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ABSTRACT

Computational models explaining cochlear implant principles: A hypothesis, applications
and physical validations
Botian Huang

This thesis combines computational modelling with cadaveric and clinical data to deepen
our understanding of cochlear implants (Cls). For the past two or three decades,
improvements in CI performance have been limited due to gaps in our understanding of
how CI interacts with auditory nerves. Persistent questions, such as the unexplained
polarity effect and the impact of Cl-modiolus distance, have remained unclear. This
research aims to improve our knowledge of CI principles. It introduces a hypothesis,
based on precise computational models, that explains these unclear phenomena,
suggesting the internal auditory meatus (IAM) as a key factor in neural activations by CI.
This work also involves validating these computational models through physical
experiments on cochleae and Cls. It compares clinical measurements from patients and
from simulations like extra-cochlear electrodes and scalp voltages. Additionally, it

proposes a proof-of-concept in-vitro cell culture model based on these simulations.

In detail, Chapter 2 focuses on validating these models against human temporal bone
specimens for evaluating the accuracy of computational methods. Chapter 3 develops a
comprehensive head model that sheds light on how Cls affect neural pathways and
electric field intensities, with a special focus on the IAM. This leads to the proposed
hypothesis. Chapter 4 explores clinical applications, studying extra-cochlear electrodes
and simulating Cl-induced scalp voltages, supported by cadaveric and clinical data.
Chapter 5 introduces a novel in-vitro model for studying responses of spiral ganglion
neurons (SGNs) to Cls. Overall, this thesis aims to advance our understanding of CI

principles and opens up new possibilities for research in the field of auditory prosthetics.
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1 INTRODUCTION

Cochlear implants (Cls), recognized as the most successful neural prostheses, have
restored functional hearing to one million individuals worldwide who are either partially
or completely deaf'. However, the performance of Cls has seen no significant
improvements in the sentence recognition rate of patients over the past 30 years due to

the lack of understanding of how to optimise their function?.

In order to provide some current understanding of how cochlear implants work, | briefly
explain cochlear anatomy, how hearing loss happens and then describe the functions of
cochlear implants. Then | introduce several clinical phenomena with Cls that remain
unexplained, which could point to some fundamental issues with Cls. Next, due to the
difficulties in physically acquiring data from the cochlea or auditory nerve, computational
methods are presented as a feasible approach to explain or predict clinical data. Lastly,

the structure of this thesis is also outlined.



1.1 Hearing and Cochlear Implants

1.1.1 Cochlea and auditory system

In the process of normal hearing, acoustic sounds are first converted into mechanical
vibrations by the tympanic membrane and the middle ear ossicles. These mechanical
vibrations are then transformed into an intracochlear fluid pressure wave due to the
movement of the footplate of the stapes at the oval window of the cochlea, as shown in
the left part of Figure 1.1.

The cochlea, which is part of the inner ear, is a tapered and coiled tube that makes
approximately 2.5 turns around a porous conical bony structure known as the modiolus.
The cochlea is embedded within the temporal bone and is divided into three sections by
membranes within it, known as scalae (Figure 1.1 right). These include the scala vestibuli,
which is connected to the stapes and oval window; the scala media, which houses the
organ of Corti; and the scala tympani, which is connected to the round window. The
modiolus serves as a housing for the auditory nerve, which carries signals from the
cochlea to the brain. The auditory nerve passes through a canal in the temporal bone
called the internal auditory meatus (IAM). Bundles of auditory nerve fibres travel through
the internal auditory meatus, allowing auditory information to be relayed from the cochlea

to the central auditory pathways in the brain.
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Figure 1.1: Anatomy of the auditory system and cochlea. Vibrations are transmitted from the
eardrum to the oval window of the cochlea through middle ear. Auditory signals are transmitted
by the auditory nerve through modiolus and internal auditory meatus to the brain. In the cochlea,
the scala tympani, scala vestibuli and scala media are filled with fluids. Hair cells can detect
vibrations and activate the cochlear nerve, resulting in hearing. Figure made with Biorender®.
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The intracochlear fluid pressure wave causes displacement of the basilar membrane, an
element of the cochlea that separates the scala media from the scala tympani. The basilar
membrane’s stiffness varies along the course of the cochlea, being stiffer and narrower at
the base and more flexible and wider at the apex. These properties lead to what is called
tonotopic organization of the cochlea, where high-frequency sounds are transduced at the

basal end, and low-frequency sounds at the apical end.

The displacement of the basilar membrane is sensed by the filamentous stereocilia on hair
cells in the organ of Corti, which lie within the scala media. When these stereocilia are
deflected by the relative shearing movements of the tectorial and basilar membrane in the
organ of Corti, this causes an influx of positive ions leading to hair cell depolarization.
This depolarization triggers a release of neurotransmitters that subsequently depolarize
afferent auditory nerve fibers. This complex process allows us to perceive and interpret

sound.

1.1.2 Hearing loss

Hearing loss occurs when there is disruption at any point in the auditory pathway,
reducing or preventing the transmission of sound. It is categorized by the specific location

of the pathology within the auditory system.

Conductive hearing loss stems from damage or obstruction within the outer or middle ear.
This impedes the conduction of acoustic sound waves through the external auditory canal,
tympanic membrane, and ossicles to the inner ear. Common causes include the build-up
of earwax, perforation of the eardrum, otitis media, otosclerosis affecting the stapes bone,
or malformation of the outer/middle ear structures. Conductive loss typically manifests

as an attenuation or reduction in perceived loudness across all frequencies.

Sensorineural hearing loss is the most common type of hearing loss. It originates within
the cochlea, or further along the auditory nerve pathway. Damage to the delicate hair cells
that detect sound within the cochlea is a common cause®. Hair cell damage in the cochlea
can lead to additional degeneration of the auditory nerve over time*. Besides, factors
such as acoustic injury will cause direct degenerations of the peripheral nerve fibres of

spiral ganglion neurons, which will also contribute to sensorineural hearing loss®.



A key difference between sensorineural and conductive loss is that hair cell damage in
the cochlea is permanent, as human hair cells will not regenerate if damaged. While some
medical and surgical interventions can help certain conductive hearing loss causes, severe
or profound sensorineural hearing loss often requires cochlear implants to restore auditory

function.

1.1.3 How cochlear implants work

Cochlear implants aim to restore hearing in patients with severe to profound sensorineural
hearing loss by bypassing non-functional hair cells and directly stimulating the auditory
nerve electrically. This technology converts acoustic sound waves picked up by an
external microphone into encoded electrical signals that activate auditory neurons,

allowing users to perceive sound.

The cochlear implant system has both external and internal components working in
tandem. Externally, a behind-the-ear speech processor analyses and filters incoming
sound using advanced digital signal processing strategies to optimize speech encoding.
Coded signals are transmitted to an internal receiver using a radio frequency coil link,

which also powers the implant. A schematic of a cochlear implant is shown in Figure 1.2.

Temporal Cochlea

Reissner’s
membrane

Basilar
membrane

Scala

scen’ Current

spread
Cl electrode

array Auditory nerve

Figure 1.2: Schematic of a cochlear implant. The cochlear implant is inserted into the scala
tympani of the cochlea through the round window. The cross-sectional view shows the
positioning of the electrode within the spiral cochlea. This allows stimulation of the auditory
nerve housed in modiolus. Figure adapted from Lei et al.® CC BY 4.0.

Internally, the receiver is secured in a mastoid bone recess and integrated circuitry

decodes the received signals which are sent through silicone-coated wires to electrodes



mounted on a flexible electrode array inserted into the cochlea. The array typically
contains 12-22 platinum-iridium contacts that stimulate spiral ganglion neurons based on
input frequency and intensity, with lower frequencies channelled apically and higher
frequencies more basally, to mimic the normal “tonotopic” organisation. An
extracochlear ground electrode is usually placed under the temporal muscles scalp, either
on the casing of the receiver-stimulator (Med-El and Advanced Bionics), or in some

designs as an additional floating lead (Cochlear corp).

When activated by biphasic current pulses, the electrodes directly stimulate adjacent
auditory neurons, bypassing dysfunctional hair cells. Despite its limitations, this novel
approach provides tremendous benefit. Most recipients show improved speech perception
and auditory awareness, and exhibit greatly enhanced communication and quality of life’.

The modern multi-channel cochlear implant was developed in the 1980s8. The last major
breakthrough in performance of cochlear implants was the development of the
Continuous-Interleaved-Sampling strategy in 1991, which improved the sentence
recognition rate in quiet to 70%~80% correct®. Regretfully, in terms of the speech
recognition rate of patients, it has been more than 30 years, and despite the large amount

of research going on, we have not seen a further increase of it to date?.

1.2 Challenges in Understanding Cochlear Implant Principles

In this section, I will introduce several clinical findings that have been discovered,
replicated, or studied over the decades, yet remain difficult to fully comprehend. These
findings might point to some underlying currently poorly understood principles.
Additionally, I will discuss the methods used to physically assess cochlear implant
outcomes in patients. However, due to the cochlea’s deeply embedded location within the

bone, the information we can obtain is still quite limited in-vivo.
1.2.1 Electrode positions and spread of excitations

Modern cochlear implant electrode arrays have between 12-22 electrode contacts

intended to stimulate localized, distinct regions of the auditory nerve. However, in



practice, it is believed that the excitation fields from neighbouring electrodes overlap due
to current spread in the cochlear fluids® (Figure 1.3). This reduced selectivity, or large
spread of excitation, limits the number of perceptually discriminable pitches. Past studies
have shown that speech recognition does not improve with more than 8 active electrodes,
at least with a speaker in quiet'?. It can even be difficult for patients to simply discriminate

sounds produced by two adjacent electrode contacts'?.

Auditory nerve

Spiral ganglion
nerve fibres

Electrodes

Electrode array

N

...As

Figure 1.3: Illustration of spread of excitation. The voltage spread from CI electrodes in
cochlea (a lateral wall one). Figure adapted from Joly et al.®* CC BY 4.0.

Therefore, several attempts have been made to improve or understand CI performance.
Considering the anatomy (Figure 1.4A), intuitively, the most straightforward way to
reduce current spread might be to place the CI closer to the modiolus. This would take
electrodes much closer to the spiral ganglion neuron bodies, which, in theory, could
provide more focused stimulation and lower the current thresholds. In light of this, the
modiolus hugging, or peri-modiolar (PM) Cls were developed around 20 years ago“.
The theoretical improvement of reducing spread of excitation is illustrated in Figure 1.4B.
Comparing to normal straight “lateral wall” (LW) ones, these pre-curved Cls remains

closely contacted with the modiolus walls after insertion?®.

While PM devices have been widely used in patients, even after 20 years of clinical
practice and research, we still have not come to conclusions how (or whether) this
placement is benefiting patients. The literature has shown conflicting results on their
performance. Some papers have reported improved pitch-ranking ability!®, decreased
threshold levels and channel interactions!’ for PM electrodes compared with LW ones.
Others have found weak or no correlation between the electrode position and hearing

outcomes in relatively long-term post-implantation experiments'®%°. Yet others have



reported the electrode-modiolus distance does not affect stimulation thresholds®.
Another factor to consider is that PM electrodes are more likely to cause insertion trauma

during implantation surgery?, which can affect the residual hearing preservation for

patients.
Position of
PM ClI
Position of
LW ClI
Modiolus
Spiral
ganglion Scala tympani
neurons
A
Lateral Wall

Lateral wall CI Peri-modiolar ClI

O\
A

Spiral ganglion neurons
in modiolus

B

Figure 1.4: llustration of CI positions and spread of excitations. (A) A histology cochleaslice
showing the relative position of the modiolus, spiral ganglion neurons and Cls. The positions of
lateral wall (LW) and peri-modiolar (PM) Cls are indicated. (B) Illustration of how cochlear
positions will (in theory) affect the spread voltage and therefore how it will affect the spiral
ganglion neurons. Figure made with Biorender®.

Another interesting surgical technique is to use the “pull-back” technique, which is to
pull a fully or over inserted electrode array back slightly??. This could place the ClI
electrode position closer to modiolus near the base, enabling a comparison of ClI
outcomes on the same patient before and after this pull-back. Results indeed showed a
slightly lowered threshold?® and a reduced spread of excitation from electrically evoked

compound action potentials (ECAP) measurements?*,



Though existing results provide some evidence that PM electrodes might stimulate
differently than LW electrodes, how PM implants exactly work and if and why they are
making improvements is still unclear®. While physiological spread of excitation
measurements and pitch ranking results typically correlate with each other in individual
patients, neither of them is shown to be strongly related to their speech recognition
performance?®?’. The peak amplitudes of ECAPs could be related to perceived loudness

in some studies!!, however, this is not enough to assess actual Cl performance.

Both LW and PM implants are still widely used. It remains unclear why PM implants do
not show significantly better performance over the past 20 years, despite being much
closer to spiral ganglion neurons. This question then remains to be discussed if the
electrode position matters with monopolar stimulation (the commonly used stimulation
mode). Particularly, the question remains: are Cls really stimulating spiral ganglion cell

bodies, and if not where are the sites of stimulation?

1.2.2 Polarity effect

Another well-known and longstanding observed phenomenon is also difficult to explain
adequately, i.e., the polarity effect. This refers to the stimulation being either cathodic or
anodic. This question has two components: the effectiveness of stimuli polarity, and the

delay of the neural response (latency).

In the 1980s ~ 90s, researchers found in animal cochleae that the cathodic phase was
more effective than anodic®. However, in human patients, the polarity effect was the
opposite: anodic-leading stimuli had lower threshold levels in patients than cathodic?®,
and the result was consistent when using different stimuli pulse shapes®°. ECAP results
have also confirmed that anodic-leading stimuli evoke higher neural excitations®:. Many
other researchers have found similar findings, and this is well summarized by Carlyon et

al.30

With regard to latency, studies have reported that at a fixed stimulation level, ECAPs
show a shorter latency when evoked by anodic-leading pulses when compared to cathodic
leading ones®2. Also, the electrically evoked auditory brain response (EABR) also has
shown that the brainstem will respond to the anodic-leading stimuli faster than to the



cathodic-leading®. The response time difference of both methods are similar, basically

up to 400 &2,

There are some clues as to the causes for these differences. We are aware that for patients
with hearing loss, especially those who have lost hearing for a long time, the peripheral
dendrites of spiral ganglion neurons will largely be degenerated*. In contrast, the animals
in experiments are mostly acutely deafened, so their peripheral dendrites will be intact.
The anatomy is shown in Figure 1.5. In addition, researchers have noted that in neural
signal transmissions, when the signal is going through the soma from peripheral to central
axon, it will meet a delay caused by the soma of around 150 to 400 &°°. This somatic

delay is just of the same level as the response time difference to different polarities of

stimulation in brainstem or ECAP.

