerve. The CI system delivers an electrical pulse to a specific intracochlear electrode and records the
evoked auditory neural response at a nearby electrode. After the potentials have been measured, they

are analysed by the system’s programming interface.

4.2.1 ECAP measurements

The eCAP measurements for this study were conducted using the AutoNRT algorithm, which was
originally designed to determine the eCAP threshold current level (T-NRT). The acronym NRT used by
CustomSound refers to Neural Response Telemetry which describes the measurement of the compound
action potential of the distal portion of the auditory nerve (eCAP) in CI users. The algorithm is
divided into two logical phases: an ‘ascending series’ and a ‘descending series’. The ascending series
measures NRT at rising current levels until the programmed expert system detects an eCAP. The

descending series then performs NRT measurements at decreasing current levels with smaller step
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sizes to determine the threshold more precisely. The algorithm then provides all eCAP measurements,
as shown in figure 4.1, which may be analysed to assess the potential types and severity of damage to
the user’s ANF population. The stimulus levels used to evoke the eCAP responses are selected by the
algorithm and may vary among electrodes.
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Figure 4.1. CustomSound EP AutoNRT eCAP outputs for electrode 22.

Table 4.1 shows the AutoNRT stimulus and recording parameters for the AutoNRT measurements on

all electrodes.
4.2.1.1 Protocol for eCAP measurements:

This section describes the protocol used to measure eCAPs during the experimental session for this

study.

1. Connect the sound processor to the Programming Pod via the USB cable.

2. Connect the Programming Pod to the computer that is running the Custom Sound EP
programme.

3. Select the recipient and implant in CS-EP.

4. Run an AutoNRT series for all electrodes.

The external processor of the cochlear implant stimulates each electrode in the implanted electrode array

in turn. For each electrode an AutoNRT threshold and eCAP measurement is taken by compounding
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Table 4.1. Table Of AutoNRT Parameters.

AutoNRT Parameters Value
Probe indifferent electrode: MP1
Masker indifferent electrode: MP1

Recording indifferent electrode: MP2

Masker active electrode: Probe active electrode
Recording active electrode: Probe active electrode +2 Offset
Masker current level: Probe current level + 10 Offset
Probe stimulation rate (Hz): 80

Probe pulse width (us): 25

Masker pulse width (us): 25

Gain (dB): 50

Delay (us): 122

Artefact cancellation technique: ~Forward masking

the measured response from all the other electrodes in the array. No feedback needs to be provided by

the user, as measurements are taken automatically.

4.2.2 EABR measurements

EABRs are used to assess hearing thresholds by measuring the synchronous neural fibre activity along
the auditory pathway. The eABR measurements require three surface electrodes to be attached to the
skin. A ground electrode is attached on the mastoid or low on the forehead on the ipsilateral side to the
ClI, a positive electrode is attached to the forehead and a negative electrode to the contralateral mastoid
as shown in figure 4.2. The implanted electrode array applies the stimulus to the user’s cochlear nerve,
and the three surface electrodes are then used to measure the eABR evoked by the stimulus. This
procedure also requires no feedback from the participant, as the eABRs are an objective measurement
of an elicited response. The eABR machine used in this study was the Interacoustics Eclipse AEP. The

hardware setup for the eABR measurements is illustrated in figure 4.3.
4.2.2.1 Protocol for eABR measurements:

This section describes the protocol used to measure eABRs during the experimental session for this

study.
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14.

. Attach electrodes to the forehead, lower ipsilateral forehead and contralateral mastoid.

. Connect the Pod to the computer and CI processor.

. Connect the trigger cable to the Pod and the EP system.

. Switch the pod to ‘trigger’.

. Run EP acquisition software on the EP machine.

. Select an external, positive-edge trigger.

. Set up the recording screen to show the running average.

. Set up Custom Sound EP (CS-EP) software on the computer and connect to the processor.
10.
11.
12.
13.

Configure the eABR stimulation screen in Custom Sound.

Start recording on the EP machine.

In CS-EP software, check triggering and then start eABR.

Take note of the stimulus level and electrode number selected in the CS-EP software for

each measurement.

. Apply electrode gel to the skin and scrub the area to prepare the skin for electrode attachment.

A qualified audiologist identifies and indicates the eABR peaks on the measured waveforms.

—\

Figure 4.2. Electrode placement for eABR measurements of neural response to stimulation by a CI

implanted in the user’s right ear.
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Figure 4.3. Hardware setup for eABR measurements.

4.3 DEVELOPMENT OF A PERSON-SPECIFIC AUDITORY NERVE MODEL

To aid the analysis of the clinical eCAP results, a user-specific three-dimensional (3D) VC model of
the cochlea, electrode array, and auditory nerves of the CI user was used. The model provides a means

of testing the effect of the theorised auditory neural damage on eCAP responses in simulation.

The University of Pretoria Bioengineering Research Group focusses on user-specific modelling of the
human cochlea (Hanekom 2001; Malherbe, Hanekom and Hanekom 2015). The group’s models are
three-dimensional (3D), finite element VC models that are integrated with neural models to predict
the current distribution within the cochlea and subsequent neural excitation as a result of stimulation
(Hanekom and Hanekom 2016). The model construction entails the generation of 3D geometric
entities based on anatomical measurement data from CT scans. After the model’s geometry is created,
electrical tissue properties are applied. Additionally, electrodes are added to the model, with their
location determined by the user’s cochlear CT scan measurements. The model may then be utilised to

examine the response of the cochlea and AN to applications of stimuli by the electrodes.
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4.3.1 Person-specific model generation

A CT scan for the CI user taken in April 2022 was obtained. The scan was then orientated and re-sliced
to present a view of the cross-section of the cochlea from the side at every angle. Set points on the CT
scans, as shown in figure 4.4, were then measured at every five degrees and compiled to a file which
was used to generate the 3D model of the cochlea in COMSOL (COMSOL Multiphysics® 2020) using
Bioengineering’s existing model generation software. The nerve and cochlear trajectories used in the
generation of the 3D model can be seen in figure 4.5. A surface which represents the geometric space
that the auditory neurons occupy was then added to the cochlear model and assigned neural tissue

properties.

Figure 4.4. Landmark point measurements taken at every 5° of the CT scans.
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Figure 4.5. Overlay of the trajectories of the auditory nerve and cochlear channels on the CT scan.

In COMSOL, the 3D VC-model of the person-specific cochlea was then placed in a generic head model.
The VC model’s function was to calculate the potential distribution within the cochlea as a result
of a current injected by a stimulating electrode. The electrode array was included in the VC model,
with electrode 1 located at the most basal end of the cochlea and electrode numbers ascending to the
cochlear apex. The potential distribution that served as input to the neural model was calculated on a
plane in the neural volume. The position of the neural plane relative to the cochlea can be seen in figure
4.6 and neural plane with superimposed fibre trajectories can be seen in figure 4.7. The colour map
used in the figures below depicts the relationship between the colours and the electric potential values
in the VC model, with red representing the highest potential values and blue representing the lowest.

The dark red area on the neural surface indicates the position of the stimulating electrode.
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Surface of
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Figure 4.6. Placement of the neural plane in relation to the cochlear structure with open spaces
indicating the trajectory of the electrode array. The image illustrates the electric potential across the

cochlear structure and neural surface when a stimulation current is applied through electrode 6.
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Figure 4.7. The auditory neural surface generated in the COMSOL model illustrating calculated
potentials used as input to the neural model. This image illustrates the electric potential across the

neural plane when a stimulation current is applied through electrode 6 as well as the fibre trajectories.
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4.3.2 Application of person-specific model: ANF model input

A current of 1 A is injected sequentially via each electrode in the cochlear model. The voltage at
discrete coordinates in the VC model is then calculated and output as text files. The use of the 1
A current means that the voltage at the coordinates also represents the resistance at the coordinates
relative to the stimulating electrode, which in a purely restive model implies that a scaling factor can

be used to calculate potential distributions at other other stimulus intensities.

The COMSOL model was used to generate a set of discrete coordinates with voltage values, like the
set illustrated in figure 4.8, for each of the 22 electrodes in the electrode array. The colour map used in
the figures below again depicts the relationship between the colours and the electric potential values,

in this scale yellow represents the highest potential values and blue represents the lowest.

%10

Z(m)

1.74

1.68

Y(m)

Figure 4.8. Figure illustrating voltages for 1 A stimulation with electrode 1 at discrete coordinates

from COMSOL output. The colour bar is used to indicate the relation between colour and voltage.

Because a static solution is provided by the VC model for the potential distribution in the nerve plane
and because the location of the finite element nodes did not necessarily correspond to the location

of the nodes of Ranvier in the neural model, the output of the VC model had to be manipulated to
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construct the time-dependent input for the ANF population model. This was necessary for eCAP

generation. The procedure is outlined below.