Figure 1.5: Histology slice showing dendrites, soma, and axon. The dendrites are in the spinal
lamina between scala tympani and scala vestibuli. Soma is (considered) mostly in Rosenthal’s
canal. Central axons are in the internal auditory meatus. The dendrites in this slice are clear and
complete, indicating normal hearing.

One explanation for the polarity effect that has gained wide traction®®%" is that the anodic-
leading stimuli tend to stimulate the central axon of the spiral ganglion neurons, while
the cathodic-leading ones tend to stimulate the peripheral parts. Recent research has
already shown that the polarity sensitivity of patients could be used as an indicator of
their neural health®®*°. However, we still have to answer the question as to why the
polarity effect happens.

One explanation, originally put forward in the late 1990s, is that the polarity effect is
caused by the curved spiral ganglion neural trajectory*®4! so that the electric field has



different orientations for different parts of the neuron. The electrical field in these papers
is calculated as a much-simplified homogeneous field. However, this calculation might
be over-simplified, and there appears to be little additional work developing this idea.
More recently papers tend to believe that it is an intrinsic characteristic of the spiral
ganglion neuron — its axon is just more sensitive to anodic stimuli, and peripheral is the
opposite®®42, Such characteristic of spiral ganglion neurons could be validated using
patch-clamp or other techniques if proven true; however, as of yet, no paper has reported
this.

In summary, the reason for the polarity effect, together with its fundamental mechanisms,
have remained unclear for decades. | propose that it is actually caused by the natural
structure of cochlea and its surrounding parts. | will raise the hypothesis and provide some

evidence to support this in chapter 3.

1.2.3 Clinical measurements to assess Cl and patient status

Beyond applying stimulation to restore hearing, cochlear implants demonstrate promise
as sensing instruments inside the cochlea. Over the years, various measures have been
developed to assess cochlear implant status and the surrounding cochlear environment.
This section introduces a few well-developed methods, what we can infer from their

measurements and their limitations.

The mostly widely used measures are the impedance and trans-impedance measurements
from electrodes. The electrode impedance can be used to detect open or short circuits,
referring to electrode (or wire) damage or shortage*®. The trans-impedance measurement,
sometimes being referred as transimpedance measurements (TIM)**, impedance and field
telemetry (IFT)*, electric field imaging (EF1)* or stimulation-current-induced non-
stimulating electrode voltage (SCINSEV)* by different authors or companies, records
responses from all electrode contacts on an array when stimulating each contact
individually. Importantly, there is no current flowing in the measuring electrodes, so the
electrode-electrolyte interface does not introduce its own complexities. The schematic is
shown in Figure 1.6. The result is an n-by-n transimpedance matrix, where n represents
the number of electrodes. It reflects a relatively comprehensive snapshot of electrical
conditions of all electrodes and the cochlea status. It is measured routinely for patients,
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and clinical software from major Cl companies has automated measuring functions. To

be simple, I will refer it as the EFI in this thesis.

Recent research has shown that EFI is able to detect Cl implantation issues such as tip
fold-overs* and 2 or more extra-cochlear electrodes*’. Further attempts have been made
to predict CI insertion depth in cochlea®®™ or the electrode-modiolus wall distance®!
based on clinical datasets. Still, errors exist in these results, e.g. the predicted insertion
depth showed an average error of 0.88 mm*°, and the EFI found it hard to detect only 1
extra-cochlear electrode*’. Basically, the EFI demonstrates the electrical aspects of the
Cl and the fields generated but is not necessarily related to Cl hearing outcomes or neural

responses in patients.

(A) (B) Electrode impedance
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Figure 1.6: Schematic and an example of EFI and impedance measurements. (A) Impedance
measurements stimulate a single electrode (red electrode in this case) with current while
measuring voltage between that active electrode and the case ground (solid arrow). The voltage
is divided by input current to calculate contact impedance. For EFI, voltage is also measured from
non-stimulated electrodes to the ground (dashed arrows) when current is applied through the
active stimulated electrode. The transimpedances (EFI) are then calculated. (B) An example of
measured electrode impedance and EFI (measured in cadaver). Figures adapted from de Rijk et
al.*” CC BY 4.0.

Another commonly used method in clinical practice is the electrically evoked compound
action potential (ECAP). ECAPs are recorded from the auditory nerve, using cochlear
implant electrodes stimulation, with some forward masking methods or alternate polarity
stimulation to separate stimulation artefact from nerve responses® and it attempts to
measure the directly elicited neural responses. It is proven to be stable and requires
minimal patient cooperation3!. ECAPs have the potential, theoretically, to tell us about
the spread of neural excitation from each single electrode stimulation®. The amplitude,

width>* and slope® of the spread of excitation pattern of patients derived from ECAP are
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have been found to be related to speech perception scores by some investigators. ECAP
has also been used to detect neural health status and dead regions (areas of missing SGNs)
in patients®. However, as ECAP recordings are all from the CI electrodes in the scala
tympani, and not the modiolus, with a relatively large electrode size and spacing, we are
still unable to acquire detailed information of how populations of neurons are stimulated

in the modiolus.

Imaging methods are also worth mentioning. Computed tomography (CT) is a very
important technique for pre- and post-operative clinical evaluation of patients’ cochlea
and implanted CI positions®’. However, due to the limited maximal resolution (0.3 mm)
of typical clinical CT, it can only acquire blurry (in microanatomical terms) slices of each
cochlea whose entire dimensions are only several millimetres®®. Some higher resolution
methods, such as micro-CT or synchrotron®®, can achieve much higher spatial resolution
down to a few microns, but are only available for cadaveric temporal bones that have to
be cut down to a small size for scanning. The scans from these methods are enough to
build accurate three-dimensional (3D) models. These scans are fine enough to trace blood
vessels®, however, it is still hard to trace neurons and neural trajectories from them,
although Synchrotron CT seems to be evolving rapidly. Histology slices of cochlea
typically provide more precise anatomical details®® (under the microscope), but they are
hard to make 3D models out of, as they are separate slices with their own individual
shrinkage and distortion during mounting and staining. Similarly, scanning electron
microscopy (SEM) photos provides very fine bone, neuron and hair cell imaging®>®3, but
only single images, and not in a stack, are available. The imaging methods are compared

in Figure 1.7.

12



Figure 1.7: Comparison of different imaging methods on cochlea. (A) CT scan. (B) Micro-
CT scan. (C) Synchrotron scan. (D) SEM image. Figure A adapted from Orzan et al.** CC BY
4.0. Figure B and C adapted from Elfarnawany et al.® Reprinted with permission. Figure D
adapted from Rask-Andersen et al.®? Reprinted with permission.

In concluding, current measuring approaches for cochlea and Cls still face many
limitations. That is also one reason why we cannot explain many clinical phenomena —
we do not have access to the direct neural tracing or activation measurements in
individual patients. Alternative methods, such as computational models, are therefore
used to study Cls. They will be introduced in the next section.

1.3 Computational Models and Neural Models

1.3.1 Computational models for ClI and cochlea

Computational methods on cochlea have been an attractive alternative due to the above
discussed challenges. Attempts to build cochlea 3D computational models were started
more than 20 years ago®’. Most initial work introduced a parametric spiral-shaped tube
(or tubes) as the whole scala, and a central vertical cylinder as the modiolus and auditory
nerve tissues®®. Histology slices were used as validations of the size, shape and relative
positions of neurons in those models®. A simulated cochlear implant, with realistic
dimensions, was placed in the simulated scala tympani. Once one electrode is stimulated

(usually by current injection), the resulting voltage in the modiolus will be calculated, so
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that the voltage or electrical field applied on auditory nerve (or neurons) will be
simulated®®°. The next step required is to simulate the resulting neural responses to these

electric fields’*.

The electrical field simulation calculations mostly use finite element methods (FEM).
This works by discretizing a large system into many simple, interconnected parts called
finite elements’. The complex geometry is divided into a mesh of elements, e.g.,
tetrahedra or hexahedra in 3D models. In this way it can find approximate solutions to
the physics system, in our case, the resultant voltage and electrical fields caused by
current injection into electrodes in the structure. One thing worth noting in the cochlear
simulations, or other tissue-neuron related simulations’®, is that due to the scale difference
of cochlear size (or any tissue, millimetres to centimetres or more) and neuron size
(microns), it is very hard to build a single mesh for both of them in a single 3D model.
This results in most of the current cochlear simulations using a “2-level” approach. The
first step is to simulate voltage in the modiolus, and also to define the neural trajectory in
it, i.e., where the neurons should exist but having no “solid body” or specific 3D
anatomical models of these. The second step is to extract the voltage at the positions of
neurons to feed to separate external nerve activation models’™. | will introduce more

about the nerve models used in the next section.

More recent papers on cochlea computational models have been working on more precise
or complex models in pursue of more accurate results, especially to mimic clinical
measurements. One approach is to use micro-CT based cochlea 3D models”™"". The
neural trajectories can be interpolated based on the positions of spiral lamina, Rosenthal’s
canal and internal auditory meatus’®. This more accurate cochlea model could, in theory,
improve the simulated results. Another approach is to include a human whole head model,
as many models only include a cochlear scala model. A whole head model could provide
better estimates of the correct current pathway from ClI electrodes to the ground electrode
under the temporalis muscle, so that the voltage distribution within cochlea area could be
improved’®®!. The head models could also be used to model real clinical scenarios®82 or
predict what patients hearing outcomes #*. Studies have proved that the accuracy of model

geometry will affect simulation outcomes®.
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Figure 1.8: Examples of cochlear computational models. (A) Parametric based. (B) Micro-CT
based. Figure A adapted from Brochier et al.2* CC BY 4.0. Figure B adapted from Croner et al.
CCBY 4.0.

1.3.2 Neural models and activating function

Once we get a model of the stimulation voltage and electrical field applied to the neuron
soma and axons from cochlear computational models, we will then have to predict the
neuron’s response to it. Neural physiology models are built based on neural excitation
mechanisms, i.e., ion transportations through cell membranes and the multi-compartment
structures of dendrites and axons*!. Also note that these mechanisms are universal for all
neurons, but for clarity, | will be using the “auditory nerve” specifically in the following

chapters.

An auditory nerve cell consists of a soma (cell body), a dendrite, and an axon®’. Dendrites
are extensions peripherally along the spiral lamina, and contact and receive input from
inner hair cells. Axons go from the soma through the internal auditory meatus to the
brainstem. Cell bodies are mostly considered to be in the Rosenthal’s canal inside the
modiolus. The dendrites and axons are both considered to be wrapped in a myelin sheath,
which is effectively an insulation layer. However, small unmyelinated gaps are
periodically distributed along the axon or dendrites, called the nodes of Ranvier, which
separate the myelinated axons or dendrites into multiple compartments®. Stimulation-
induced voltage difference across the unmyelinated membrane will drive ions transfer
through cell membranes at the nodes or the unmyelinated soma area, which will induce
action potentials®®. The details are shown in Figure 1.9. Different auditory nerve models
will use different parameters for cell morphology, compartment length or ion conduction

parameters to calculate neural responses®, however, the mechanisms are overall similar.
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Please note Figure 1.9 only shows the circuits on the unmyelinated nodes, which are more
“straightforward” to understand. Some nerve models only consider this*°, but other nerve
models will also consider the voltage on the myelinated compartments®. However, the
deductions of functions below hold similarly for both cases.
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Figure 1.9: lllustration of myelinated compartments and circuit model. The upper part shows
dendrites, axon, and the nodes of Ranvier. The lower part shows the circuit model among 3 nodes.
Please note, to simple, this figure only shows the circuit model of unmyelinated nodes. Figure
made with Biorender®.

The concept of the “activating function” has been extracted from the nerve models*! as a
much easier tool to work with, in order to assess neural activation. It considers the applied
voltage of each compartment (or unmyelinated node) along dendrites and axon using a
circuit model and then predicts how the extracellular voltage would affect the
(trans)membrane potential*®*!, and therefore induce activations of transmembrane ion
channels and neural excitation or inhibition®*. At the nth compartment or node, the
relative transmembrane potential at nth node V, defined as:

Vo =Vin = Ven = Vyest (1.1)
and the change rate of Vy is modelled to as*!:

an _ —I + Vn-1—-Vn + Vn+1—Vn + Ve,n—l_Ve,n + Ve,n+1_Ve,n /C 1 2
dat lonn T b 4R, /2 | Rpsi/24Rn/2 | Rpy—1/2+Rn/2 | Rpyi/2+Rp/2]7 TN (1.2)
n—1 n n+1 n n—1 n n+1 n

where lionn is the ionic membrane current at nth compartment, R, is the axoplasmic
resistance to the adjacent compartments, Vin is the intracellular potential at the nth

compartment Ven is extracellular potential at nth compartment, Cmn is the membrane
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capacitance. Vrest is the neural resting potential. This change rate is activating neurons at

the nth compartment.

If the neuron is in the resting state before a stimulation is applied, the ionic membrane
current (lion,n) Will be considered as 0, and the intracellular potentials of all nodes will be
equal. When considering the most direct stimulating influence, the values of the first three
components in equation 1.2 will all be 0, so only the last two components will be extracted

as the “activating function*%%” f,:

fn — ( Ve,n—l_Ve,n + Ve,n+1_Ve,n )/Cm,n (13)

Rn—1/2+Rn/2 Rn+1/2+Rn/2

If the axons and dendrites are further simplified to be homogenous, the axoplasmic
resistance and membrane capacitance can be expressed by the diameter d, distance Ax,
conductivity p and specific membrane capacitance Cm, Which are all constant. So equation

1.3 can be simplified as*!:

_a . Ven-1—2Ven+Ven+1
fo = 4pcm Ax? (1.4)
This form of activating function is interestingly shown to be in the form of the second
derivative of voltage along the neuron (if it is not discrete but continuous):

£ = d 9%
n T Ape, Ox?

(1.5)

The continuous form of the activating function (equation 1.5) is employed to analyse
neurons without myelinated sheaths, as the concept of “nodes” does not apply to such
neurons. However, in the case of the auditory nerve studied in this thesis, all neurons are
considered to be myelinated, so only the discrete form of the activating function will be

utilized.

Generally, the activation function is derived from the neural model and is closely related
to transmembrane potential, indicating the possibility of being activated at each node or
compartment. It should be noted that some models consider the myelin sheath as a perfect
insulation layer®, while others actually consider its conductivity*'. As the node length is
tiny, the voltage at its midpoint is reasonably representative of the average voltage the
whole node experiences*. Hence, all the voltage and distances mentioned or calculated

in this thesis will be at the midpoint of each node.

Also, considering that the distances between nodes are not always constant, the activating
function in this thesis is derived from equation 1.3 and 1.4:
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__a . (Ven—1=Ven)/Dx1=(Ven—Ven+1)/Bxz
fn - 4pCm (Ax1+40x3)/2 (1'6)

Also, based on activating function or transmembrane potentials, different nerve models
use different parameters, size and node positions to predict neural response, so results
will vary®®. To avoid this problem, the results in this thesis will be shown as the original
second order difference of voltage among nodes. After removing all the constants related
to neural size etc:

r _ (Ve,n—l_Ve,n)/Axl_(Ve,n_Ve,n+1)/Ax2
fn - Axq+Ax, (1'7)

This is the actual simplified “activating function” I use in chapter 3.

Another point to note is that, though axon or dendrite is simplified as homogeneous fibres,
the diameter of dendrites is much smaller than that of axons. So, when looking at the
“activating function” in equation 1.7, the difference of activation threshold between
dendrites and axons should be also considered (e.g., same second derivate of voltage
applied on a node on dendrite or axon will cause a different result)®®. Additionally, the
activation threshold of the soma itself is thought to be much higher than that of axons or

dendrites due to its large capacitance®, so it is hard to stimulate.

1.4 Aims and structure of this thesis

This thesis aims to provide hypotheses on cochlear implant principles that could explain
the long-standing questions mentioned in section 1.2. Specifically, the existence of the
internal auditory meatus (IAM) appears to create a rapid voltage change at the interface
between the modiolus and IAM. A computational model of the cochlea and head was
built to understand how cochlear implants generate electric fields that activate neurons,
which we are unable to measure physically in-vivo. Because of the difficulty in
measuring these parameters, validating these hypotheses will for now remain as
aspirational targets for the future. Some clinical or cadaveric data were used to validate
the head model, as well as the whole computational method.

Chapter 2 focuses on the development and validation of computational models based on
human temporal bone specimens, using recordings of voltage spreads from cochlear

implants and micro-CT scans including cochlear morphology and electrode placements.
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This replication of physical measurement conditions into computational models enables
direct comparison and validation of the computational approach's accuracy. Focusing on
three temporal bone specimens, the research aims to validate computational modelling
methods for cochleae and ClIs, setting a foundation for the understanding of

computational accuracy in subsequent chapters.

Chapter 3 is a key part of this thesis. The full head model is built in this chapter is based
on multiple different scans. EFIs calculated in the head model naturally matched human
results for EFIs. The neural trajectories are defined based on the cochlear
microCT/Synchrotron scans. Neural activating function patterns are then simulated for
both lateral wall and peri-modiolar Cls. A difference in the activating function patterns
between cathodic and anodic stimuli is found. The reasons for this can be explained by
the cochlear structure, especially the internal auditory meatus (IAM), which has been
ignored by most computational works to date, but is modelled and raised as an

explanatory structure for clinical results in this thesis.

Chapter 4 is an extension of chapter 3, focusing on clinical applications. Based on the
head model, extra-cochlear electrodes are modelled, and a possible method to detect just
one extra-cochlear electrode is proposed. The results are validated using cadaveric results.
Also, the open or short circuit electrodes and scalp voltages were simulated and validated

by clinical data.

Chapter 5 is a proof-of-concept model proposed to study the spiral ganglion neurons
(SGNS) in vitro. As it is hard to study the “real” response of SGNs to CIs in cochlea
(beyond neural models), a physical model is proposed to mimic the voltage that SGNs
will “feel” if they were in the cochlea. By using this model, we could make a simplified

physical model, which we could grow SGNs on and try to mimic in-vivo conditions,

Chapter 6 summarizes the findings and discusses the significance as well as limitations.

Future work is proposed on validating this hypothesis.
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2 MODELLING VOLTAGE
SPREAD IN BONE SPECIMENS
AND VALIDATIONS WITH
PHYSICAL MEASUREMENTS

This chapter establishes computational models derived from micro-CT scans of human
temporal bone specimens. By comparing the results of these models with physical voltage
spread measurements from identical specimens, the accuracy and feasibility of the

computational approach will be assessed.

All voltage spread actual measurements, micro-CT scans performed of the human
temporal bone specimens, and the segmented 3D models of the cochlea Scala, cochlear
implant (CI), and conducting wires are credited as performed by Dr. Chloe Swords,

another PhD student in the SENSEIlab, used with her permission.
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2.1 Introduction

As cochleae are deeply situated within the temporal bone, challenges have been long
posed in assessing Cls and further understanding how they work. Cadaveric studies can
shed light on various CI outcomes, such as electrode placement®°® and voltage spread
within the cochlea®. While whole human heads from cadavers exhibit Cl electrical
characteristics akin to live patients, extracted human temporal bone specimens provide a
more tractable model for cadaveric Cl research*”%’. Due to the much easier access to the
round window and auditory nerve, these specimens afford enhanced access for assessing

Cl insertion®®* and performing precise electrical measurements.

The current computational methods associated with cochlea or head models, as detailed
in section 1.3.1, have predominantly been theoretical. Notably, few studies to date, if any,
have sought to validate the accuracy of these computational models using actual physical

measurements.

In this chapter, computational models are based on measurements from human temporal
bone specimens that were performed by Dr. Chloe Swords, who recorded the voltage
spread caused by the CI within these specimens by inserting wires into the modiolus or
auditory nerve. Subsequent micro-CT scans capture the morphology of the cochlear Scala,
the placement of CI electrodes, and the position of wires. Dr. Chloe Sword also
segmented these models from the micro-CT scans. With this comprehensive data, we can
construct computational models, which was my work, mirroring the conditions of the
physical measurements, enabling a direct comparison to ascertain the computational

approach's precision.

This research evaluates three temporal bone specimens and presents the results side-by-
side with computational models. While the electrical properties of temporal bones might
diverge from intact heads (discussed in chapter 3), the primary objective here is to
validate computational modeling methods specific to cochlea and Cls. This endeavour
paves the way for subsequent chapters, expanding our comprehension of computational

method accuracy.
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2.2 Models of Human Temporal Bone Specimens

Dr. Chloe Sword prepared and measured three human temporal bone specimens. These
specimens, each meticulously cut into cubic shapes with side lengths approximately
ranging from 30 to 40 mm, ensuring that they all included the cochleae. To assess the
voltage spread by CI stimulations within the cochlear region, 10 recording wires were
inserted into the modiolus area of each specimen. These metal recording wires were
sheathed in insulating layers, leaving only their tips exposed for conductive purposes. For
each specimen, Dr. Sword recorded the electrical field imaging (EFIs) and voltages from
these 10 wires during CI electrode stimulation.

Upon completing the micro-CT scans of all specimens, Dr. Sword segmented the detailed
cochlear structures: scala tympani, scala vestibuli, scala media, the locations of CI
electrodes, and the positions of the 10 recording wires. The segmentation of scala tympani,
scala vestibuli, and scala media was performed using an alignment-based method®® in
StradView!® software. These segmented 3D models, along with the micro-CT scans and
recorded data for each specimen, were then shared with me for the creation of
computational models. The workflow for constructing models for these three specimens
is depicted in Figure 2.1.

After receiving the scala models, wire models, and micro-CT scans from Dr. Chloe Sword
(as outlined in step 1 of Figure 3.1), additional segmentation was performed in this study
by me, to extract the bone and muscle models, completing the comprehensive model.
During this grayscale-based segmentation process, the threshold for bone was set at 100,
while the threshold for muscle ranged between 30 and 99. It is important to note that the
segmented muscle inadvertently includes some nerve tissue, as they are indistinguishable
in the scans. However, since muscle and nerve tissues have similar electrical
conductivities (as detailed in Table 3.3), this overlap is not expected to significantly
impact the simulation results. The porous modiolus is also roughly segmented; due to the
limited resolution of the micro-CT scans, this modiolus model is an approximation (a
more precise segmentation of the porous modiolus is presented in Chapter 3, utilizing a

high-resolution synchrotron scan).

22



© ® ®

3D models and Segmentation of Combine all models
micro-CT scans bone and muscle and import to COMSOL

‘ )
Simulate EFls and Results
voltage on wires comparisons

Figure 2.1: Workflow for bone specimen model constructions and Simulations. It starts with
3D models and micro-CT scans from Dr. Chloe Sword (Step 1), followed by further development
and simulation by myself within this PhD thesis. The final step compares simulation results with
actual specimen measurements to assess the differences.

All the 3D models are pre-processed prior to importing into COMSOL. Given that overly
complex 3D models with an extremely high number of faces can hinder functionality in
COMSOL, model simplification is essential. MeshLab, a free open-source software for
processing 3D meshes, is utilized for this purpose. The “Quadric Edge Collapse
Decimation” function in MeshLab is employed to reduce the models to a manageable
number of faces. This simplification process, however, may lead to errors such as self-
intersecting faces, non-manifold edges, and the splitting of non-manifold vertices. These
issues are rectified using various functions within MeshLab. Following these corrections,
all models become compatible for use in COMSOL. Table 2.1 enumerates the

components included in each specimen and specifies the size of each 3D mesh.
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Table 2.1 Overview of all the components in the bone specimen models.

Specimen 1 Specimen 2 Specimen 3
Model Number of Number of Number of Source
vertices and faces vertices and faces vertices and faces
Scala Tympani 4999, 9994 4998, 9992 4989, 9974
Scala Media 6418,12832 6479,12936 6489,12974 br.
Scala Vestibuli 4825,9646 4750, 9496 4988, 9972 Chloe
Wires 2520,5000 2497, 4998 2520,5000 sword
Bone 8388,17212 7339, 14870 7795, 16054 This
Muscle 7017,14232 7114, 14360 7860, 15976 own
Modiolus pores 5675,11370 5813,11706 5444,11132 work

During the physical measurement process, the specimens were submerged in normal
saline within a container. To replicate this scenario, all bone specimen models in this
study are similarly immersed in a simulated saline block (measuring 200mm >100mm x
100mm). Additionally, a metal plate, 4 mm in diameter and 1 mm thick, is positioned on
one side to serve as the ground electrode. The finalized models of these specimens are
depicted in Figure 2.2. This includes the models of the 10 recording wires that were
inserted into the modiolus region of each specimen, which were also accurately
segmented directly from the micro-CT scans. This precise representation enables the
simulation of voltage recording from these wires, facilitating comparisons with actual
results. Due to page space limits, Figure 2.2 only illustrates the model of specimen 1 as a
representative example. The models for the other two specimens, which are similar in

their format, are provided in the appendix as Figures A.1 and A.2.

To ensure the precision of cochlear implant (CI) placements, the ClI models were
constructed based on the segmented CI electrode locations extracted from the micro-CT
scans. Figure 2.3 presents a side-by-side comparison of the modelled CI positions and the
segmented CI electrode positions from these scans. It is important to note that metal
artifacts in the micro-CT scans can slightly affect the accuracy of electrode segmentation.
Consequently, I made minor adjustments to the CI positions in the modelling process to

ensure their accurate placement within the scala tympani.
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Bone (light yellow)
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¥——Wiresin bone

Cl (4EE)

Figure 2.2: The built human temporal bone specimen models. (A) The temporal bone
specimen merged by saline block to mimic the physical measurement conditions. (B) and (C)
show the specimen model in 2 different points of views. The bone is mostly wrapped by muscle.
(D) The model of cochlea, modiolus, 10 recording wires, and Cl. The bone and muscle models
are hidden. (E) The bottom view of cochlea. The CI has 4 extra-cochlear electrodes (EE) during
the physical measurements, shown from micro-CT scan. This figure shows specimen 1. The rest
2 specimen models are shown in Figure A.1 and A.2.

(A) Specimen 1

Modelled Cl

Segmented Cl electrode
positions

Figure 2.3: Modelled CI positions in comparison with segmented CI electrode positions. (A),
(B) and (C) shows specimen 1, 2 and 3, respectively. Specimen 1 has slightly larger deviations
due to metal artifact, while specimen 2 and 3 fit well.
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In such small cadaveric specimens, Cl insertion can be difficult, resulting in a few extra-
cochlear electrodes (EEs) in all the specimens. However, in the scope of this research,
which primarily aims at validating the precision of the computational method, the
presence of EEs does not detract from the results. In fact, these EEs introduce a more
complex scenario for simulation, which can actually be advantageous for the purpose of
validation. The modelled Cls correspond well with the segmented electrode positions,
including the extra-cochlear (EE) parts, ensuring that the simulated voltages accurately
mirror real situations. With the complete models ready, the next phase is to simulate the

EFIs and record voltage from the wires.
2.3 Simulations of EFIs and recorded voltage

In this section, the simulation outcomes for Electric Field Imaging (EFIs) and the voltages
recorded by the wires are presented, with a focus on contrasting these results with the
actual physical measurements. Since the computational models faithfully replicate the
anatomy of the bone specimens and the conditions under which measurements were taken,

the results herein offer a perspective on the computational method's accuracy.

Before simulation, the electrical conductivities of all components should be determined.
Table 2.2 presents the conductivities utilized in COMSOL, along with their respective
sources. Some of them are identical to those in Table 3.3. These values are commonly
adopted in computational studies in this area. Additionally, it is worth noting that the
simulations in this model are exclusively resistive, given the greatly increased
complexities when considering the complex impedance for high frequency stimuli within

all the tissue types.

In the models, muscle and nerve tissues are treated as having equivalent conductivities,
as differentiation during segmentation is not feasible, and the prevalence of muscle tissue
is substantially greater than that of nerve tissue. Additionally, unlike in living patients,
the cochlear scalae of the modelled cadaveric specimens are filled with normal saline,
reflecting the conditions during measurement where specimens are submerged in saline.
The recording wires, insulated except for their conductive proximal ends near the cochlea,
are similarly represented in the simulation models, although these specifics are not
detailed in the table.
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Table 2.2 Overview electrical conductivities in the bone specimen models.

Model Material Conductivity (S/m) Source
Scala Tympani
Scala Vestibuli
Normal Saline 1.45 101
Scala Media
Saline Block
Muscle and nerve tissue Muscle ITIS Foundation
Modiolus pores (approximation) 0.46 database!02
Bone Bone (skull) 0.018 102
CI body Silicone 0
Cl electrode
Ground electrode Platinum 9.4E6 84
Recording Wire

It is also important to note that the parameters used, taken from the most commonly
accepted values, are consistently applied across all specimens in this study. To maintain
integrity, | deliberately refrained from making any specimen-specific adjustments to the

conductivities for "optimizations".