%107

(a)

%107

Y(m)

X(m) %10

(b)
Figure 4.9. Original points at coordinates exported by COMSOL with (a) showing the side view of

the coordinates and (b) showing the top view.

The following section explains in detail how the VC model output provides input to the ANF model.
The discrete points output by COMSOL, as shown in figure 4.9 had to be differentiated into individual

fibre trajectories every 5°. This was done by converting the Cartesian coordinates to cylindrical
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coordinates and identifying all the points with theta values at multiples of 5°. The separated fibre
trajectories had varying numbers of points per fibre and were then interpolated to have 459 points per

fibre. The resulting population of 105 separated fibres are shown in figure 4.10

%1078

Z(m)

x10®

X (m) x107°

(b)
Figure 4.10. Original coordinate points differentiated into individual fibre trajectories at every 5°, with

(a) showing the side view of the trajectories and (b) showing the top view.

The placement of the somas, dendritic compartments and nodes of Ranvier on the ANF trajectories

could then be determined.
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The first step was to determine the soma position on each fibre. This was done by developing an
equation, shown below as (4.1) to identify the fibre trajectory point closest to the expected soma
position on each fibre.

soma position = fibre nr x (—0.57) + 110 4.1)

Z (107 3m)

1 .
2 ——
0 T . ,

. ] -2 _.
Y (1073 m) 2 X(107*m)

Figure 4.11. Placement of somas on the fibre trajectories.

The assigned soma positions can be seen in figure 4.11. On each fibre, the distance between the
dendritic terminal and the soma position could then be calculated. This distance is used to calculate the
value of x, which is a factor used to scale the dendrite internodal distances. The internodal distances
were then used to derive the dendritic compartment coordinates, as presented in Kalkman, Briaire,

Dekker et al. (2014).

The length of the axons of fibres was determined by calculating the distance between the somas and
the axon terminals in the model. The maximum number of Ranvier nodes that could be placed on the

axons was then determined. The coordinates of the axon compartments could then be calculated using
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the ANF trajectories and the maximum number of Ranvier nodes. All nerve fibres were assigned the
same number of axonal nodes, based on the minimum number of nodes assigned to any fibre in the

population.

In this study, nodes refer to the nodes of Ranvier along the fibre. A compartment is a modelling unit
that represents a section of the nerve fibre which may be a node or an internodal myelinated section of
the fibre, as illustrated in figure 3.1. The coordinates of the centres of the compartments on all fibres in

the population are indicated on the fibre trajectories shown in figure 4.12.
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Figure 4.12. Coordinates of the centres of compartments on all 105 fibres.
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The voltages along the fibre-trajectories in combination with the calculated coordinates of each
compartment were then used to interpolate the voltage values at all compartments. This was done for
all fibres, for each of the 22 electrodes. The voltage values for electrode 1 are illustrated in figure

4.13.

Z(1073m)

Y(103m) X (10~3m)

Figure 4.13. A visual representation of the voltage values at the centre of each compartment in

response to stimulus by electrode 1, which is located at the most basal end of the cochlea.
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Figure 4.14 shows a contour plot of the voltage distribution over the ANFs for stimulation from

electrode 16.

Electrode 16 . 1ot

Compartment Position

10 20 30 40 50 60 70 80 90 100
Fibre Nr

Figure 4.14. A contour plot of the voltage distribution, indicating compartment positions to stimulus

by electrode 16

Due to the fact that these values were generated by a 1A stimulus, Ohm’s law states that the voltage
is equal to the resistance values of each fibre compartment in relation to each electrode. As a result,
an R-matrix was created, which is a 4-dimensional matrix that contains the resistance between each
electrode and each fibre compartment. It was then possible to use the generated R-matrix independently
from the VC model. The R-matrix could be used to calculate the potential at each compartment for
each fibre in response to various time-dependent stimulus types and intensities. The compartment
potentials could be calculated by multiplying the time-dependent current by the R-matrix resistance
values for each compartment, as shown in (4.2), where e is the electrode number, f the fibre number,
and ¢ the compartment number. The potential at each compartment in response to time-dependent

stimulus was used as input for the computational ANF population model.

Vielt) =Y RS . < I°(1) (4.2)
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44 ECAP SIMULATION

The time-dependant potential distribution, as derived in the previous section was used as input to the
ANF population model. The ANF model could predict whether or not any specific time-dependent
stimulus would excite a fibre or a portion of a population of fibres and produce propagating action

potentials (APs), hence enabling the simulation of eCAPs.

Both the measured and predicted eCAPs used the forward-masking artefact rejection paradigm as well

as having the recording electrode be the stimulating electrode +2.

The eCAP calculation used by the computational model is based on the so-called backward problem,
which is based on the premise that sum of the currents from each compartment constitutes a small
source current which is used in conjunction with the R-matrix values to determine the resultant potential

at the recording electrode.

The first step in calculating the eCAP responses was to determine the compartmental current at each
compartment of a fibre. The R-matrix values are then used to calculate the potential at the recording
electrode for the compartmental current. The SFAP is then determined as the sum of all compartmental
potentials. The simulated population action potential of the auditory nerve at the recording electrode is

then calculated by adding the SFAPs of all fibres in the nerve model.

The damage profile was applied to the computational model by removing myelin layers, neural
compartments or entire nerve fibres form the nerve. The model could then predict the eCAP responses

of the damaged auditory nerve to stimulation from each electrode.

4.5 ELECTRODE-TO-MODIOLUS DISTANCE CALCULATION

The distance between the electrodes and the modiolus of the cochlea is one of the factors that influence
the generated eCAP response and must therefore be considered when analysing the clinical and
model-predicted eCAPs. According to reports in the literature, as the distance between the modiolus
and electrodes increases, so does the ECAP threshold (Lee et al. 2020; Wermeskerken, Olphen and
Graamans 2009). The electrode-to-modiolus distances for this study were measured on the CT scans
of the user’s cochlea. The distances were measured manually from the centre of each electrode to the

centre of the modiolus, as illustrated by the yellow arrow in figure 4.15.
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Figure 4.15. Measurement of electrode to modiolus distance for electrode 1.

4.6 CHAPTER SUMMARY

This chapter provided an overview of the methods used to conduct the clinical measurement and
person-specific modelling components of this study. Two separate methods were described: the clinical
experimental procedure and the method used to construct the user-specific model. The hardware setup
for the clinical measurements are described along with the software used and the types of results
measured. A description of the method used to generate an ANF trajectory in COMSOL which is
integrated with the cochlear model is given. The procedure of converting the COMSOL model’s
predicted output values to the potential at each compartment in response to time-dependent stimulus
that can be utilised as input for the Matlab neural population model, and subsequent eCAP modelling
process is detailed in this chapter. A method for measuring the distance between electrodes and

modiolus is also provided.
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5.1 CHAPTER OVERVIEW

This chapter presents and interprets the results obtained throughout this study. In section 5.2 the
eCAP measurements obtained during the clinical measuring session are presented and discussed. In
section 5.3 important data points from the raw eCAP measurements are interpolated or extrapolated
to the same levels to allow comparison of eCAP values across all electrodes. In section 5.4 the
eABR measurements obtained during the clinical session are presented and interpreted. Section 5.5
discusses the predicted firing pattern of the fibres contributing to each electrode in the model. The
eCAPs predicted by the user-specific model are presented in section 5.6 to illustrate the effect of neural

damage. In section 5.7 a summary of these results is presented, which concludes the chapter.

5.2 CLINICAL ECAP MEASUREMENTS

During the clinical measurement session, AutoNRT measurements were taken for the CI user. To
compare the eCAP generated at the same stimulation levels, the graphs were compiled to single
figures to compare latency and amplitude values and subsequently determine possible neural damage.
Stimulation levels for the AutoNRT measurements were set in current levels (CLs). Each figure
illustrates the eCAP graphs at a specific stimulation level and the accompanying table contains the
N1 and P1 peak values for the graphs, as identified by the CustomSound software. It is important to
note that the AutoNRT protocol could not record any eCAP responses from electrodes 1 and 2 which
are located at the most basal point of the CI user’s implanted electrode array. This means that no
conclusions regarding the health and survival of the nerve fibres contributing to electrodes 1 and 2
could be drawn, as no eCAP waveforms were available for examination on those electrodes. The CI
user has had explantation and reimplantation surgery in the studied cochlea, which might have caused
damage to the most basal part of the cochlea and round window, possibly resulting in the absence of

eCAP responses.
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5.2.1 AutoNRT measurements at various stimulation CLs.