2.3.1 Results of EFI

For the EFI simulations, | used MATLAB scripts to individually stimulate the 16
electrodes. During each stimulation, the spread voltage is recorded at all electrodes,
allowing for the calculation of the EFI as the voltage divided by the stimulation current,
which is uniformly set at a convenient 500 |#A. Notably, this model operates linearly,

meaning that the spread voltage and current can be linearly scaled.

Figure 2.4 displays a side-by-side comparison of the simulated EFIs against the physically
measured EFIs in the three specimens. In the physical measurements, to facilitate voltage
recording from the wires, a small grounding electrode roughly similar in scale to the
modelled ground electrode is used. This leads to non-negligible contact impedances of
the ground electrodes, which vary across specimens. To align the EFI simulations (and
recorded voltage) with actual conditions, surface impedances of the ground electrode in

each specimen is incorporated into the model (0.003, 0.01, 0.018 Qm?, respectively).
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These ground electrode impedances cause a vertical shift in the overall amplitude of the

EFIs but do not alter the shape or span of the curves.
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Figure 2.4: EFI Comparisons between simulations and physical measurements. All 3
specimens are shown. Specimen 1 has some deviations, while specimens 2 and 3 correlate better.

Given that the conductivity parameters are uniformly applied across all specimens, some
deviations among different specimens are to be expected. Nonetheless, the EFI results
demonstrate a relatively high degree of accuracy in the simulations compared to the real
measurements. To assess the relative errors between the simulated EFIs and the actual

EFls, a widely used approach based on the Euclidean norm is employed:

Real EFI)
/ Norm(Real EFI) 1)

While the Euclidean norm of a matrix is calculated as:

Norm = \JXN_;|v|? (2.2)

v denotes each element in the matrix.

Relative error = Norm(Simulated EFI —
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The relative error of specimens 1, 2, and 3 are calculated as 23.0%, 9.7%, and 9.6%,
respectively. This relatively high accuracy is attributed to the complexity and precision
of the model, although it is important to acknowledge that bone or tissue conductivity can
vary significantly among individuals. Adjusting the conductivities could potentially
refine the EFIs, but that falls outside the scope of this study.

The EFI outcomes affirm the accuracy of the computational models in representing
voltage spread within the scala tympani. To extend this validation to the modiolus region,

the next section will present the simulated voltage data from the recording wires.

2.3.2 Results of recorded voltage from wires

To further validate our computational methods, the recorded voltages from the wires are
simulated in this section. This offers an in-depth look at the actual voltage spread within

the cochlear region, as a further validation of the model’s accuracy.

In the cadaveric measurements, a biphasic current pulse with an amplitude of 2000 pA
and a phase duration of 32 |5 was used, stimulated using electrode 8, located in the middle
of the CI. This current amplitude, considerably higher than typical patient usage, was set
for clearer recording and reduced impact of electrical noise. The voltages were measured
using the wires during CI stimulation in five modes: monopolar (MP), bipolar (BP),
tripolar (TP), partial tripolar at 50% (pTP50), and 75% (pTP75). In the bipolar mode, the
current was emitted from electrode 8 and returned through electrode 9. In the tripolar
mode, the returned current was equally divided between electrodes 7 and 9. For partial
tripolar modes, 50% (pTP50) and 75% (pTP75) of the current returned through electrodes
7 and 9, with the rest returned from the ground electrode. Given the biphasic nature of
the stimulations, the peak-to-peak values of the recorded voltages were noted in all wires.

This configuration was consistently applied across all three specimens.

The simulation accurately replicated all the specified configurations. When CI electrode
8 stimulated in each of the five modes, voltages were recorded from the terminals of each
wire. Figures 2.5, 2.6, and 2.7 present the comparisons between the simulated voltages
and the actual physical measurements from the 3 specimens. The positions of each wire

are marked in each specimen from two different viewing angles of the cochlea. It is
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important to note that in the physical measurements, some wires were non-functional due
to defects, and therefore, their voltage readings were not included. Consequently, the data
typically includes voltages from 7 to 9 wires per specimen. Wires that were excluded are
indicated with an “x” in these figures. Since the voltage amplitude of bipolar and tripolar
modes is significantly lower than that of monopolar mode, both linear and logarithmic

scales of the voltage are displayed in the figures.

The comparison results indicate that the simulated voltages from the wires closely match
the amplitudes observed in the physical measurements. While there are some inevitable
deviations, the overall trends in the simulated data are relatively accurate across all five
stimulation modes. This consistency further validates the outcomes of the computational
methods, both in terms of EFIs and voltage distribution within the modiolus regions.
Consequently, this validation provides assurance that the voltage simulations in

subsequent chapters, particularly those concerning the modiolus, are reasonably reliable.

Specimen 1

Voltage (V)
°
B
T

04

0.2

Voltage (V)

L L
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#Recording wire (apex to base)

MPsi PTPS0si i pTP75si TPsi i
— — —MPmeasured — — —pTP50 measured pTP75measured — — —TPmeasured — —

~BP measured

Figure 2.5: Comparisons of recorded voltages from wires between simulations and physical
measurements in specimen 1. (A) and (B) show the model and the positions of wires from a side
view and bottom view. Wires numbered 1 to 8 are labelled in the cochlea model from two separate
viewing perspectives. Wires excluded from the analysis are marked with an “x”. (C) and (D)
present voltage comparisons in linear and logarithmic scales, respectively. Solid lines illustrate
simulation results, and dashed lines correspond to the results from physical measurements for all
five stimulation modes.
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Figure 2.6: Comparisons of recorded voltages from wires between simulations and physical
measurements in specimen 2. Wires numbered 1 to 7 are labelled in the cochlea model from
two separate viewing perspectives. Wires excluded from the analysis are marked with an “x”.
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Figure 2.7: Comparisons of recorded voltages from wires between simulations and physical
measurements in specimen 3. Wires numbered 1 to 9 are labelled in the cochlea model from
two separate viewing perspectives. Wires excluded from the analysis are marked with an “x”.
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2.4 Discussion

This study is focused on validating the accuracy of computational models against real
physical measurements. By precisely replicating three human temporal bone specimens
and their measurement methods in simulations, direct comparisons between
computational results and physical data are made possible. The study presents clear,
intuitive comparisons of EFIs and voltages recorded from wires. Relying on precise
computational models developed from micro-CT scans, the simulated outcomes generally
exhibit a strong correlation with the physical measurements. To my knowledge, this is
the inaugural effort in directly validating computational methods against physical

measurements in this field.

This research lays a foundation for subsequent chapters. The same set of electrical
conductivity parameters are consistently used throughout this thesis. With the validation
of this method, the reliability of simulation results in later chapters is proved from one

aspect. However, there are several limitations in this work.

One limitation is the accuracy of some specific model details. While the specimen
modelling is largely accurate, minor metal artifacts in the micro-CT scans and the lack of
photos during physical measurements lead to some estimations. These include the
positions of ground electrodes, the placement of specimens in saline, and the precise
amount of saline used in experiments. However, these factors are unlikely to significantly
impact the results. Additionally, the contact impedances of the ground electrodes are

estimated, as they were not physically measured.

Another limitation concerns the resolution of micro-CT scans. The limited resolution and
contrast ratio hinder the clear segmentation of detailed structures such as the porous
modiolus or nerve tissue. Consequently, this study employs approximations, such as
assuming nerve tissue has the same conductivity as muscle, which might introduce further
errors. In the next chapter, a high-resolution, high-contrast ratio synchrotron cochlea scan
is utilized for more precise segmentations and modelling. This will facilitate the creation

of accurate models of structures such as the porous modiolus.
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3 COMPUTATIONAL HEAD
MODEL INDICATES HOW ClI
STIMULATES AUDITORY
NERVE — A HYPOTHESIS ON
CI STIMULATION PRINCIPLES

This chapter introduces a computational full head model and the activating function
patterns by CI stimulations. It proposes a hypothesis that could explain the polarity effect
and why lateral wall and peri-modiolar Cls do not show an obvious difference. This

chapter forms the core of this thesis.
The neural trajectory and cochlea scala models in this chapter are segmented by Dr. Chloe

Swords and processed by Dr. Iwan Roberts. The synchrotron scan of the cochlea came

from collaborators®®.
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3.1 Introduction

Based on the validations of computational method, a further question comes up: is it
possible build a precise cochlea and head model that predicts the “real” voltage profile
along the auditory nerves, which we cannot obtain directly from patients, and therefore
predict realistic neural activations? Computational work has been done by many
researchers as summarized in section 1.3.1, however, we still did not come to a clear

conclusion on how CI current spreads and how the resultant electrical fields operate.

This chapter aims to build a new head and cochlea model that:

e Contains a precise modiolus model, for the first time. All the neurons sit within the
porous modiolus, and assumably the porous structure will cause fluctuations to the
voltage spread on dendrites and axon, which will in theory affect the activating
functions.

e Contains complete cochlea-related and surrounding structures. Looking at the
detailed anatomy, many structures will affect the current path. The middle ear, which
is basically air, is an insulating “wall”, especially to the basal part. The vestibular part
will also provide a conductive current path from the basal cochlea. More importantly,
the internal auditory meatus (IAM) provides a current path from modiolus to the brain
through the temperal bone. This overlooked pathway has proved to be important to

neural activation in my modelling.

This chapter shows that a more precise structure that is more true to the anatomy does
indeed produce different results than ones that are not. Nearly all previous works have
ignored the existence of the IAM, which turns out to be a key contributor to the results
and our hypothesis in this work. The detailed structure of the model is shown in section
3.2, and the results and hypothesis are in 3.3 and 3.4. These are all for monopolar
stimulation, as almost all patients and companies use monopolar stimulation. Tripolar
(and sometimes bipolar) stimulation is also of interest to many researchers. We also
simulated this kind of stimulation in the whole head model and the conclusions are
different to those for monopolar stimulation, as shown in 3.5. Section 3.6 summarizes

this chapter and provides some insights to future work.
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3.2 Human Head Model

The process of building models and doing simulations, from original scans to neural
activation patterns, basically contains 6 steps as shown in Figure 2.1. COMSOL
Multiphysics is a commonly used software for FEM simulations (mentioned in section
1.3.1). This introduction will start from the solid 3D models to the “virtually” defined

neural trajectories.

9, ® ®

Synchrotron or Segmentation Generate and
CT Scans process 3D model

>

y,

® ® ®

Interpolate neural Import to COMSOL Calculate
trajectories and simulation Activating Function
| .
= =
@ |

Figure 3.1: Process of building models and simulations. Scans from different sources are
segmented first, and then 3D models are generated. To make the models able to work in COMSOL
Multiphysics, some processing will be necessary. After calculating the resultant voltage by CI
stimulation, the activating functions can be further calculated.

3.2.1 3D models of cochlea, modiolus, internal auditory meatus in head

The scala tympani, scala vestibuli and scala media models of cochlea were segmented
from a synchrotron cochlear scan from collaborators®® and processed by Dr. Chloe
Swords and Dr. lwan Roberts (also in the SENSE lab). A further modiolus model was
built by laboriously segmenting the numerous pores within modiolus (this was performed

by me). This is enabled by the high-resolution synchrotron scan. The pores are considered
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to represent nerve tissue or other soft tissue, while the solid structures are bone. Figure
3.2 shows an example frame of segmentation of the scala and pores. The segmentation
software used was Stradview!®. The pores are segmented from around 150 slices of the
synchrotron scan, and the grayscale threshold when segmenting is set to be 12. The pores

that extend into the spiral lamina are also included.

osenthal’s canal ¢,

Modiolus bores

Figure 3.2: Segmentation of the scala and porous modiolus. The yellow lines are segmented
pores in the modiolus. The orange lines are rough indications of the Rosenthal’s canal position.

The resulting model generated for scalae and modiolus are shown in Figure 3.3. As the
synchrotron is very high-resolution and only providse a narrow view field, the vestibule
and semicircular canals are not included. In this model, the vestibule and semicircular
canals were segmented from another micro-CT model and were then merged to the basal

part of scala vestibuli based on realistic anatomy.

The next step is to include other cochlear related, connected, and surrounding components.
The internal auditory meatus (IAM) connects to the modiolus from the medial side of it
and allows auditory nerves to enter the cochlea. The middle ear, especially the part near
round window and oral window, will also block current spread as it is mostly air. Hence,

I also built these components into the model.

36



Figure 3.3: The cochlea and modiolus 3D model. (A) the whole otic capsule. (B) The pores in
modiolus (nerve tissue and soft tissue). (C) A cross sectional view of the model. The porous
modiolus could be seen.

The model of the IAM comes from anatomy taken from an open database!®. The IAM
model is adjusted to fit the cochlea model. The auditory nerve model is segmented from
another micro-CT scan from our lab. To make it fit the IAM model, it is aligned and the
redundant parts cut to make sure it sits properly inside IAM. The middle ear model is also
segmented from the micro-CT scan. It only contains the part of the middle ear that is close
to cochlea. It is aligned and scaled based on the positions of round window and oral

window. They are added to the cochlea model and are shown in Figure 3.4.

This “aggregation” method will have some model mismatches on shape. For example,
the synchrotron scan, limited by its small viewing field, cannot provide a full IAM model.
The IAM from another source, however, cannot fit the modiolus pores at its top part, as
it is derived from different people and the exact pores will of course vary from person to
person. Hence, a merging method is used to solve this mismatch, as shown in Figure 3.5.
Merging the top of the original IAM with external IAM made it fit well with the modiolus
model. Similar method also applied to the auditory nerve model, which is omitted for
brevity.

37



Auditory nerve

Figure 3.4: The 1AM, auditory nerve and middle ear model with cochlear model. The
auditory nerve is within the IAM. The middle ear contains part of it which is close to cochlea.

The original scan

1AM . ) '
Whole IAM and the top is

fitting modiolus

Segmefifation)

)

Figure 3.5: Merging method to IAM model to make it fit modiolus. After merging, the whole
IAM fits well with our proximal 1AM and attached modiolus.

After finishing all the cochlear-related models (shown in Figure 3.4), the next step was
to build a head model and place the cochlea to the correct position. A human head CT
scan was used from the Visible Human Project CT Datasets (University of lowa,
Magnetic Resonance Research Facility), which is an open access source. After
segmentation, the models of scalp (head shape), skull, brain, and cerebrospinal fluid

around brain are exported. The scalp is considered to include the whole skin, muscle, fat
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etc. of the head. The cochlear parts are placed to the correct position based on anatomical
orientation. A ground electrode is also placed beneath the scalp behind ear, as it would

be in living patients. The finalized model is shown in Figure 3.6.
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Figure 3.6: The finalized head model. (A) A side view. (B) A cross-sectional view.
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The generated 3D models are then pre-processed before being imported into COMSOL.
MeshLab is free open software used to process 3D meshes. As excessively complex 3D
models with enormously large number of faces will make it impossible to work in
COMSOL, model simplifications are necessary. The “Quadric Edge Collapse Decimation”
function in MeshLab was used to simplify all the models to a reduced number of faces.
During this simplification, errors of 3D models like self-intersecting faces, non-manifold
edges, and split of non-manifold vertices will occur. They are removed and fixed with the
functions in MeshLab as well. After these steps, all the models worked in COMSOL.
Table 3.1 shows the overview of all the finalized components in this model after

processing, including the size of the 3D mesh and their original sources.