The eCAP measurements in this study were taken at different levels for all electrodes in the implanted
array. When the stimulus level at which an eCAP is evoked is increased, the eCAP amplitudes increase
and the latencies decrease, and as a result, eCAP responses had to be compared at the same stimulation
level to compare amplitude and latency values directly. Electrode responses which were measured
at the same stimulation levels were grouped into figures to allow direct comparison. The AutoNRT
algorithm measures the stimulation applied by the electrodes in clinical current level (CL) units. One

CL is equivalent to 0.176 dB (relative to 1 ttA).

The waveforms were overlaid in the same figure to allow comparison of amplitude and latency values.
Ideally, eCAPs measured for all electrodes should be compared, but due to the stimulus levels selected
by the AutoNRT algorithm, this was not possible. Stimulus levels where the greatest number of
electrodes elicit a response allow for the broadest range of comparison. The figures are listed in
descending order according to the number of electrodes that elicited a response at a stimulus level. The

eCAP measurements could be measured at 199 and 202 CL for six electrodes.

The AutoNRT algorithm identified the latency and amplitude values of both the N1 and P1 peaks.
These values are given in the tables accompanying the figures where each column contains the latency
(us) and amplitude (1 V) values for the specified peak, separated by a comma. These values were
evaluated for indicators of the various damage mechanisms. The findings contributed to the damage

profile prediction.
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Recorded Potential (1.V)

I
1200

I
1400

200 400 600 800 1000
Time (s)
(a)
Electrode | N1 peak values | P1 peak values

3 374.20,-4.39 | 715.80, 14.15
8 423,-2.11 569.40, 8.62
13 325.40,-15.12 | 618.20,9.76
4 276.60,-7.97 | 618.20, 15.94
10 347.20,-1.14 667, 16.43

(b)

——Electrode 3
—Electrode 8
Electrode 11
——Electrode 13
~——Electrode 4

Electrode 10
T 15

1600

Figure 5.1. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 199

CL stimulation.

Department of Electrical, Electronic and Computer Engineering

University of Pretoria

© University of Pretoria

70



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

CHAPTER 5 RESULTS
20 F ——Electrode 8
—Electrode 11
SR Electrode 9
—~15 ——Electrode 7
>=L ) ——Electrode 12
et Electrode 10
S 10 \
c
[0)
IS
5|
E /\
g /
[SE=
D
¢ WK
5
1 1 1 1

1 1 |
200 400 600 800 1000 1200 1400 1600

Time (us)
()
Electrode | N1 peak values | P1 peak values
8 325.40,-7.64 | 715.80, 10.41
11 374.20, -7.32 667, 16.10
7 325.40, -7.32 715.80, 9.76
12 374.20,-5.04 | 520.60, 21.30
(b)

Figure 5.2. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 202

CL stimulation.

The eCAP measurements for 208 and 211 CL were compiled in figures with five electrodes that elicited

a response.
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——Electrode 3
201 ——Electrode 8
Electrode 11
—~ 15F —— Electrode 9
>
3
T 10
g0
S
g o
14
10
-15 B 1 Il I Il 1 Il Il 1
200 400 600 800 1000 1200 1400 1600
Time (us)
(a)
Electrode | N1 peak values | P1 peak values
3 325.40, -6.50 520.60, 17.40
8 374.20, -10.57 667, 8.94
9 325.40,-15.45 | 520.60, 12.36
10 374.20, -7.81 618.20, 22.93
(b)

Figure 5.3. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 208

CL stimulation.
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20

10 - /

-20 -

Recorded Potential (1.V)
o
T

——Electrode 3
——Electrode 8
Electrode 11
—— Electrode 9
——Electrode 10

| |
200 400 600 800 1000 1200 1400

Time (us)
(@
Electrode | N1 peak values | P1 peak values
3 374.20, -11.87 | 520.60, 18.86
8 326.40,-17.73 | 569.40 15.94
9 325.40,-17.40 | 618.20, 15.77
10 374.20, -16.75 | 618.20,27.16
(b)

1600

Figure 5.4. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 211

CL stimulation.

The eCAP measurements for 178, 190 and 193 CL were compiled in figures with four electrodes that

elicited a response.
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10
——Electrode 5
Electrode 6
—— Electrode 15
— 5r —— Electrode 4
S
=
i
2 oF
2
£
g s
g
10 -
"% 2(30 460 600 s(;o 10‘00 12‘00 1450 1&00 18‘00
Time (us)
(a)
Electrode | N1 peak values | P1 peak values
5 227.80, -11.38 667, 1.79
6 374.20, -7.81 667, 5.31
15 374.20, -10.25 715.80, 6.34
4 325.40, -4.55 667,7.16
(b)

Figure 5.5. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 178

CL stimulation.

Recorded Potential (uV)

-10 -

15 -

—— Electrode 5

—— Electrode 6
Electrode 13

—— Electrode 4

0

1 1
1000 1200

200 400 600 800 1400
Time (us)
(a)
Electrode | N1 peak values | P1 peak values
5 325.40,-12.36 | 813.40,7.16
6 276.60, -0.98 471.80,9.76
4 325.40, -5.85 813.40, 9.27
(b)

1
1600 180C

Figure 5.6. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 190

CL stimulation.
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Recorded Potential (1.V)
[

——Electrode 5

—Electrode 3
Electrode 6

—— Electrode 12

1 | | | J
200 400 600 800 1000 1200 1400 1600 1800

Time (us)
(a)
Electrode | N1 peak values | P1 peak values
5 325.40, -12.36 813.40,7.16
3 276.60, -0.98 471.80,9.76
12 327.40, -5.85 813.40, 9.27
(b)

Figure 5.7. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 193

CL stimulation.

The eCAP measurements for 145, 181, 184, 187 and 205 CL were compiled in figures with three

electrodes that elicited a response.
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Recorded Potential (1.V)

-20 -

-25

——Electrode 22
——Electrode 20
—Electrode 21

10 -

15 -

|
1000

|
1400

200 400 600 800 1200 1600
Time (is)
(@)
Electrode | N1 peak values | P1 peak values

22 276.60,-23.91 | 715.80, -2.44

20 325.40,-10.90 | 764.60, 6.18

21 276.60, -3.74 667, 4.55
(b)

1800

Figure 5.8. Measured eCAP (a) graphs and (b) peak values for all electrodes at 145 CL stimulation.
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——Electrode 15
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|
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|
1400

200 400 600 800 1600
Time (us)
(@
Electrode | N1 peak values | P1 peak values

5 325.40, -7.32 764.60, 7.81

14 325.40, -9.11 764.60, 7.48

15 276.60, -4.07 667, 11.06
(b)

|
1800

Figure 5.9. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 181

CL stimulation.
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15
——Electrode 14
~———Electrode 6
10+ ——Electrode 4
S
2
s °
2
A0
™ 200 400 600 800 1000 1200 1400 1600
Time (us)
(@
Electrode | N1 peak values | P1 peak values
14 325.40, -7.32 667, 12.20
6 325.40, -4.39 520.60, 7.81
4 276.60, 10.25 715.80, 5.37

(b)

|
1800

Figure 5.10. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 184

CL stimulation.
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Electrode | N1 peak values | P1 peak values
5 325.40, -4.55 667, 10.57
13 325.40,-1.79 | 618.20, 14.31
(b)

1
1600

|
1800

Figure 5.11. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 187

CL stimulation.
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——Electrode 3
20 - ~——Electrode 7
Electrode 12

Recorded Potential (1:V)

_20 | | | | | | I
0 200 400 600 800 1000 1200 1400 1600 1800

Time (u8)
(a)
Electrode | N1 peak values | P1 peak values
3 325.40,-11.55 | 618.20, 11.87
7 374.20, -8.13 618.20, 19.68
(b)

Figure 5.12. Measured eCAP (a) graphs and (b) latency and amplitude values for all electrodes at 205

CL stimulation.

To identify potential neural damage from eCAP measurements, it is important to have an overview of
all electrodes’ eCAP amplitudes and latencies. All of the indicators of neural damage identified in
the literature are relative values. The reduction or increase of the latency or amplitude values refers
to a relative deviation from the normal latency or amplitude values for a particular individual. To
identify values that deviate from a user’s normal eCAP waveforms, all electrodes must be examined.
However, as shown in figures 5.1 to 5.12, responses at the same stimulus intensity were limited to a
subset of electrodes. To be able to analyse the eCAP response to all electrodes at the same stimulus
level, the relevant values (N1 latencies, P1 latencies, N1 amplitudes and P1 amplitudes) from the raw
eCAP measurements were interpolated or extrapolated to the same levels. A level at 5.5 dB above the
threshold (T) and comfortable (C) stimulation levels determined in the user’s most recent mapping
session was chosen as the interpolation or extrapolation target. The 5.5dB level was chosen as it
allowed a small range for interpolation or extrapolation between or just outside the available data
points. The amplitude and latency data for the original eCAP measurements at 5.5dB above the T and

C levels were interpolated and extrapolated using linear regression.
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5.3 DATA ANALYSIS

To identify outlying data points, prediction bands were added to the data graphs of the interpolated
and extrapolated values. The prediction bands were drawn around the linear regression line for the
data. In statistical analysis, prediction bands are frequently employed to indicate the likelihood that a
data point will fall within the predicted band. It is often used when predictions are based on limited or

noisy data.

In this study, only the N1 amplitude and latency values are examined to determine possible neural

damage. For this reason, only the graphs of the N1 peak values are shown below.

The T and C levels determined by the user’s MAPS were used to establish a reference level to use the
interpolation of the peak data points. The T level is the lowest stimulation current level that evokes a
hearing sensation. The C level is the greatest current level at which a patient can comfortably listen
to the stimulation. "Mapping" refers to the process of programming the CI’s speech processor. The
establishment of the electrical stimulation limits, i.e. T and C levels, for each electrode in the CI array,
are stored in the user’s MAP. The data interpolation and extrapolation was done for all electrodes to
5.5 dBs above the T and C levels. This interpolation and extrapolation was done using the measured
peak-values from the AutoNRT graphs. Both 75% and 90% prediction bands were applied to the
interpolated and extrapolated data points. This allowed the identification of the most probable damage

locations as well as slightly less probable damage locations.

5.3.1 ECAP measurements at 5.5dB above T level

The 90% and 75% prediction bands allow the identification of the 2 and 5 outlier data points, respect-

ively.

The data points that lie outside the coloured prediction bands depict potential outlier values that could
indicate ANF damage. The data points above the prediction band denote an increase in the relevant
eCAP characteristic, such as amplitude, while the data points below the prediction band denote a
decrease in the characteristic. These data points indicate that the nerve fibres which contribute to the
electrodes at which outlier values are identified could possible have been affected by a correlating
damage mechanism. These possible damage types and locations are used in the compilation of the

ANF damage profile for the user.
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5.3.1.1 90% Prediction bands

The figures below illustrate the 90% prediction bands for the interpolated and extrapolated data above

T level.
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Figure 5.13. N1 (a) amplitude and (b) latency above T level with 90% confidence band.
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5.3.1.2 75% Prediction bands

The figures below illustrate the 75% prediction bands for the interpolated and extrapolated data above

T level.
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Figure 5.14. N1 (a) amplitude and (b) latency above T level with 75% confidence band.
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5.3.2 ECAP measurements at 5.5dB above C level

Interpolating and extrapolating data to levels above both the T and C level provides two measures for

diagnosing potential neural damage.
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5.3.2.1 90% Prediction bands

The figures below illustrate the 90% prediction bands for the interpolated and extrapolated data above

C level.
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Figure 5.15. N1 (a) amplitude and (b) latency above C level with 90% confidence band.
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5.3.2.2 75% Prediction bands

The figures below illustrate the 75% prediction bands for the interpolated and extrapolated data above
C level.
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Figure 5.16. N1 (a) amplitude and (b) latency above C level with 75% confidence band.
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5.4 EABR MEASUREMENTS

The user’s eABR measurements were taken during the same clinical session. The eABR measurements
can be used to support the conclusions drawn from the eCAP data about possible neural damage.
Multiple measurements were conducted to ensure conclusive wave peak values. The eABR waveforms
consist of approximately seven vertex positive waves. Many of the early latency eABR wave peaks are
obscured by a stimulus artefact. In the clinical eABR measurements for this study only wave V was

identifiable, which limited the conclusions that could be made regarding possible ANF damage.

The clinical eABR measurement technique was time intensive and required the user to remain motion-
less for extended periods of time. As a result, only nine electrodes were measured for eABR responses.
These electrodes were randomly distributed along the length of the array. The results were output by
the eABR software as pdf files containing the graphs and peak values for each electrode. This meant
that the eABR graphs could not be extracted to Matlab for further analysis or compilation. During
the measurement session, a trained audiologist identified the eABR peaks. The latency and amplitude
values of the peaks are displayed in the tables accompanying the waveform figures. The trace names
contained in the tables, such as 1L.1 and 1L.2, are the names generated by the eABR measuring software
for the individual traces. A few eABR measurements of note are given in this section. All additional

eABR measurements are included in the addendum.

Trace | ms A%

=
[

1L2 3.87 | 0.938

Figure 5.17. eABR response to stimulation on electrode 6 with the peak values recorded in the table

on the left.
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A few of the electrodes displayed a large atypical response, like the response depicted by the grey

waveform in figure 5.18, which obscured the expected eABR response waves. The possible cause for

this response is discussed in chapter 6.

Trace | ms uv
1LS 4.13 | 1.197
CR 240 | 12.56

1L1

0

Figure 5.18. eABR response to stimulation on electrode 7 with the peak values recorded in the table

on the left. The CR trace values are the values of cursor-selected points on the grey trace.

Trace | ms uv
1L 4.07 | 0.567
1L2 4.07 | 0.413

eectrode 21

Figure 5.19. eABR response to stimulation on electrode 21 with the peak values recorded in the table

on the left.
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Some of the eABR measurements presented in this section showed a large uncharacteristic response,
which obscured the useful eABR waves, as was shown in figure 5.18. The origin of this wave is
possibly a myogenic response triggered by the stimulus (Fifer and Novak 1990). The constraints of
these clinical measurements, in that only wave V can be identified, limit the conclusions that can be
drawn from the data regarding the user’s neural damage, as many of the indications of the different
damage mechanisms refer to the peaks, latencies and relative differences of the obscured waves. In
only two instances the data was sufficient to make useful observations: a slightly prolonged latency
of the eABR wave V on electrode 6 might indicate degeneration, and a small reduction in the wave
V amplitude of electrode 21 could indicate demyelination of the contributing fibres. The possible
degeneration of the nerve fibres in the proximity of electrode 6 supports the interpretation of the eCAP

measurements.

5.5 MODELLING NEURON FIRING RESPONSE FOR EACH ELECTRODE AT T LEVEL.

After obtaining and analysing the clinical measurements for this study, the Bioengineering Group’s
existing model generation software was used to generate a person-specific VC model of this user’s
cochlea. The voltages along the fibre trajectories in response to stimulation from each electrode in the
implanted electrode array were determined using this model. This information was then used as input
for the computational ANF population model. Using this model, an indication of the neurons that are
activated by each electrode was determined at a level near threshold, i.e. where several fibres would
fire. A representation of the fibres which contribute to the eCAP response of each electrode was then

compiled, as shown in figure 5.20.
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Fibre Firing Pattern
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Figure 5.20. Figure depicting the firing pattern of ANFs in the person-specific model, with red dots

indicating the ANFs that fire and black dots indicating those that do not.

In general, this firing pattern of the fibres reflects the geometric placement of the electrodes in the
cochlea. However, the pattern also shows multiple regions of excitation for electrodes 5 and 18. When
considering the location of the firing fibres relative to the locations of these two electrodes, the regions
of excitation appear to consist of the fibres neighbouring the electrode in the cochlea as well as ectopic
locations in the vicinity of the electrode. For electrode 5, fibres in the base are excited (lower fibre
numbers) as well as fibres approximately 180 degrees further on in the cochlea (excitation of the axons
in the modiolus; fibre numbers 50 to 60) and again at approximately one turn from the electrode (fibre
80). For electrode 18, neighbouring fibres (fibres 50 to 60) are excited while fibres approximately
180 degrees from the electrode are ectopicly excited in the modiolus (fibre numbers below 30 in the
base and fibre numbers above 75 in the apex). The firing fibres near the middle of the fibre population

for electrodes 2 and 3 suggest that the excitation spread may occur not only in neural populations
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adjacent to the electrode, but also in more distant neural populations as a result of electrode current
spreading across cochlear turns (i.e. cross-turn or ectopic stimulation). The overlap of the cochlear

spiral’s dendrites can be seen in figure 5.21.

Figure 5.21. Figure illustrating overlap of the inner (red) and outer (blue) layer of nerve fibre dendrites.

5.6 MODEL PREDICTED ECAPS

The anatomy of the person-specific cochlear model was based on the user’s CT scans. This cochlear
model was used to determine the voltage distribution in the cochlea and along the nerve fibres due
to electrical stimulation by the implanted electrode array. The model also incorporated the electrode
positions, as determined from the CT scans, to determine the effect of the placement of the electrodes
relative to the nerve fibres. For this study, the auditory nerve was represented using an even distribution
of nerve fibres along the length of the cochlear model. The recording electrode used in the simulations
was located two electrode positions apical to the stimulating electrode. For electrodes 21 and 22, the
recording electrode was located two positions basal from the stimulating electrode. This is the same

stimulation pattern that was used in the clinical measurements.
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5.6.1 Damage profile

The damage profile that was determined using the clinical electrophysiological results presented in
this chapter was used to apply the different types of damage mechanisms to neurons in the proximity
of individual electrodes. The possible damage on the nerve fibres adjacent to specific electrodes
was determined by examining the compiled single stimulation level figures and the interpolated or
extrapolated data with prediction bands for the electrophysiological indicators of neural damage
indicated in the literature. These indicators include increased or decreased N1 latency and amplitude
reduction. Both the compiled figures and interpolated or extrapolated data were combined to allow a
better estimation of the neural damage profile for the user. The 75% prediction bands were used in the
analysis to include more data points in the damage range to ensure that the prediction bands don’t only

identify outliers.