Table 3.1 Overview of all the components in the head model.

Number of
Numbe of faces in 3D
Model vertices in 3D Source
mesh
mesh
Scala Tympani 5002 10000
Scala Media 6690 13376 Synchrotron scan®?
Modiolus pores 25158 55444
Scala Vestibuli and Synchrotron scan® and
6745 13498
vestibule micro-CT scan
Internal Auditory
3555 7106 Open Ear Database!03
Meatus
Auditory Nerve 3630 7384
Micro-CT scans
Middle Ear 3183 6358
Scalp 1010 2013
Visible Human Project
Skull 2704 5540
CT Datasets (University
Brain 1002 2000
of lowa)
Cerebrospinal Fluid 1375 2750

Before importing into COMSOL, all the models are imported into another software
application, Fusion 360, to convert from 3D mesh (.stl file) to 3D CAD format (.ipt file).
This is necessary to import into COMSOL.
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The last step was to build the simulated cochlear implant electrode array model in
COMSOL. For this, I have referred to the datasheets of Cls from Cochlear Ltd., which
provide dimensions and spacing of electrodes, including one lateral wall CI (C1622) and
one peri-modiolar Cl (CI632). These Cls arrays are parametric based and created in
COMSOL. Their positions in scala tympani are shown in Figure 3.7 and the detailed
parameters are shown in Table 3.2. Please note these parameters may not be exactly the

same as the real Cls.
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Figure 3.7: Cochlear implant models in scala tympani. (A) The lateral wall Cl. (B) The peri-
modiolar CI.

Table 3.2 Parameters of the ClI model in COMSOL.

Lateral Wall Peri-Modiolar
Number of
22 22
Electrodes
CI Insertion depth 20.8 mm 16.5 mm
CI Insertion
410° 420°
angular depth
Electrode width 0.3 mm 0.3 mm
Electrodes gaping 0.57 mm 0.34 mm
Cl diameter 0.3 mm x 0.44 mm 0.3 mm x 0.44 mm
R = 0.04e7%79 + 3.58e 70140
Curve function
Z=—2.756 X 107°0° — 0.001040° — R =0.07e7%79 + 2.6e70160
(Cylindrical
0.01436* + 0.082363% — 0.13362% — Same Z function as Lateral wall
coordinates)
0.06996 — 0.428

The 22 electrodes are programmed to be current sources, and could be switched on and

off individually, which could be used to simulate monopolar, bipolar, tripolar cases etc.
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3.2.2 Interpolation of neural trajectories

Following the construction of the head model, the subsequent phase involves the
generation of the neural trajectory. Due to limitations in scan resolutions, achieving
precise visualization of cell bodies and axons, which can be as diminutive, and only a few
microns, is unattainable. Consequently, the only viable method to create a neural
trajectory from a scan or 3D model is through interpolation based on cochlear anatomy.
Simultaneously, histology slices served as valuable references for trajectory
determination, as exemplified in Figure 3.8A. This histology slice comes from our clinical
cochlear implant centre. Dendrites are anticipated to be located between scala tympani
and scala vestibuli, with cell bodies residing in Rosenthal’s canal, and all axons
converging in the internal auditory meatus (IAM). Although the positions of cell bodies
and axons may vary significantly, a central position is adopted for approximation.

BM2 BM1
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Figure 3.8: Demonstrations of neural trajectories interpolation method in a histology slice.
(A) Neural trajectories in the histology slice, indicating dendritic, somatic, and axonal positions.
(B) Identifies landmarks for interpolating neural trajectories, encompassing 2 points on the
Basilar membrane (BM), the innermost edge of scala tympani (IN), 2 points on Rosenthal’s canal
(RC), and 2 points on the cochlear nerve (CN). These landmarks are also highlighted in Figure A.

In this thesis, Dr. Iwan Roberts created the neural trajectory using a landmark-based
interpolation method rooted in cochlear anatomy, as depicted in Figure 3.8. It is crucial
to note that all landmarks are segmented from the original synchrotron scan, and Figure
3.8 is illustrative of the method, not a true segmentation of the synchrotron scan.

Landmarks, including 2 edges of Basilar membrane (BM), the innermost edge of scala
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tympani (IN), 2 points on Rosenthal’s canal (RC), and 2 points on the cochlear nerve
(CN), are segmented. Employing the double exponential fitting spiral of the cochlea,
described earlier, 800 points were interpolated along the cochlear spiral, each
representing 1 degree. This angular definition extends from base to apex concerning the
best-fit cochlear center point and the mid-point of the round window. MATLAB was
employed for this process, with manual checks and adjustments ensuring trajectories
remained within the modiolus or spiral lamina, avoiding entry into the scala tympani or

other canals.

The derived neural trajectory is illustrated in Figure 3.9, covering an angular depth
ranging from O (round window) to 800 degrees. Each tip of the trajectory is separated by
1 degree, culminating in 800 trajectories. A composite view presents the scala tympani,
modiolus pores, and the estimated Rosenthal’s canal. The diagrams affirm the alignment
of the neural trajectory with the scala tympani and the modiolus pores. In the peripheral
dendrite segment, trajectories pass through slender pores, which is consistent with

anticipated results (as seen in Figure 3.9C).

These trajectories, consisting of 200 points each, amount to a total of 160,000 points,
which are subsequently incorporated into COMSOL. After the determination of voltage
dispersion in the 3D head model by COMSOL, the voltages at these spatial points are
extracted. Thereafter, drawing upon neuron compartment theory and the principle of the
activating function, the positions of the soma and the associated "nodes" along the

trajectory are identified.

Proceeding to calculate soma positions, as illustrated in Figure 3.9D, MATLAB is
employed to determine the positions where Rosenthal’s canal intersects with neural
trajectories. The average or midpoint of these overlapping positions is considered the
approximate soma position. The finalized soma positions are depicted in Figure 3.10.
These positions form a spiral curve, densely concentrated towards the apex, aligning with

anatomical expectations.
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Figure 3.9: The 3D neural trajectory and cochlear models. (A) The trajectory. (B) The
trajectory and scala tympani model. (C) The trajectory and modiolus pores model. (D) The
trajectory and the (rough) Rosenthal’s canal model.

With the soma positions determined, the positions of unmyelinated nodes can be
subsequently calculated. Existing models of spiral ganglion neurons propose different
node positions and intervals (as summarized in Bachmaier et al.28 details in the

supplementary material). Although these models differ in node positions, they converge
in terms of node numbers. This thesis adopts the node positions from the Briaire and

Frijns model*

, which includes six compartments in peripheral dendrites with scalable
lengths based on the entire dendrite length. The compartment lengths in the axon are fixed,
ranging from 150 pm at the first compartment to 350 pm from the fifth compartment
onwards. The precise compartment lengths (before scaling) are delineated in Figure

3.11A.
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Figure 3.10: Positions of soma on trajectories. The red dots are the calculated soma positions
along trajectories, showing a dense distribution at apex.

Given the variability in dendrite length from base to apex, dendritic compartments are
linearly scaled to accommodate this variation while maintaining a total of six dendrite
compartments. Figure 3.11B illustrates the scaled compartment lengths along each neural
trajectory, ranging from the base to the apex. For instance, at the basal trajectory (~0
degrees), the 250 pm compartment is scaled to ~350 m, while at the apical trajectory
(~800 degrees), it is scaled to ~500 pm. The scaled lengths of 50 pm, 100 pm, and 150
jam compartments are also proportionally adjusted, as depicted in the figure. Notably, the
shortest dendrites are observed around 400 degrees. Additionally, the node length (1 pm),
pre-somatic region (100 pm), soma, and central axon compartment length remain

unchanged and are not subject to scaling.
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Figure 3.11: Length of compartments before and after scaling on all trajectories. (A) The
original compartments length and positions in the model. (B) The scaled dendrite compartments
length at different angular positions, based on the nerve trajectories in this model. The basal
dendrites (or compartments) are longer than the middle part, but shorter than the apical part. Only
the peripheral dendrites are scaled.

Building on this, Figure 3.12 presents the 3D positions of the "nodes™ considered in this
chapter, alongside the soma position. These "effective™ trajectory sections are crucial for
calculating activating functions. Similar to widely used nerve models®, these "nodes"
represent either the positions of the nodes of Ranvier or the midpoint of each myelinated
compartment (as depicted in Figure 3.11A). Notably, the "effective™ part of the neural
trajectory is shorter than the entire trajectory in Figure 3.9, as it is unnecessary to consider
the further parts of axons deep within the IAM. Furthermore, while each trajectory in
Figure 3.9 comprises 200 points, Figure 3.12 depicts only 31 sampled "nodes" (12 in
dendrites, 1 at the pre-somatic region, 1 at the soma, 1 at the post-somatic region, and 16
in the axon). Voltage sampling will be conducted at these points, and activating functions

will be computed, as explained in section 1.3.2.
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Figure 3.12: Positions of “nodes” on neural trajectory. (A) Blue points represent the "nodes,"
referring to the nodes of Ranvier or the midpoint of each myelinated compartment. The red dots
denote the soma position. (B) Depicts the positions of nodes and the scala tympani.

With all components of neural trajectories calculated and finalized, the subsequent

section involves simulating CI stimulations and examining neural responses.

3.3 Results of Monopolar Stimulations

Monopolar stimulation is the predominant method employed in CI patients. This section
will initially delve into the EFI and current distribution during the monopolar stimulation,
as it manifests within the 3D models and this part is independent of neuronal
considerations. Following this, the activating function of neural trajectories will be

computed.
3.3.1 EFI and current spread

To model the EFI and current distribution, the initial step involves identifying the
electrical conductivities for every component of the model. Table 3.4 presents the
conductivities utilized in COMSOL, along with their respective sources. These values are
consistently adopted in computational studies. Additionally, it is worth noting that the
simulations in this model are exclusively resistive, given the complexities involved in

accounting for the complex impedance within all the tissue types.

Within the array of conductivities, air and silicone are considered ideal insulators, both

possessing a conductivity of 0. The modiolus pores, resembling nerve tissues, are
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assigned the same conductivity as the auditory nerve. As for the 1AM, excluding the

auditory nerve, it comprises cerebrospinal fluid.

Table 3.3 Overview electrical conductivities in the head model.

Model Material Conductivity (S/m) Source
Scala Tympani
Scala Vestibuli and Perilymph 1.43 78,8185
vestibule
Scala Media Endolymph 1.68 78,81,85
Modiolus pores
Nerve tissue 0.33 78,81,85
Auditory Nerve
Internal Auditory Meatus ITIS Foundation
Cerebrospinal Fluid 1.8
Cerebrospinal Fluid database102
Middle Ear Air 0
Scalp Scalp 0.33 81,85
Skull Bone (skull) 0.018 102
Brain Brain 0.375 102
CI body Silicone 0
Cl electrode
Platinum 9.4E6 84

Ground electrode

For EFI simulations, | have programmed the 22 electrodes to stimulate individually.
During each stimulation, the voltage experienced by all 22 electrodes resulting from
current spread is recorded, allowing the calculation of EFI as voltage recorded divided by
the stimulation current—set at a nominal 500 A, Notably, this model operates linearly,
enabling the spread voltage and current to be scaled linearly, rendering the exact

amplitude of the stimulation current non-essential.

Interestingly, when employing commonly used (or average) conductivities for the
cochlear compartments, the resulting EFI closely mirrors that of real patients, both in
terms of amplitude and shape. Figure 3.13 illustrates the EFI without peaks for both
Cl1622 and C1632. The EFI of CI632 (peri-modiolar) is slightly higher than C1622, a
reasonable outcome given the proximity of its electrodes to the modiolar wall. It is
important to note that electrode 1 is the most apical, while electrode 22 is the most basal,

unlike the numbering used by Cochlear Corp themselves.
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Figure 3.13: Simulated EFI for lateral wall and Peri-modiolar Cls. (A) Lateral wall CI. (B)
Peri-modiolar CI. The overall amplitude, range, slope and general trend are naturally similar as
patient data, which is attributable to the relatively complete models.

considering the case with stimulating electrode impedance (i.e., not the voltage on the
non-stimulating electrodes- sometimes called EFI with peaks), the scenario becomes
more complex. CI electrode impedance, as measured, comprises two components: the
contact impedance of the electrode-electrolyte interface as now there is current flowing
through the electrode and it is not just recording voltage with essentially no current flow,
and secondly the impedance of the biological pathway from the cochlea to the ground
electrode®. In reality, measuring the "pure” impedance of the biological pathway is
challenging, given that all electrodes exhibit contact impedance. Similarly, the contact
impedance of electrodes fluctuates based on environmental factors, electrode usage status,
etc., making it challenging to measure in patients. However, in simulations, we can
simplify matters by setting the contact electrode-electrolyte impedance of electrodes as 0
(although this scenario does not exist in reality), allowing us to measure the "pure"

impedance of the biological pathway.

Figure 3.14 presents the EFI with peaks under the scenario of O electrode contact
impedance. The peaks signify the pure biological impedance. Essentially the EFI traces
in 3.13 are the “skirts” of these peaks not including the peak itself. In contrast to
assumptions of a smooth curve*®*, the actual curves exhibit small peaks. From these
peaks, we can estimate that the biological impedance from CI to ground is approximately
1.5 to 1.8 kQ. (This is a rough estimation, as measuring this in real cases is exceedingly

challenging, leaving no avenue for validation.)
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Figure 3.14: Simulated EFIs with peak under 0 electrode contact impedance. (A) Lateral
wall CI. (B) Peri-modiolar CI. The peaks reflect the impedance of pure biological pathways.

To enhance the simulation's realism, the contact impedance of electrodes must be
incorporated. | have adopted the average value for the normal "full” electrode impedance
in patients, which is around 6 kQ on average'®, acknowledging potential variations
between CI brands or small changes post-implantation time. The surface area of
electrodes is approximately 0.15 mm?2. Consequently, the contact impedance of electrodes
in the model is set at 0.7 kQ-mm?, adding a contact impedance of around 4.67 kQ and
bringing the total electrode impedance in line with real-world values. Figure 3.15
illustrates the EFI with peaks after the inclusion of electrode contact impedance, showing

a much closer resemblance to actual impedance traces with peaks when measuring EFIs.