One example of how the damage profile was determined is that electrode 21 displayed a reduced N1
latency compared to the other electrodes in the compiled clinical eCAP results shown in figure 5.8 and
the 75% prediction band for the data points above both T and C levels, which is an indicator of ANF

degeneration.

The possible types and locations of ANF damage, as identified in this process, are given in table

5.1.
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Same Stimulation | Prediction Bands for Data | Prediction Bands for Data above
Electrode
Level Figures above Comfort Level Threshold Level
1
2
3
4 Degeneration
5 Degeneration Degeneration (Possible Fibre Loss)
6 Degeneration
7
8 Demyelination Demyelination Demyelination
9
10
11
12
13
14
15 Degeneration Degeneration
16
17 Demyelination Demyelination
18
19
20
21 Degeneration Degeneration Degeneration
22 Degeneration Degeneration Degeneration

Table 5.1. Damage profile used in this study.

5.6.2 Damage on nerve fibres contributing to individual electrodes

5.6.2.1 Degeneration

Degeneration was applied to the fibres that contribute to the response on electrodes 4, 5, 6, 15, 21 and
22. The first eight compartments of the fibres were removed to simulate degeneration of the dendrite.
The output of the model for healthy and degenerated populations are given in figures 5.22 to 5.27. The
eCAP responses generated by the degenerated ANF populations display the expected reduction in the

latency of peak N1.
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Degenerated eCAP: 69 dB on SE-4, RE-6
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Figure 5.22. Degenerated and healthy population population eCAP responses measured on electrode
4. Electrode 4 was the stimulation electrode (SE) and electrode 6 was the recording electrode (RE) for

this simulation.

Degenerated eCAP: 69 dB on SE-5, RE-7
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Figure 5.23. Degenerated and healthy population eCAP responses measured on electrode 5. Electrode

5 was the SE and electrode 7 was the RE for this simulation.

Department of Electrical, Electronic and Computer Engineering 92
University of Pretoria

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

W YUNIBESITHI YA PRETORIA

CHAPTER 5 RESULTS

Degenerated eCAP: 69 dB on SE-6, RE-8
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Figure 5.24. Degenerated and healthy population population eCAP responses measured on electrode

6. Electrode 6 was the SE and electrode 8 was the RE for this simulation.

Degenerated eCAP: 69 dB on SE-15, RE-17

Recorded potential [mV]
o
o
w

-0.04 -

——eCAP: Degeneration
——eCAP: No Degeneration

0.6 0.8 1
Time [ms]

Figure 5.25. Degenerated and healthy population eCAP responses measured on electrode 15. Electrode

15 was the SE and electrode 17 was the RE for this simulation.
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Degenerated eCAP: 69 dB on SE-21, RE-19
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Figure 5.26. Degenerated and healthy population eCAP responses measured on electrode 21. Electrode

21 was the was the SE and electrode 19 was the RE for this simulation.
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Figure 5.27. Degenerated and healthy population population eCAP responses measured on electrode

22. Electrode 22 was the SE and electrode 20 was the RE for this simulation.
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5.6.2.2 Demyelination

Demyelination was applied to both the dendrites and axons of the fibres which contributed to electrode
8 and 17. The eCAP responses generated by the demyelinated ANF populations display the expected

reduction in amplitude, as well as a slight delay in the latency of peak N1.

Demyelinated eCAP: 69 dB on SE-8, RE-10
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Figure 5.28. Healthy and demyelinated population eCAP responses measured on electrode 8. Electrode
8 was the stimulation electrode (SE) and electrode 10 was the recording electrode (RE) for this

simulation.
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Demyelinated eCAP: 69 dB on SE-17, RE-19
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Figure 5.29. Healthy and demyelinated population eCAP responses measured on electrode 17.
Electrode 17 was the stimulation electrode (SE) and electrode 19 was the recording electrode (RE) for

this simulation.

5.6.2.3 Combined damage profiles

The eCAP factors contributing to damage profile for electrode 5 indicated that the responses exhibited
both reduced N1 latency and reduced eCAP amplitudes. The reduced N1 latency points towards neural
degeneration of the fibres contributing to the eCAP. The reduced amplitude may be indicative of fibre
loss in the area of the neural population that contributes to the eCAP response. A simulation of the
eCAP response measured by electrode 5 from a population with fibre loss is shown in figure 5.30. The
modelled neuronal population with fibre loss produced an eCAP waveform that shows the expected

decrease in eCAP amplitude.
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Fibre Loss eCAP: 69 dB on SE-5, RE-7
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Figure 5.30. eCAP responses generated by a healthy population and population with fibre loss

measured on electrode 5. Electrode 5 was the SE and electrode 7 was the RE for this simulation.

A simulation of the eCAP response measured by electrode 5 from a population with a combination of
fibre loss and fibre degeneration is shown in figure 5.31. Half of the nerve fibres in the population were
excluded as a result of fibre loss and the fibres that were included were degenerated. The modelled
neuronal population with combination damage produced an eCAP waveform that shows the expected
decrease in eCAP amplitude but does not show the expected reduction in N1 latency. This result
suggests that the neural fibres contributing to electrode 5°’s eCAP response may have less fibre loss
than the 50% used in this model and might also have more fibres with neural degeneration than this

population.
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Fibre Loss and Combined Fibre Loss and Degeneration eCAP: 69 dB
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Figure 5.31. eCAP responses generated by a healthy population, a population with fibre loss and a
population with combined fibre loss and fibre degeneration measured on electrode 5. Electrode 5 was

the SE and electrode 7 was the RE for this simulation.

The implications of electrode 5 displaying characteristics of both degeneration and fibre loss are

discussed in section 6.3.1.

5.6.3 Compiled model responses

For these model predictions, the electrodes grouped in the figures are the same as those represented in
the figures containing the clinical eCAPs measured at each relevant stimulation levels. In figures 5.32
and 5.33 the same electrodes were used to stimulate the modelled nerve fibres as were grouped in the
compiled clinical results measured at 145 CL, namely electrodes 20, 21 and 22 (The inset image on

the figures below is figure 5.8).

The figures below illustrate the effects of eCAP waveforms relative to one another. This section only
includes one compilation to illustrate the effect of neural damage to the electrodes identified in the
damage profile. Several more compiled figures for other electrodes, which contain the same electrode

waveforms as the clinical compilations, are included in the addendum.
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Figure 5.32. eCAPs of Electrodes 20, 21 and 22 with healthy neural population.
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Figure 5.33. eCAPs of Electrodes 20, 21 and 22 with damage applied to the neural population in

accordance with the damage profile.
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The compiled figures show that the predicted response of the damaged neural population reflect the
increase in N1 latency delay seen on the measured response for electrode 22 slightly better than the
healthy model predictions. This suggests that the damage profile used in this study appears to allow
the user-specific model to generate moderately more realistic electrophysiological results by applying

user-specific damage to the ANFs.

5.6.4 Comparison of clinical responses and model prediction

5.6.4.1 N1 latency

The clinical and modelled eCAP N1 latency values for all electrodes are shown below. Figure 5.34
shows clinical eCAP N1 latency values, while figure 5.35 shows the healthy and damaged ANF model
predictions of eCAP N1 latency values. The N1 values for the clinical measurements are interpolated
or extrapolated values well above T level, near saturation. The model eCAP waveforms were generated
at 69dB, which is also near saturation for the predicted eCAPs. The trends of these values can be

compared between these images.

CLINICAL N1 MEASUREMENTS
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Figure 5.34. N1 values of clinically measured eCAPs.
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MODELLED N1 MEASUREMENTS
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Figure 5.35. N1 Values of modelled eCAPs from healthy (green) and damaged (blue) neural popula-

tions.

The predicted latencies for some electrodes by the damaged neural model (blue) are in better agreement
with the measured clinical values (orange) than the latencies predicted by the healthy model (green).
This can be seen by the decrease in values that occurred between electrodes 4 and 6 and the reduced
N1 latency values of electrodes 21 and 22 in both data sets. However, the increased latency measured

for electrode 17 could not be predicted by the model.