To assess the voltage spread within the cochlea area, two cross-sectional views of voltage
distribution—uvertical and horizontal—are depicted in Figure 3.16, utilizing the lateral
wall CI (622) as an example. Both figures include the stimulating electrode, prompting
an adjustment of the voltage scale (colour bar). The maximum voltage is capped at 0.6 V
to ensure clear visualization of the voltage spread. The insets provide a view of electrode

voltage, with a maximum set at 3 V (CI electrode voltage).
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Figure 3.15: Simulated EFI with peaks after adding electrode contact impedance. (A) Lateral
wall CI. (B) Peri-modiolar CI.
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(A)

Figure 3.16: Cross-sectional views of voltage spread. (A) Vertical section. (B) Horizontal
section. The outlines of the scala, electrodes, porous modiolus, and IAM are visible. The insets
present another scale with the maximum voltage set at 3V (to show CI electrode voltage which is
“capped” in main figures).

An intriguing question is how much current flows through the 1AM and bone, which is
unmeasurable physically but is feasible to show in simulations. A sphere boundary is
established near the cochlea, with an IAM leading from the cochlea, as depicted in Figure
3.17. The highlighted region represents the cross-section of IAM. The current density is
simulated at the surface, followed by integration to calculate the total current. When
stimulating electrode 11, the proportion of current flowing through 1AM is 23.4%, while
the surface area occupied by IAM constitutes only 4.6% of the entire sphere. The

remaining current dissipates through the surrounding bone, accounting for 95.4% of the
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surface area. It is crucial to note that all components in the head model outside the sphere

are included in the simulation, but are hidden in the figure to emphasize the boundary.

Figure 3.17: Current proportion flows through IAM. A sphere boundary is shown,
intersecting with IAM (highlighted area). In total, 23.4% of the CI current flows through this 4.6%
of physical area. Components outside this sphere are hidden.

3.3.2 Voltage on neural trajectories, activating functions and polarities

In this section, the interaction between the CI and neurons is explored using the neural
trajectories introduced earlier. With 800 trajectories, each containing 200 points (a total
of 16,000 points), the voltages on these points are extracted using the mphinterp function
in MATLAB after importing the trajectories into COMSOL and computing. The voltage
on each "node" (as mentioned in Figure 3.12) is then sampled, and the activating function

is calculated based on these sampled voltages.

As a starting point, anodic stimulation is examined. Taking electrode 11 (in the middle
of CI) in CI622, stimulating with a 500 A current as an example, Figure 3.18A displays
the 3D pattern of voltages on each node in all trajectories. The bold arrow indicates the
region of high voltage. However, 3D plots can be challenging to interpolate, so a 2D
version based on the actual trajectory length is shown in Figure 3.18B. This conversion
involves aligning every single trajectory from 0 to 800 degrees on the Y-axis, essentially

displaying each curved trajectory as a straight horizonal line. The X-axis represents the
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distance of each node to the soma (soma position fixed at 0), with irregularities on the
left side due to varying dendrite lengths. The right part shows uniformly long axons. The
regions of dendrites and axons, along with the soma's position and the angular depth of
the stimulating electrode, are noted.
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Figure 3.18: 3D and 2D views of the voltage along trajectories, assuming we are stimulating
electrode 11. (A) The 3D view of the voltage on each node. The high-voltage region near the
stimulating electrode is marked by the bold arrow. (B) The converted 2D plot is based on the
soma position, node distance, and trajectory angular depth. All somas are aligned at 0 mm. The
dendrites are longer at the apex and shorter near the base.

From the figure, it's apparent that the voltage spread is around 100 degrees, with the

voltage changing rapidly at approximately +0.8 mm in this case.

Activating functions, effectively the second derivative of voltage along distance in this
chapter (equation 1.7), are also plotted in the same 2D manner. To investigate the impact
of stimulation polarities, this section employs both anodic and cathodic stimuli to study
their influences on axons and dendrites, respectively. This study starts with the anodic
stimulation. Figure 3.19 shows the voltage and activating function under different
electrode stimulations across C1622 (lateral wall CI) and C1632 (peri-modiolar CI) under
anodic stimulation. Due to page limits, only 5 electrodes are shown from apical to basal,
respectively: E22, E16, E11, E6, and E1. Electrode 1 is the most apical, while electrode
22 is the most basal, unlike the numbering used by Cochlear Corp themselves. The
stimulation current amplitudes are all set to be 500 pA. It is worth noting that the scales

for the plotted heat maps of activating functions differ from base to apex.
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Figure 3.19: Voltage and activating functions on trajectories by anodic Cl stimulations. This
page shows the results of E22 (most basal) and E16 of both CI1622 and C1632 for comparison.
The left column is voltage, and the right is activating function. Note that the scales of the
activating function are different.
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Figure 3.19 (Continued): Voltage and activating functions on trajectories by anodic CI
stimulations. This page shows the results of E11 and E6 of both C1622 and C1632 for comparison.
Note that the scales of activating function are different.
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Figure 3.19 (Continued): Voltage and activating functions on trajectories by anodic ClI
stimulations. This page shows the results of E1 (most apical) of both C1622 and C1632 for
comparison. Note that the scales of activating function are different.

The figures provide a wealth of information. Firstly, the voltage patterns of CI1622 and
Cl1632 differ significantly. C1632 causes a "deeper” and higher voltage spread toward the
soma, aligning with expectations. Figure 3.20 shows the differences on voltage and
activating functions between C1632 and C1622, taking E11 as an example. The amplitude
and spread range of activating functions caused by C1632 are very similar to C1622 when
examining the full scope of trajectories. The primary difference lies in the dendrite and
soma regions, where CI632 induces activating functions, while C1622 does not.
Additionally, for both Cls in Figure 3.19, the activating function in apical regions is
notably higher than in basal regions, consistent with the fact that basal electrodes have a
higher threshold of activation than apical ones?*%,
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Figure 3.20: Voltage and activating function difference between C1632 and C1622 when E11
stimulates. The differences are mostly near soma and on dendrites, indicating that C1632 has
better stimulation outcomes on soma and dendrites than C1622.

The most notable result is that the main activations occur at the axon across the entire
array for anodic stimulation. This aligns with the assumption of the polarity effect, but
the question remains—why does this polarity effect occur? To delve deeper into this, a
typical voltage and activating function profile of a single curve is shown in Figure 3.21,
taken from the trajectory at 140 degrees when E11 in a C1622 is stimulating.
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Figure 3.21: Voltage and activating function profile of a single trajectory under E11 anodic
stimulation. (A) The voltage profile. Positions of soma, dendrite, and axon in modiolus and
internal auditory meatus (IAM) are marked. The change in the voltage change rate is indicated by
bold arrows. (B) The activating function calculated from figure A. The peak between IAM and
modiolus is noted.

A rapid change in voltage dropping rate can be observed in Figure 3.21A, which is
effectively the second derivative of voltage. This change is caused by the IAM. In the
modiolus, the nerve is surrounded by bone (and some nerve tissue), which has much

lower conductivity than cerebrospinal fluid and nerve tissue in IAM (the conductivities
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are in Table 2.3, and the structures of IAM and modiolus could refer to Figure 3.2 and
3.8). Therefore, the voltage along the trajectory drops rapidly in the modiolus but the rate
of drop becomes much slower in IAM. The resulting positive peak in the activating
function is also marked in Figure 3.21B. Additionally, the voltage fluctuations in the
dendrites are caused by the porous structure of the modiolus, as the conductivity changes
between bone and nerve tissue (pores). This also causes some activating functions on

dendrites; however, it is not as significant as the modiolus-1AM interface.

Notably, based on the activating function theory, a positive activating function will cause
depolarization and therefore activation; a negative activating function will tend to cause
hyperpolarization, which is related to inhibition*>1, In Figure 3.21B, the positive high
peak at the axon indicates strong activation, while the mostly negative values at dendrites

may not be able to cause activation.

In exploring the effects of cathodic stimulation, a diverse and intricate activation pattern
emerges. Figure 3.22 provides a detailed depiction of voltage and activating function
patterns for electrodes E22, E16, E11, E6, and E1. It is important to note that, in our
resistive model, cathodic results mirror the opposite values observed in anodic

stimulation shown in Figure 3.19.
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Figure 3.22: Voltage and activating functions on trajectories by cathodic CI stimulations.
This page shows the results of E22 (most basal) and E16 of both C1622 and C1632 for comparison.
Note that the scales of activating function are different.
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Figure 3.22 (Continued): Voltage and activating functions on trajectories by cathodic ClI
stimulations. This page shows the results of E11 and E6 of both C1622 and C1632 for comparison.
Note that the scales of activating function are different.
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Figure 3.22 (Continued): Voltage and activating functions on trajectories by cathodic ClI
stimulations. This page shows the results of E1 (most apical) of both C1622 and C1632 for
comparison. Note that the scales of activating function are different.

Figure 3.22 presents the effects of cathodic CI stimulations. The activating functions
exhibit notable peaks at the tip of dendrites, near the soma, and at the axon immediately
after the soma. To delve deeper, Figure 3.23 showecases a trajectory under cathodic
stimulation, with values inverted from the anodic scenario presented in Figure 3.21. At
dendrites and the soma, activating functions are predominantly positive. However, at the
central axon near the modiolus-1AM interface, a sharp change of the increase rate of the
voltage results in a large negative peak in the activating function. This suggests that
cathodic stimulations could potentially inhibit neural activity at this location. Essentially,
even though portions of the axon exhibit positive activating functions, the significant
negative peak at the more central site could potentially prevent the axon from firing.
Conversely, the activating functions at the dendrites and soma are mostly positive,
suggesting a higher possibility of neural firing at these sites. It's also possible that soma
positions may vary among neuron groups or clusters, with some soma strategically

positioned closer to the modiolus-IAM interface, making them more susceptible to
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stimulation. In either case, dendrites and soma consistently emerge as preferential sites

for activations.
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Figure 3.23: Voltage and activating function profile of a single trajectory under E11
cathodic stimulation. (A) The voltage profile. (B) The activating function calculated from figure
A. The negative peak between IAM and modiolus is noted.

3.4 Discussion and hypothesis proposal

This study introduces a fresh perspective on neural activation principles in cochlear
implants by underscoring the significance of the IAM. Unlike many computational
studies that focus solely on the cochlea's spiral shape, our exploration sheds light on the
overlooked role of the IAM. Additionally, we also examine the impact of the porous
modiolus structure on dendrite activations. To encapsulate our findings, put forward a
hypothesis to explain some longstanding observations, and acknowledge the study's
limitations, | discuss the findings in the next section.

3.4.1 The hypothesis, polarity effects and CI positions

Current modelling studies underscore the role of the natural structure of the IAM in neural
activations. As a spacious canal filled with cerebrospinal fluid, the IAM serves as a highly
conductive pathway for CI stimulations, leading to a rapid change in voltage. This results

in a positive or negative peak in the second derivative of voltage along the central axon.

The CI polarity effect, where anodic pulses tend to stimulate the axon while cathodic
pulses tend to stimulate the dendrites and soma, can be explained by the presence of the
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IAM. Anodic pulses generate a high activating function peak at the modiolus-IAM
interface, suggesting this is the site of activations. On the other hand, cathodic pulses
yield positive activating functions at dendrites and soma but encounter a large negative
peak at the axon due to IAM. Thus, the IAM promotes axon activation in anodic cases
but hinders it in cathodic cases. The possibility of neural axons to be stimulated at the
IAM site was discussed, as some unexpected neural responses were observed in

patients'%, Regretfully, no further research on this topic has been reported.

Recent computational studies addressing the polarity effect have yet to reach a clear
conclusion. It is suggested that our more precise and comprehensive model, incorporating
all relevant natural structures, may offer a more straightforward explanation. The 1AM
and porous modiolus, often simplified or overlooked, could play important roles in Cl

activation of neural structures.

Regarding CI placements, such as peri-modiolar and lateral wall Cls, the theory discussed
has important implications. In anodic scenarios, if activations occur predominantly at the
IAM-modiolus interface, the precise proximity of the CI to the modiolus or Rosenthal’s
canal becomes of not great importance. In contrast, cathodic stimulations highlight the
potential superiority of peri-modiolar Cls due to their enhanced activating functions on
dendrites and soma. Nevertheless, their efficacy might be reduced in instances of
significant dendritic degeneration in patients, which might account for the discordant

results reported in studies.

Additionally, variations in the positions of "nodes” in different nerve models may
introduce some uncertainty in the calculated activating function values. However, the key
point is that as long as a rapid voltage change occurs at the modiolus-lIAM interface, there
will always be a node located closest to that interface, resulting in a substantial peak in
the activating function. This phenomenon stems directly from the anatomy of the IAM

and cochlea.

After proposing the core hypothesis about site of activation, | would like to briefly address
two additional intriguing questions that have been raised. First, despite my hypothesis
that lateral wall and peri-modiolar cochlear implants activate the auditory nerve similarly,

ECAP recordings show that peri-modiolar implants can yield a clearer neuronal response
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pattern given identical stimulation parameters®. To explore this, | created a rough
simulation of ECAP recording with two somas (20 pum diameter spheres in Rosenthal's
canal) emitting 100 nA each to mimic action potentials from soma as an example. Using
this model, peri-modiolar implants recorded higher amplitude ECAP peaks compared to
lateral wall implants. Therefore, while both implant types may activate the auditory nerve
equivalently, peri-modiolar Cls could yield a clearer ECAP pattern due to their better

recording capability.
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Figure 3.24: ECAP recording simulation of two CI types. (A) and (B) depict the positions of
two somas emitting current to mimic action potentials. (C) and (D) represent the recorded voltage
from CI electrodes corresponding to the two somas, respectively.

The second question relates to the spread of excitation. In my results in Figures 3.19 and
3.22, the spread of excitation can reach 100 degrees or more for each electrode. This
seems to be quite high, but when checking the spread of excitation measured with ECAP
results>1%7  the spread can vary significantly between patients. Some excitations could

usig this method seem to spread across nearly the whole array, while others are confined
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to just a few adjacent electrodes. This variability might be related to the specific cochlear

structure of each patient, and to the population variations in residual spiral ganglion cells.

3.4.2 Limitations of this study

This work proposes a new hypothesis about site of activation of neural tissue, based on
computational methods with more precise models and anatomical structures that are
normally not included in models. However, there are a few limitations that need to be

acknowledged and are summarized in this section.

The first limitation concerns the prediction of site activation. This work used the
activating function as the indicator. In further work, not performed here, voltages or
activating functions could be imported into a separate nerve model to better simulate
neural activation predictions. However, current auditory nerve models may also not
accurately represent reality, and are themselves based on many assumptions. Different
models tend to use different parameters, leading to a variety of results. This is the problem
| wanted to avoid by using calculated only the activating functions, as it would be more
consistent across all nerve models. Different axon or dendrite diameters, neuron positions,
etc., will also affect the resulting activation, but these are too complex to consider

exhaustively in this thesis.

The second limitation is that only one cochlea model is used. In theory, different cochleae
could be placed in the head model for comparison studies. However, porous modiolus
segmentations require high-resolution scans such as the synchrotron imaging, of which
we only had access to one raw data file, and segmentation of the pores etc is a very time
consuming and laborious. The effect of the IAM is quite large, however, and | would
expect the generalizability of these results to persist across cochleae. In addition, here
different parts of the model also come from different scans and are placed in the correct
position based on reconstructing normal anatomy. There could still be some small

deviations in positions and size mismatch, but these are considered to be minor.
Other limitations also exist. The model is purely resistive due to the significantly

increased complexity when considering temporal effects. However, the results of this

model could be considered as a simulation of steady-state results when applying
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stimulation pulses. Additionally, the conductivity of each component comes from the

most commonly used values, but it may deviate and differ between patients.

3.5 Tripolar and Bipolar Stimulations

In the pursuit of enhancing Cochlear Implant (CI) performance, various strategies have
been developed to mitigate voltage spread. One such is tripolar stimulation, a relatively
mature technique, which has demonstrated efficacy in some studies for low-intensity
sounds'®, Studies have underscored the influence of Cl positioning on hearing outcomes,
with tripolar stimulation, which is a departure from the dynamics observed in monopolar
stimulations®®®1°, However, the widespread adoption of tripolar stimulation has been
hindered by its large power consumption. Similarly, bipolar stimulation has been
explored, yet it remains less favoured due to its power consumption and lack of proven
ability to limit electrical spread.

Within this section, we delve into the neural activation outcomes of both tripolar and
bipolar stimulations using a head model. The results aim to explain how the positioning
of Cls influences the spread of excitations, and we also examine the effectiveness of

polarities.
3.5.1 Results on tripolar and bipolar simulations

In the anodic case of tripolar stimulation, the Nth electrode's stimulation current is set at
500 A (N ranging from 2 to 21), while electrodes N-1 and N+1 are set at -250 4A. The
cathodic case mirrors this setup in reverse. Due to space constraints, the results for
electrode 11 (stimulating at 500 |4A) are depicted in Figure 3.25, with additional data for
electrodes 6 and 16 found in Figure A.3 in Appendix 2.

The tripolar results diverge significantly from monopolar outcomes. The overall spread
of excitations is notably reduced (typically around 30 degrees compared to 100 degrees
in monopolar). The mechanisms of stimulation also differ, with tripolar primarily
targeting dendrites and soma, unrelated to the IAM. Electrode positions further increase

these differences, with peri-modiolar Cl (C1632) causing approximately 50% higher
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voltage amplitude than lateral wall CI (C1622), resulting in activating functions around

100% higher. The figure scales illustrate these distinctions.
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Figure 3.25: Voltage and activating functions on trajectories by tripolar stimulations.
Figures show both anodic and cathodic stimulations of electrode 11. Please note that the scales
are different in C1622 and C1632. Results for more electrodes are in appendix 2.
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It's noteworthy that, compared to monopolar stimulation, tripolar activating functions
exhibit a markedly lower amplitude (approximately 5 to 10 times). This aligns with the
fact that tripolar stimulations demand significantly larger current stimuli and,
consequently, higher power consumption, reflecting the trade-off of achieving highly
focused stimulation. The overall amplitude of the activating functions for C1632 is
notably higher than that of C1622, particularly concentrated near the soma region. In
contrast, C1622 tends to stimulate the tips of the dendrites, as evidenced by its activating
functions. Figure 3.26 illustrates the differences in voltage and activating functions when
electrode E11 stimulates anodic pulses. It shows that C1632 results in a narrower voltage
spread, as indicated by the angular width and amplitude of the voltage differences, and
primarily targets the soma region.
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Figure 3.26: Differences of voltage and activating functions on of tripolar stimulations when
E11 stimulates anodic pulses. The differences are mostly at soma and dendrites. The C1632 are
shown to have less voltage spread and much higher activating functions.

For bipolar stimulation, in the anodic case, the Nth electrode’s stimulation current is set
at 500 pA (N from 1 to 21), and electrode N+1 is set at -500 #A. The cathodic case
mirrors this configuration. Due to space constraints, results for electrode 11 (stimulating
at +500 pA) are presented in Figure 3.27, with additional data for electrodes 6 and 16 in
Figure A.4 in Appendix 2.

68

05

04

03

02

01

-0.2

-03

-0.4

05



Activating Function (d 2V/dx?)

0 1 0.05 0
100 0% 400
0.03
200 200
= 002
% 00 0.01 § 300
Cl622 =, o Euo
o
E11 ¢ | o %
=5 3
Anodic £ o2 &
600 - 600
-0.03
004 700
800 — 5 . . -0.05 800
2 15 4 05 0 05 1 15 2 2 45 1 05 0 05 1 15 2
Distance to Soma (mm) Distance to Soma (mm)

100 -
004

g

200}

o “ o

CI632 ¢ ., o Fuml
E11 & S ool

Anodic ?m. oo §m.

g

g

2 445 4 05 0 05 1 15 2
Distance to Soma (mm)

2 45 414 05 0 05 1 15 2
Distance to Soma (mm)

Activating Function (d 2Vidx?)

| -
- -0.06

005 0
0% oot
003 I
m -
= 002 =
¢ 8
g oo1 & 300
cl622 ¢ o fu|
E1l 5 00t B g0l
Cathodic? o2 &
sw -
-0.03
oo TOOF
005 800
2 45 4 05 0 05 1 15 2 2 45 4 05 0 05 1 15 2
____________________ Distance to Soma (mm)_ S Distance to Soma (mm)
2,
0 0os 0 Activating Function (d 2V/dx?)
100 100
004
200} 200}
3 00z 3
% 300} § 300
o
CI632 . o Ew
E11 ¢ %
. 3% o 3%
Cathodics = g
600 - 600
-0.04
700 700
-0.06 800
2 45 4 05 0 05 1 15 2 2 45 4 05 0 05 1 15 2
Distance to Soma (mm) Distance to Soma (mm)

Figure 3.27: Voltage and activating functions on trajectories by bipolar stimulations.
Figures show both anodic and cathodic stimulations of electrode 11. Please note that the scales
are different in C1622 and CI632. Results of more electrodes are in appendix 2.
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Unfortunately, bipolar results combine the drawbacks of both monopolar and tripolar
approaches—Ilarge activation spreads with small activating function amplitudes.
Symmetric voltage patterns and significant CI position influence characterize these
outcomes, where activations occur in both axons and dendrites, presenting a hybrid of

monopolar and tripolar characteristics.

3.5.2 Discussion

The tripolar stimulation method reveals a distinct mechanism compared to monopolar
stimulation, operating independently of the IAM due to highly localized voltage
generation near electrodes. The study suggests that the lateral wall CI tends to stimulate
axon tips, with outcomes influenced by polarity. In contrast, peri-modiolar CI exhibits
superior performance, generating higher activating functions without evident polarity
effects. However, it is essential to note that these predictions have not been empirically
studied in patients, and remain speculative. Additionally, the reported "sidelobe" effect®,
caused by opposing stimuli from adjacent electrodes, is not observed in the results
presented.

Tripolar stimulation has several theoretical benefits, though high power consumption
remains an issue. However, in practice, tripolar does not consistently improve outcomes
compared to monopolar?®. This may stem from relying on local dendrites near the
electrodes, which are often degraded in patients. Also, practically, tripolar stimulation
leads to much weaker stimulation of neurons, necessitating a significant increase in
current amplitude. However, this increased current will, in turn, result in a larger spread

of stimulation.

Bipolar stimulation seems to blend the mechanisms and drawbacks of both monopolar
and tripolar modes. The results help illustrate why bipolar has been gradually abandoned

to garner significant interest.

3.6 Conclusions and Future Work
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This section proposes a novel hypothesis for site of activation and the polarity effect
based on computational modelling studies. Precise cochlear models were constructed,
incorporating a porous modiolus. Inclusion of additional cochlea-related components,
such as the internal auditory meatus (IAM), yielded new insights. The IAM, as a major
electrically conductive pathway beneath the modiolus, causes rapid voltage gradient
changes along the neural axis. Consequently, anodic stimulation preferentially activates
axons near the IAM-modiolus interface, while cathodic stimulation biases towards
dendrites and somas. To my knowledge, this conclusion has not been reported in other

ClI research.

ClI performance has plateaued over the past 20-30 years, implying overlooked theories
and unexplained observations exist. Some attribute this to electrode-neuron mismatch?,
but effective Cl information channels are usually thought to be around 8 in speech in
quiet!!!, Adding electrodes or shifting positions may provide minimal benefits. Others
cite incomplete brain models''?, but the huge variability between patients, from
immediate success to years of struggle, implies differences in brain function alone cannot

account for this.

Validating the hypotheses in this chapter in vivo or in vitro remains challenging without
altering cochlear structures. Direct physical measurement of the encased auditory nerve
is difficult. Even accessing the cochlea/IAM in cadavers would permanently change
anatomy and voltage distribution. However, physical confirmation is essential to
substantiate the computational findings. If validated, this hypothesis could transform
cochlear implant design. Rather than a curved electrode in the scala tympani, new designs
could be inspired to interface with the cochlea in novel ways that utilize the IAM effects

on voltage gradients and neural activation.
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4 APPLICATIONS OF HEAD
MODEL TO PREDICT AND
UNDERSTAND CLINICAL
MEASUREMENTS

This section presents some applications of the head model as an extension of the previous
chapter. This chapter presents work on simulating detection of extra-cochlear electrodes,
detecting CI partial shorts, and the scalp voltages expected from CI stimulations, which
could be used diagnostically and clinically. Clinical data are included as validation of the
results and also as a method to validate the head model. Specifically, the detection of one
extra-cochlear electrode was studied, and cadaveric experiments we have performed in

the lab were compared to simulations.

To compare with simulation data, the clinically measured living human data of scalp
voltage and extra-cochlear EFIs for validations were de-identified data from the clinical
cochlear implant centre as part of an ethics approved human research study, and the

cadaveric extra-cochlear EFIs are from Dr. Simone de Rijk.
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4.1 Introduction

To enhance the validation of our computational head model and gain deeper insights into
important clinical issues, this chapter simulates of extra-cochlear electrodes, scalp voltage,
and partial shorts of Cochlear Implants (Cls).

Extra-cochlear electrodes (EEs) are estimated to occur in over 10% of patients?,
stemming from factors such as incomplete insertion during surgery or CI migrations after
insertion!*. This reduction in effective number of Cl channels and lack of apical
stimulation may lead to re-implantation surgery*'®. Others in the SENSElab have shown
previously that EFI measurements are very effective in detecting 3 or more extra-cochlear
electrodes*’1*8, However, detecting only 1 extra-cochlear electrode has been challenging.
Notably, the most basal electrode near the round window, even when extracochlear,
exhibits EFI data closely resembling that of intra-cochlear electrodes.

Another CI failure mode is that of partial short-circuits, referring to electrodes being
shorted to ground or shorted to each other'!’. Although clinically detectable through EFI,
this study simulates this phenomenon to validate the computational model. Furthermore,
we explore the simulation of scalp voltage induced by cochlear implant stimulations, a
diagnostically easily measured parameter that holds potential clinical applicationst*8-12,
Recent research has demonstrated the feasibility of leveraging scalp voltage to identify
issues such as extra-cochlear electrodes or partial shorts*?L. In line with this, our work

also includes simulations of scalp voltage under various conditions within the head model.

4.2 Effects on Extra-cochlear Electrodes (EEs)

4.2.1 EE Simulations and clinical results validations

To further understand the intricacies of a scenario where an electrode has "slipped out"
of the cochlea, the head model was adjusted to represent this situation. Figure 4.1 visually
captures a model encompassing four extra-cochlear electrodes (4EE). For this chapter,
the lateral wall CI type has been utilized, given its prevalent use and because we have

more clinical data for this type.
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(A) = y

Figure 4.1: Model of 4 extra-cochlear electrodes. (A) Four electrodes are positioned outside
the round window inside the middle ear. The round window area is visible in the figure. (B) A
detailed view of the CI model with other components of the head model hidden.

From a clinical standpoint, the external portion of the CI is often encased in soft tissue,
such as the temporal muscle or blood*’, certainly during surgery and afterwards as well
if there is fibrosis. Given that the middle ear is predominantly air-filled, external
electrodes in air are easy to detect because of the high impedance. However, those that
are surrounded by saline, blood or soft-tissue at the end of surgery, or soft-tissue later
post-operatively are much harder to detect using impedances, as they will often show

normal impedances as the tissue or fluid surrounding them also conducts electricity well.

Our group's prior cadaveric research*’ recorded EFIs and electrode impedances under
varied extra-cochlear electrode scenarios using human cadaveric heads. During these tests,
a substantial amount of saline was introduced into the middle ear to saturate the middle
ear. This can be the case at the end of surgery too, where saline or blood fills the area of
the middle ear surrounding the electrodes. Reflecting this procedure, a saline filled middle
ear model was developed. Figure 4.2A shows this saline model, coloured in red, with an
electrical conductivity set at 1.8 S/m (parallel to cerebrospinal fluids). The saline volume
set in this figure aims to replicate the conditions during the actual physical measurements.
Notably, simulations indicate that the quantity of saline or soft tissue in the middle ear
surrounding the EE portion of the CI will significantly influence the EFIs. Additional
cases demonstrating this effect will be presented in subsequent parts of this section. Based

on this configuration, the subsequent EFI and electrode impedances were simulated.
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Figure 4.2: Modelling the extra-cochlear electrodes (EEs) cadaveric measurements with
saline in middle ear. (A) The model with a relatively large amount of saline filled in the middle
ear. (B) The EFI and impedance measurement in the cadaveric study*’. Figure adapted under CC
BY 4.0. (C) The simulated results mimicking the cadaveric conditions. 3EE means 3
extracochlear electrodes, 4EE means 4 extra-cochlear electrodes etc. The bold arrows indicate the
impedance having no obvious change in the EE part, and the simulation exhibits the same
phenomenon.