5.6.5 Electrode-to-modiolus distance measurements

The distance between each electrode and the modiolus of the cochlea was measured on the CT

scans used to construct the 3D cochlear model. The resulting measurements are shown in the figure

below.
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Figure 5.36. Placement of electrodes relative to fibre trajectories in person-specific ANF model.
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Figure 5.37. Electrode-to-modiolus distance measurements.

Electrode 1 is located at the most basal end of the cochlea and electrode numbers ascending to the

cochlear apex, as shown in figure 5.36. According to distance values represented by figure 5.37, the
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electrodes along the electrode array, starting from the most basal, are positioned increasingly closer to
the modiolus. The only deviation from this pattern is that electrode 5 is slightly closer to the modiolus
than the adjacent electrodes. This may suggest that the positioning of electrode 5 could be responsible

for the irregular fibre firing patterns and low threshold values of the electrode.

5.7 CHAPTER SUMMARY

In this chapter, a summarised overview of the results obtained during the clinical measurement session is
presented and discussed. The data analysis techniques used to interpret the limited electrophysiological
data are also outlined in this chapter. The latter half of the chapter presents several results obtained
using the combined user-specific cochlear and ANF models. These results include the fibre firing
pattern for the threshold levels of each electrode along the cochlea, providing insights into the fibres
that contribute to electrophysiological measurements on each electrode, and the effect of electrode
placement on the firing patterns elicited by the electrodes. A comparison of modelled eCAP responses
generated by healthy and damaged ANF models is presented. Compiled modelled eCAP results allow
more direct comparison of the relation between eCAP waveforms measured on different electrodes, as
seen in clinical waveform compilation figures. N1 latency figures as well as threshold values for both

the model and clinical measurements was also included in this chapter.
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6.1 CHAPTER OVERVIEW

This chapter discusses the previous chapter’s results and reviews the findings of this study. The clinical
eCAP and eABR measurements obtained during the clinical measurement session are discussed in
section 6.2. This section also includes the conclusions drawn from the data. Section 6.3 reviews the
eCAP results obtained by both the healthy and damaged user-specific models. In section 6.4 proposed
improvements to the procedures used in this study are discussed. Section 6.5 contains summaries of
the answers to the research questions posed in chapter 1. Potential future work is proposed in section

6.6.

6.2 CLINICAL ELECTROPHYSIOLOGICAL MEASUREMENTS

The eCAP waveforms measured by the AutoNRT algorithm and the eABR waveforms that were
measured during the clinical session were presented in sections 5.2 and 5.4. The analysis of these

clinical results is discussed in this section.

6.2.1 AutoNRT (eCAP) measurements

The AutoNRT measurements taken during the clinical experiment were used to determine possible
auditory neural damage. The stimulation levels for the eCAPs measurements taken by the AutoNRT
algorithm were determined by the ‘ascending and descending series’ steps, which in turn resulted
in the eCAP measurements for the various electrodes to be conducted at the varying stimulation
levels. Changes in stimulation levels have a direct effect on the latencies and amplitudes of eCAPs,
hence eCAPs must be generated at the same stimulation levels to compare their latency and amplitude
values. This exploratory study assumed that all other variables and parameters, which may affect the

eCAP characteristics, are constant. Other factors which may possibly influence eCAP amplitudes and
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latencies include, for example, the effect of stimulation in the apical region compared to the basal

region of the cochlea on eCAP waveforms.

The analysis of the eCAP amplitudes and latencies was hampered by the varying stimulation levels of
the measured eCAPs. To overcome this, the original eCAP measurements were extracted from the
CustomSound software and transformed to the equivalent eCAPs at the same stimulation levels using
Matlab. This allowed eCAPs at the same stimulation level to be grouped for comparison which made

it possible to compare the latencies and amplitudes of the eCAPs in the figures directly.

The clinical eCAP readings contained a high level of noise, which may lead to indeterminate latency and
amplitude measurements, in some instances impacting the accuracy of the neural damage predictions.
For example, comparing the N1 and P1 values of the compiled original eCAP measurements at 208
CL and 211 CL, shown in table 6.1, illustrates that the measurement noise and stimulation level affect
the latencies and amplitudes. At 208 CL stimulation, electrode 3 has a shorter latency than electrode
8 (325.40 ps vs 374.20 ps), while the opposite is true at 211 CL stimulation (374.20 ps vs 326.40
us). This may affect the reliability of the conclusions about the positions of possible neural damage
mechanisms drawn from the data. A possible solution to this issue would be to collect several eCAP
measurements for the user over multiple clinical sessions and average the results to reduce the effect of
noise from individual responses. Another possible solution would be to investigate the effect of various
stimulus paradigms used to elicit eCAP responses on the noise of the measured eCAP responses using
the Advanced NRT functionality to identify the stimulation paradigm that produces the response with

the lowest noise level.

Electrode | N1 peak values | P1 peak values Electrode | N1 peak values | P1 peak values
3 325.40,-6.50 | 520.60, 17.40 3 374.20,-11.87 | 520.60, 18.86
8 374.20,-10.57 | 667.00, 8.94 8 326.40,-17.73 | 569.40 15.94
9 325.40, -15.45 | 520.60, 12.36 9 325.40,-17.40 | 618.20, 15.77
10 374.20, -7.81 618.20, 22.93 10 374.20,-16.75 | 618.20,27.16

Table 6.1. N1 and P1 coordinates at (left) 208 and (right) 211 CL stimulation. Each column contains

the latency (us) and amplitude (V) values for the specified peak, separated by a comma.
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6.2.2 Clinical eABR measurements

To explore the feasibility of using clinically measured eABR measurements to support conclusions
drawn from eCAP measurements, eABR measurements were obtained for a subset of electrodes. The
equipment that was available uses a delayed recording method to remove the stimulus artefact from the
data. Unfortunately, this resulted in only wave V being captured in the measured responses. Changing
the eABR measurement equipment would be necessary to capture the full waveform. Furthermore,
experimenting with alternative locations of the surface electrodes may improve the quality of the eABR

measurements.

6.3 DAMAGE SIMULATION IN PERSON-SPECIFIC NEURAL MODELS.

A user-specific auditory ANF model that reflected different aspects of neural damage was added to
the user-specific VC model to evaluate the effect of damage on predicted eCAP characteristics. The
damage profiles of the ANF populations neighbouring each electrode in the model were determined by

analysing the clinical eCAP measurements.

While it was shown that the neural model can predict expected changes in eCAP latencies and
amplitudes caused by specific types of neural damage, the predictions from the model do not always
reflect clinical trends. The primary reason for this is the use of the AutoNRT approach to measuring
the responses, which resulted in latency and amplitude values being ambiguous at times. A more
sophisticated eCAP measuring protocol (i.e. Advanced NRT) will have to be used to improve the
efficacy of the clinical measurements as a basis for the determination of neural damage. The damage
profile was generated using a best approximation derived from both the grouped clinical eCAP

waveforms and the interpolated and extrapolated data points with prediction bands.

The measured and modelled electrophysiological measurements in this study cannot be directly
compared as they could not be conducted at the same stimulation levels. This is a result of the
constraints of the AutoNRT algorithm as discussed in section 4.2.1 and the simplified representation
of the user’s auditory neural fibres used in the model. In contrast to the approximately 30 000 nerve
fibres found in humans, the neural model only included nerve fibres every five degrees along the
cochlea. In this study, the latencies, amplitudes, and other characteristics of the relevant electrode’s
eCAP measurements were compared to those of other electrodes, with all measurements taken at a

single stimulation level. Future studies could enable direct comparison of the measured and modelled
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eCAP value by selecting the stimulation level at which clinical eCAPs are measured to be equal to
a stimulation level at which the neural model functions. The neural model can also be expanded by
adding more neural fibres at smaller intervals along the cochlea and by including realistic fibre densities

along the length of the neural array.

6.3.1 Predicted eCAPs

The healthy and damaged eCAP responses of neural fibres in proximity to individual electrodes to
which damage was applied are shown in section 5.6.2. Figures 5.22 to 5.27 illustrate the eCAP
responses to degeneration of the relevant fibres. The responses demonstrate the expected reduced
N1 latency at stimulation levels near saturation. The responses also exhibited larger amplitudes, an
observation which is not explicitly mentioned in the available literature. This phenomenon might be
explained by the stimulation point of the degenerated fibres being much closer to the soma due to
dendritic degradation, resulting in reduced latency and increased amplitude, analogous to the effect
of an increase in stimulation intensity. Section 5.6.2 also includes the eCAP graphs of healthy and
demyelinated neural fibres contributing to the responses to stimulation with electrodes 8 and 17. The
expected reduction in amplitude, as well as a slight delay in the latency of peak N1 was observed in the
demyelinated results (see figures 5.29 and 5.28). The small latency delay shown in the demyelinated
results suggest that degeneration will again be the dominant determining factor of latency when
combined degeneration and demyelination are applied to a fibre population. This is consistent with the

findings from the simplified neural population model implemented in Chapter 3.

The damage profile that was utilised to determine which damage mechanisms affected neural fibres
contributing to specific electrodes revealed that neurons excited by electrode 5 displayed both degener-
ation and fibre loss characteristics. It is possible for a CI user to have both fibre loss and degeneration
of the remaining fibres contributing to an electrode’s response. In this case, however, possible fibre
loss on electrode 5 was not included in the damage profile applied to the full electrode array. The
CI user in this study has exceptionally good functionality from their implant, which may suggest
that a high degree of fibre loss is unlikely. The combined fibre loss and degeneration simulation also
suggested that the population’s fibre loss could likely be limited to a small portion of the population.
The effects of fibre loss on the eCAP response for electrode 5 was examined separately and the results
are shown in figure 5.30. The inclusion of fibre loss in this user’s damage profile should be investigated

further by evaluating alternative eCAP characteristics such as input-output function slopes and relative
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refractory periods using Advanced NRT measurements. These measurements could be used to validate

all potential damage mechanisms identified by the eCAP latencies and amplitudes in this study.

6.4 PROPOSED PROCEDURAL IMPROVEMENTS

Conducting the clinical eCAP measurements using Advanced NRT will allow for much greater control
over the stimulation and recording parameters. Advanced NRT measurements allow the user to set a
number of parameters, including the number of sweeps, measurement window, recording electrode,
current levels, pulse widths, and recording delays, can be adjusted (Hughes 2006). This additional
control would allow the effects of different stimulation patterns, such as bipolar stimulation, on eCAPs
to be explored which might lead to better responses or less noise in the results. It would also be possible
to conduct all the clinical eCAP measurements at the same stimulation level, enabling a more accurate
comparison among all electrodes and eliminating the need for interpolation of the data points. Direct
comparison of the clinical results and model predictions will be possible if the stimulation level is set

to the same level used in the person-specific auditory nerve population model.

Alternative eABR measuring equipment could be considered to provide clinical eABR measurements
with fewer obscured waveforms, so that additional damage mechanism markers may be observed.
Experimenting with various electrode configurations and trigger settings in the clinical measuring

setup may also contribute to more informative measurement results.

6.5 DISCUSSION OF RESEARCH QUESTIONS

The study’s primary objectives have prompted investigation into the following research ques-

tions:

Is it possible to evaluate a single AN model as well as a simple population AN model as predictors
of neural response to ANF damage by using expected characteristics of SFAP and eCAP responses

to damage as reported in the literature?

The expected eCAP responses to various damage mechanisms from multiple sources of literature were
analysed and summarised in table 3.1. Both a single fibre and a population model were implemented
in Matlab, and the different possible damage mechanisms were applied to the neural models. The
single fibre model illustrated the expected responses, although the responses could not be classified

as eCAPs, since they were not compound action potentials. The single fibre model could also not
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be used to examine the electrophysiological response to fibre loss as the model only contains one
fibre. The simplified semicircle population model also illustrated the expected eCAP responses to
fibre degeneration, demyelination, degeneration and fibre loss. The person-specific neural model also
predicted the expected eCAP responses when the damage profile was applied, although this did not
necessarily reflect clinical observations. Therefore, it was possible to evaluate a single AN model as
well as a simple population AN model as predictors of neural response to ANF damage by using the

expected characteristics of SFAP and eCAP responses to damage.

Can electrophysiological responses be used to identify or differentiate between damage mechan-

isms affecting ANFs?

A damage configuration for each damage mechanism was applied to the population model to investigate
the possible effects of the damage on the outcome of the eCAP simulations. The damage configurations
were based on literature and categorised as degeneration, demyelination or neural fibre loss. The
effects of each mechanism could be distinguished from the model-predicted eCAP responses. The
clinical eCAP measurements obtained from the CI user were also analysed to identify the various
damage mechanisms. It was possible to differentiate between the three damage mechanisms examined
in this study. The possible sites along the cochlea that the various damage mechanisms might be
affecting could also be pinpointed with the help of the eCAP measurements. However, as noted, a
more sophisticated Advanced NRT eCAP measurement protocol is required to improve the derivation

of damage parameters from the data.

How successful is the person-specific compound volume conduction (VC) and computational

ANF model in predicting the amplitude and latency characteristics of measured outcomes?

The ANF model implemented in this study was capable of reflecting the expected relative amplitude
and latency changes in eCAP responses to the different damage mechanisms applied to the model, as
shown in section 5.6.2. The eCAP N1 latency results for the electrode array, depicted in figure 5.35,
more closely resembled the N1 latency trends found in the clinical results after the clinically identified
damage was applied to the neural population in the user-specific model than the healthy model result
for some electrodes, e.g. electrode 5. However, this was not true for all electrodes and some sections of

the trend shown by the clinical N1 latency values were not reflected by the model’s predicted latency
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values. More comprehensive clinical measurements would allow for a more conclusive damage profile,

possibly enabling the model to predict measured outcomes more accurately.

Can a compound ANF model, which incorporates ANF damage provide insight regarding the

effect of electrode placement on eCAP characteristics?

The compound volume conduction (VC) and computational ANF models used in this study included
the locations of all electrodes from the implanted array. This suggests that comparing the eCAP
predictions of the healthy and damaged models may provide a means of determining whether an eCAP
characteristic is affected by electrode placement or ANF damage mechanisms. Referring to figure
5.35, the healthy model’s N1 latency values do not exhibit the trends which are reflected by the clinical
data (shown in figure 5.34). This is a possible indication that the electrode placement had no effect
and could suggest that the trends of the latency values in the clinical data may be a result of damage
mechanisms rather than electrode placement. However, the model did not provide sufficient evidence
that electrode placement did not affect the eCAP predictions for the CI user in the manner indicated by
clinical eCAP characteristics. Consequently, the results of this study are inconclusive regarding the
effect of electrode placement on eCAP characteristics. Nevertheless, the effects of the two different
electrode configurations used for the single nerve fibre and simplified population models (shown in
figure 3.13) highlighted the importance of including realistic electrode placement in user-specific

models as the placement had a notable impact the generated eCAP responses.

6.6 FUTURE WORK

This study suggests that it is possible to investigate mechanisms of ANF damage using electrophysiolo-
gical measurements and apply the deduced damage to a user-specific combined cochlear and AN
model. Modelled eCAP predictions generated by a population containing the deduced neural fibre
damage appear to follow expected trends from the literature. The damaged model appears to generate
some predictions that are more reflective of the measured user data, such as the decrease in N1 latency
at electrode 5 observed in the measured data and reflected by the damaged model predictions. The
model did not reflect the measured data for all electrodes. Future work that could improve the modelled

eCAP predictions may include the following.

* Follow-up clinical measurement sessions with the user, using Advanced NRT and improved

eABR measurements, would allow for more eCAP and eABR data to be collected which
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could be used for more comprehensive data analysis and verification of the user’s neural

damage profile.

* Validation of the approach may be extended to a larger CI user population to test whether the
outcomes of this study can be generalised. Examination of multiple CI user’s clinical data
may be used to compile more comprehensive data sets and to fine-tune the relative limits

outside which latency or amplitude values may indicate damage.

» Examine the potential relationship between the slope of the amplitude growth function (AGF)

of the eCAPs and the user’s neural survival as suggested by Gartner et al. (2021).

* Investigate the effect of the modification of the pulse duration (PD) and interphase gap (IPG)
of the stimulation on the eCAP and eABR measurements and the correspondence to neural

survival as suggested by Prado-Guitierrez et al. (2006).

* Investigate additional characteristics of the eCAPs measurements which may correlate with
ANF survival. These characteristics include slopes of input-output functions and pulse
polarity as suggested by He, Shahsavarani et al. (2018) and Undurraga, Wieringen et al.
(2010).

* Investigate the effect of including the physiological density distribution as presented by

Spoendlin and Schrott (1989) in the ANF population model on eCAP prediction.
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7.1 SUMMARY OF STUDY

In the first phase of this study, literature sources pertaining to existing electrophysiological meas-
urements that have been used to identify and differentiate auditory neural damage were evaluated.
eCAPS and eABR measurements were subsequently chosen for this research. Conclusions from
literature regarding the characteristics of the response of eCAP and eABR measurements to different
damage mechanisms were compiled to reference templates and tables. The three primary neural
damage mechanisms that were identified for this study are ANF degeneration, demyelination, and fibre

loss.

The neural model implemented in this study was evaluated as a predictor of eCAP responses to different
types of ANF damage as anticipated from the literature. The ANF model is based on a Hodgkin-
Huxley-based human compartmental ANF model developed by Rattay, Lutter and Felix (2001) which
was scaled in accordance with the model by Kalkman, Briaire, Dekker et al. (2014), previously
implemented by Badenhorst, Hanekom and Hanekom (2017). The model was adapted to allow
demyelination and degeneration of the model’s neural fibres. Fibre degeneration and demyelination
mechanisms were applied to both a single-fibre model and a simplified population model. Fibre loss
was only applied to the simplified population model. Both models exhibited the expected responses to

the various mechanisms.

Clinical eCAP and eABR measurements were taken during an experimental measurement session
with a CI user. The clinical data was analysed for possible indications of neural damage on all
electrodes. The potential damage predictions to the ANFs were divided into sections corresponding to
the electrodes, as the electrophysical results are compound measures of all fibres that contribute to a

recorded response.
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The ANF model was subsequently integrated with a 3D user-specific model of the CI user’s cochlea.'
The resulting user-specific compound model allowed investigation of the effects of damage mechanisms

on modelled eCAPs with realistic neural fibre and electrode placement.

The clinical eABR measurements were limited and only allowed insight into the behaviour of wave V,

which greatly limited the conclusions that could be drawn from these results.

The clinical eCAP responses were distributed across multiple stimulation levels and contained copious
amounts of noise, necessitating the use of data analysis techniques to determine the outlier values used

to generate a damage profile for the CI user.

The damage profile was used as reference to apply the different damage mechanisms to the relevant
nerve fibres in the user-specific model. Figures containing the eCAP waveforms predicted by both
the healthy and damaged neural models for affected electrodes were generated to visualise the impact
of the damage on the eCAP responses. Figures were also generated using the model which showed
multiple electrode’s eCAP responses overlaid to illustrate how neural damage affected the waveforms
of different electrodes in relation to one another. These figures mirror those compiled from the clinical

measurements which contained waveforms generated at the same stimulus level.

N1 latency values were plotted for each electrode from the clinical measurements as well as the healthy
ANF models, and the damaged ANF models. The trends of these values were examined. The N1
latency values from the damaged model better reflected the general trend of the clinically measured N1

latency values than the values from the healthy model.

All the eCAP responses predicted by the model which included damaged fibres, more closely followed
some of the trends found in the clinical measurements than the healthy model. The simulated results,
however, still contained some discrepancies when compared to the behaviour of the clinical eCAP
measurements, indicating that other factors may influence the electrophysiological responses or that
the damage profile used in the study could contain some inaccuracies due to limited data or extensive

interpolation.

This study has shown promising results indicating that electrophysiological responses may potentially

be used to identify the type and location of ANF damage. The data used in this study presented various

I'The cochlear model was developed by another master’s student in the Bioengineering research group, Joshua Thiselton.
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limitations and further examination of this study’s proposed use of electrophysiological measurements
with more robust data sets would be advised to determine whether the findings of this study can be

generalized.

7.2 FINAL CONCLUSION

In summary, the following can be concluded from this study:

» Damage mechanisms could be identified using electrophysiological response characteristics
identified from literature.

* The person-specific ANF model used in this study is suitable to predict the expected damage
responses.

* These damage mechanisms could be identified from clinical measurements and applied to a

user-specific neural model to investigate the influence of ANF damage on eCAPs.
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ADDENDUM A ADDENDUM: ADDITIONAL
DATA

A.1 COMPLETE INTERPOLATED DATA SETS

All the data points that were interpolated for the N1 and P1 peaks to 5.5dB above T level are shown
below. These are the data sets that the prediction bands were applied to in order to identify outlier
values. Outlier values were used to identify which electrodes were in immediate proximity to damaged
neural fibres, as indicated by outlier e€CAP characteristics such as relatively low or high amplitudes

and latencies compared to the majority of the values.
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N1 Latency above threshold
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Figure A.1. (a) N1 and (b) P1 latency above threshold.
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N1 Amplitude above threshold
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Figure A.2. (a) N1 and (b) P1 amplitude above threshold.
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All the data points that were interpolated for the N1 and P1 peaks to 5.5dB above comfort level are

shown below.
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Figure A.3. (a) N1 and (b) P1 amplitude above comfort level.
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ADDENDUM A
N1 Latency above comfort level.
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Figure A.4. (a) N1 and (b) P1 latency above comfort level.
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ADDENDUM: ADDITIONAL DATA

A.2 ADDITIONAL EABR MEASUREMENTS

iy
A S \_1)\_4_/_//\,_/_“
s A
Trace ms | uV - =
'—Md&m|
1L2 4.33 | 0.908 '
1L3 4.20 | 0.633
Average | 3.89 | 1.06

Figure A.5. eABR response to stimulation on electrode 1 with the peak values recorded in the table on

the left.
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Figure A.6. eABR response to stimulation on electrode 12 with the peak values recorded in the table

on the left.

Trace | ms A% e
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Figure A.7. eABR response to stimulation on electrode 13 with the peak values recorded in the table

on the left.
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Trace ms | uV y e 16

1L1 3.53 | 0.743 W

1L (Cursor) | 2.53 | 1.502 1L1

Figure A.8. eABR response to stimulation on electrode 16 with the peak values recorded in the table

on the left.

eectrode 2

Trace | ms uv
1L1

1L1 3.47 | 0.892

Figure A.9. eABR response to stimulation on electrode 20 with the peak values recorded in the table

on the left.
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eectrode 22

Trace | ms uv

1L 3.60 | 0.476

Figure A.10. eABR response to stimulation on electrode 22 with the peak values recorded in the table

on the left.

A.3 ADDITIONAL COMPILED ECAP SIMULATION RESULTS

The figures included in this section illustrate the model results of various electrodes, grouped to

correlate with the clinically measured eCAPs at singular stimulation levels.
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eCAP extraction: 69 dB
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Figure A.11. eCAPs of electrodes 4, 5, 6 and 15 with healthy neural population.

The electrodes grouped in figure A.11 are the same as those represented in the figure containing the

clinical eCAPs measured at 178 CL.
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Figure A.12. eCAPs of electrodes 5, 14 and 15 with healthy neural population.
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The electrodes grouped in figure A.12 are the same as those represented in the figure containing the

clinical eCAPs measured at 181 CL.

eCAP extraf:tion: 69 dB
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Figure A.13. eCAPs of electrodes 4, 6 and 14 with with a healthy neural population.

The electrodes grouped in figure A.13 are the same as those represented in the figure containing the

clinical eCAPs measured at 184 CL.
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eCAP extraction: 69 dB
T
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Figure A.14. eCAPs of electrodes 5, 13 and 14 with with a healthy neural population.

The electrodes grouped in figure A.14 are the same as those represented in the figure containing the

clinical eCAPs measured at 187 CL.
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Figure A.15. eCAPs of electrodes 3, 4, 8, 10, 11 and 13 with with a healthy neural population.

The electrodes grouped in figure A.15 are the same as those represented in the figure containing the

clinical eCAPs measured at 199 CL.
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eCAP extraction: 69 dB
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Figure A.16. eCAPs of electrodes 7 through 12 with with a healthy neural population.

The electrodes grouped in figure A.16 are the same as those represented in the figure containing the

clinical eCAPs measured at 202 CL.
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Figure A.17. eCAPs of electrodes 3, 7 and 12 with with a healthy neural population.

The electrodes grouped in figure A.17 are the same as those represented in the figure containing the

clinical eCAPs measured at 205 CL.
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eCAP extraction: 69 dB
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Figure A.18. eCAPs of electrodes 3, 8, 9, 10 and 11 with with a healthy neural population.

The electrodes grouped in figure A.18 are the same as those represented in the figure containing the

clinical eCAPs measured at 208 CL.
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Figure A.19. eCAPs of electrodes 3, 8,9, 10 and 11 with a healthy neural population.

The electrodes grouped in figure A.19 are the same as those represented in the figure containing the

clinical eCAPs measured at 211 CL.
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A4 COMPARISON OF ECAP RESPONSES TO DAMAGED AND HEALTHY NEURAL
MODELS USING COMPILED FIGURES

The following figures were chosen for damage simulation because they comprised many eCAP traces

for electrodes with damage indicated by the damage profile.
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Figure A.20. eCAPs of electrodes 4, 5, 6 and 13 with a healthy neural population.
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eCAP extraction: Damaged (69 dB)
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Figure A.21. eCAPs of electrodes 4, 5, 6 and 13 with damage applied to neural population.

The electrodes grouped in figures A.21 and A.20 are the same as those represented in the figure

containing the clinical eCAPs measured at 190 CL.
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Figure A.22. eCAPs of electrodes 3, 5, 6 and 12 with a healthy neural population.
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eCAP extraction: Damaged (69 dB)
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Figure A.23. eCAPs of electrodes 3, 5, 6 and 12 with damage applied to neural population.

The electrodes grouped in figures A.23 and A.22 are the same as those represented in the figure

containing the clinical eCAPs measured at 193 CL.
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