Figure 4.2B and C show cadaveric data*’ and my simulation results, respectively. The
cadaveric data used a 16-electrode Cl with 3 EEs, while the simulation employed a 22-
electrode CI with 4 EEs. Despite differing absolute values (attributed to live patients in
my simulation versus cadavers in the experiments), both exhibit similar trends. Notably,
cadaveric total impedances for extra-cochlear electrodes show negligible change despite
collapsing EFIs (bold arrow). My simulations confirm this phenomenon, indicating
electrode impedance depends more on the biological pathway through bone to the ground

electrode and electrode contact impedance, rather than cochlear electrode position.
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In addition to our cadaveric data, de-identified clinical data for EE as part of an ethics
approved intraoperative research study in our centre was used for simulation. These
clinically acquired EFI readings were performed intraoperatively, with specific numbers
of EE left out during the implantation process (all were fully implanted at end of surgery,
but in stages), and covered with blood or soft tissue with EFI measurements performed
simultaneously. I simulated this with blood or soft tissue covering the EE, similar to the
live condition. To be simple, blood is represented by saline in simulations, and will be
referred to as saline in the following parts of this section.

To simulate clinical measurements, Figure 4.3 displays models with two different soft
tissue or saline sizes. In the simulations, the same models are utilized for both soft tissue
and saline, but they are assigned different conductivities, set at 0.46 S/m for soft tissue
and 1.8 S/m for saline, respectively'%. The size of the soft tissue models was estimated
by talking to the surgeons involved, as no photos were available from the clinical

experiments.
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Figure 4.3: Modelling the soft tissue or saline in middle ear during the clinical experiments.
Two different sizes are created for EFI simulations. The blue model is the middle ear, while the
red model is the blood or soft tissue outside the round window.

Figure 4.4 shows the simulated EFIs compared to clinical measurements from four

patients under varying conditions. Unfortunately, no record exists of the blood/muscle
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amounts used clinically, only that they completely covered the EE electrodes. However,
simulations indicate EFIs correlate with soft tissue size. Conductivity differences
between muscle and blood also greatly impact EFIs. By modulating soft tissue size and
conductivity, simulations approximate clinical cases. Figure 4.4 displays four such cases.
Clinical data reports that the hearing outcome of CI patients will be largely degraded
when 4 electrodes are out of cochlea'??. As a result, simulations in this section used 4EE
configurations, while clinical data ranged from 2EE to 4EE. Though the simulation and
clinical data used different CI types and were different in EE numbers, the trends of EFI
patterns and changes could be studied and are shown to be similar. It should be noted that
these implants were done as re-implants, reimplanting normally functioning implants in
patients who had had failure of their implant, the recordings are from the normally
functioning implants. This was because recordings were performed during the COVID

lockdown, when only semi-urgent surgery was permitted.

A clear pattern emerges, in that a reduced soft tissue volume can lead to an obvious shift
in the basal EFIs. Intuitively, a smaller soft tissue volume, being a suboptimal conductor,
results in increased voltages in those electrodes in the EE part during stimulation,
especially when compared with larger soft tissue. In alignment with this, blood, being
more conductive, typically leads to lower and flatter basal EFIs compared to the temporal

muscle.

The results demonstrate that extra-cochlear electrode (EE) impedance is heavily
influenced by soft tissue size and type. Clinically, detection methods cannot readily
ascertain the soft tissue conditions around the EES (except during surgery). The
simulations revealed correlations between soft tissue factors and EFls, providing insights
into how to interpret EFIs obtained clinically, despite limitations in clinical knowledge

of the EE environment.
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Figure 4.4: Four simulation cases mimicking four clinical measurements. By modulating the
soft tissue size and type (blood or temporal muscle), the simulated EFIs can replicate clinical
measurements under different conditions.
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4.2.2 Potential methods to detect 1EE case: simulations and cadaveric
measurements

As previously highlighted, detecting 1 or 2 EEs using EFIs has been notably challenging
due to their proximity to the round window, resulting in similar characteristics to the
intracochlear electrodes. This section introduces alternative methods, specifically
focusing on the proposal of a novel approach — bipolar EFI, which offers potential

advantages in discerning 1EE cases without the need for a CT scan.

In standard monopolar EFls, the stimulating current flows directly to the ground electrode,
creating a broader voltage spread along the CI. In contrast, bipolar EFI directs the
stimulating current from one electrode to an adjacent electrode, significantly reducing the
voltage spread along the CI. While the amplitude of bipolar EFI is smaller than its
monopolar counterpart, it exhibits increased sensitivity to local changes in electrode

status, making it a promising candidate for detecting 1 or 2EE cases.

This experimental approach was executed through simulations and cadaveric
measurements for mutual validation. In the cadaveric experiment, a fresh-frozen human
cadaveric head was employed. The fresh-frozen human cadaveric heads were obtained
from the Anatomy Gifts Registry (USA) for use in surgical training and research at a
well-established surgical training facility within our institution. The execution of this
study received approval from our institutional Human Biology Research Ethics
Committee, under the project number HBREC.2018.25. A HiFocus 1J lateral-wall
electrode Cochlear Implant from Advanced Bionics was inserted into the cochlea, with
connection to the HiRes90K receiver stimulator. Monopolar EFIs were measured using
the Volta software, while bipolar EFIs were recorded with the BEDCS software, both
from Advanced Bionics. Biphasic stimuli with a current amplitude of 50 pA and a single-
phase duration of 200.25 s were utilized for the bipolar EFI measurement. The cochlea
was flushed with 1% saline before CI insertion, and excess saline was present in the

middle ear outside the round window.

In both simulation and cadaveric experiments, normal monopolar EFls and bipolar EFIs
were measured under three CI insertion scenarios: full insertion, 1EE, and 2EE. For
simulations of the 1EE and 2EE cases, corresponding models were constructed with a

saline model outside the round window, as depicted in Figure 4.5.
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Figure 4.5: Modelling of 1 or 2EE cases. (A) The model of saline inside middle ear. (B) The
model of Cl with 1EE. (C) The model of CI with 2EE.

Figure 4.6 displays simulated and cadaveric (monopolar) EFIs. Despite different absolute
shapes, as expected, both exhibit consistent trends. The 1EE configuration shows minimal
detectable features on the 1EE itself. The 2EE results begin exhibiting subtle EE features

such as basal crowding of the EFI profiles, but remains difficult to discern.
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Figure 4.6: EFIs from simulation and cadaveric measurements in 3 cases. The EFIs show a
similar trend that 1EE and 2EE cases are relatively identical to full insertion.
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The bipolar EFIs in Figure 4.7 show a different perspective. The shape of bipolar EFIs
are basically two parts of symmetric curves. The simulation predicts that in the full
insertion case, the tip of each curve in both the negative and positive part of bipolar EFI
will align uniformly. If 1 or 2 electrodes are extra-cochlear, the corresponding curve will

shrink at the basal part, as indicated by the bold arrow.

The simulations tend to show the results in an ideal case. In cadaveric, the results did not
turn out to be as perfect. In the 2EE case, this pattern is consistent as in simulation.
Comparing to the full insertion case, the curves at the basal part shrank, despite the very
similar monopolar EFls. However, in the 1EE case, this pattern is not as obvious as

predicted. This could be caused by the complex environments in real measurements.

Notably, in cadaveric results, the impedances of each electrode vary, causing individual
curves to be at different levels. Thus, vertically shifting some curves is necessary to align
all curves to match the simulations which assume completely identical impedances. This
does not alter the shape of individual curves, so it does not impact the detection of extra-
cochlear electrodes.
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Figure 4.7: Bipolar EFIs from simulation and cadaveric measurements in 3 cases. The
simulated EFIs predicts the basal curve shrink when 1EE and 2EE, and the 2EE case in cadaveric
is just as predicted. The 1EE cadaveric case did not show obvious shrink.



The detection of 1EE in CI patients has been a significant challenge, necessitating the
development of innovative methods. Another promising technique is 4-point impedance
measurements. This approach, as outlined in references!?*!24 has been developed to
monitor CI status in patients, particularly blood around the implant. Essentially, for a
group of 4 electrodes, the outermost 2 are the current source and sink and the voltage
difference between the two inbetween electrodes (which are not conducting current so
are not affected by electrode-electrolyte factors) is measured. Mirroring the principle of
using bipolar EFIs, the 4-point impedance measurements focus on amplifying local

changes in electrodes, thereby offering enhanced sensitivity.
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Figure 4.8: Schematic of 4-point impedance measurement. This figure takes E22 as an
example of a 1EE case.

For the simulation, impedance measurements spanned the entire array, ranging from E22
to E4. The underpinning models remained consistent with those used for bipolar EFI, as
depicted in Figure 4.5. The stimulation current was set at 500 |4A, but its amplitude does
not influence the calculated 4-point impedance. This is illustrated in Figure 4.9,

presenting results across the three insertion scenarios: full, 1EE, and 2EE.

The simulated 4-point impedance yields a scale ranging between 200 to 300 Q, aligning
with reported patient values?*. Notably, the 1EE and 2EE scenarios exhibit a conspicuous
fluctuation, primarily downward, at the basal electrodes, while the full insertion scenario
maintains a consistent profile. Unfortunately, due to my limited access to cadaveric
resources, this part of the study was not validated with cadaveric experiments. As a result,
the effectiveness of this method in real-world measurements, particularly under

conditions with noise, remains to be validated.
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Figure 4.9: Simulation results of 4-point impedance in 3 cases. The 1EE and 2EE cases show
an obvious drop at the most basal electrodes, while being flat in full insertion.

In summary, this work introduces and evaluates the potential efficacy of two prospective
methodologies for the identification of 1EE in CI recipients. The foundational premise
revolves around the amplification and discernment of local voltage or current
perturbations induced by EEs. While these simulations offer promise, their translation to
clinical viability requires further validations through patient-based investigations.

4.3 Electrode Shortage and CI Induced Scalp Voltage

In this section, | focus on replicating two more clinical measurements — EFIs in the
presence of electrode shortages and the scalp voltage resulting from CI stimulations.
Scalp voltage has been reported as a diagnostic tool for detecting full insertion, extra-
cochlear electrodes, or partial shorts'?t. The simulation in this section aims to validate the
computational head model by replicating scalp voltage outcomes in these three distinct

cases.
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4.3.1 Electrode shorts to ground.

Electrode shorts to ground, either partial (difficult to detect) or full represent a common
failure mode in ClIs, typically identified through lowered electrode impedances,
commonly considered problematic when falling below 1-2 kQ?°. Short circuits can
manifest as either electrodes being shorted to the ground or to each other. Both scenarios
are individually modeled in this section, with simulated EFIs modelled for use as potential
clinical tools.

In Figure 4.10A, the modelled CI for electrode shorting simulations incorporates
conducting wires connected to the four most basal electrodes to facilitate current
conduction between them. Figures B and C illustrate how shorts to the ground or to each
other are simulated.

The simulated EFIs and electrode impedances, presented in Figure 4.11, demonstrate
clear distinctions between the two shortage cases. Despite exhibiting similar impedance
profiles, the EFIs differ significantly. In the short-to-each-other scenario, where the four
basal electrodes are interconnected, a distinct bump in EFI occurs when any one of the
electrodes is stimulated. Conversely, in the short-to-ground scenario, the EFI collapses
due to the voltages of the basal four electrodes converging towards zero. Please note that
in scenarios where electrodes are shorted to each other, | have assumed direct contact
between the shorted electrodes, resulting in zero impedance. This assumption is made to

provide a typical example for reference purposes.
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Figure 4.10: Modelling of electrode shortage. (A) The conducting wires connecting the four

most basal electrodes. (B) Wires connecting to ground through a shortcut. (C) Wires connecting
each other.
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Figure 4.11: Simulated EFIs under electrodes shortage. The upper two figures show the EFI
and impedance with the four most basal electrodes shorted to each other. The lower two figures
are when the four most basal electrodes are shorted to the ground.
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4.3.2 Scalp voltage

This section seeks to simulate real CI stimulation-induced patient scalp voltage
measurements previously conducted and published by our group*?, using computational
simulations to validate the accuracy and fidelity of the head model. The simulations
account for three distinct conditions: a normally functioning CI, the presence of extra-
cochlear electrodes, and partial electrode shortages. The resulting simulated scalp
voltages are subsequently juxtaposed against the actual clinical measurements to assess

alignment and consistency.

To ensure precise replication of clinical measurements, the simulation aligns the positions
of the recording electrodes as depicted in Figure 4.12, as they were used clinically. The
ground electrode is positioned at the nape, serving as a general reference, while two
measuring electrodes (channels) are strategically placed at the forehead and the contra-
lateral mastoid. The measured scalp voltage, under this configuration, represents the
voltage difference between the forehead and the mastoid. In the clinical measurements,
Cl stimulation utilized 120 clinical units with a 75 s pulse, and the conversion equation
from Clinical Units (cu) to microamperes (L4A) is derived from Advanced Bionics*?®:
cu = I1(uA)/2040 = t(us)/229 x 6000
The actual current amplitude is 124.6 pA.
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Figure 4.12: Electrodes placed on scalp. The nape electrode is set to be ground. Voltage is
measured from the forehead and contralateral mastoid electrode.
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Figure 4.13 provides a visual comparison between simulated scalp voltages and clinical
measurements across three distinct scenarios: normal Cl, CI with known partial short
circuiting to ground, and the presence of EEs. These simulation results were derived from
the same models as in Figures 4.2, 4.4, and 4.11, with the primary modification being the
addition of scalp electrodes onto the model's scalp. The stimulation current for all
simulations was set at 124.6 pA, matching the current used in the clinical
measurements'?!, thereby allowing for direct comparison. Additionally, to align with the
patient data—which originated from Cls with 16 electrodes, while the simulations used

22 electrodes—the patient data was appropriately adjusted.
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Figure 4.13: Simulated scalp voltage in 3 different cases. (A) Scalp voltage in the normal CI
case. Two different patient data sets are shown. (B) Scalp voltage in partial short Cls. The
electrodes are shorted to the ground. (C) Scalp voltage in extra-cochlear Cls. Three different
simulation cases are shown. All the patient data come from another publication from our group*?..

In the typical ClI scenario, scalp voltage amplitudes typically range from a few hundred
to two thousand microvolts. The simulated scalp voltage in our study measured around
1000 v, a range consistent with typical patient values. Notably, when electrodes were
shorted to the ground, a substantial decline in voltage was observed at the basal electrodes.

Figure 4.13B illustrates this phenomenon, indicating a drop in approximately 8 electrodes
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in patient cases. The simulation replicated this effect with 4 shorted electrodes, displaying

comparable sharp declines.

The extra-cochlear scenario was more complex. Figure 4.13C presents three simulation
cases: one with saline filled the whole middle ear(same saline model as in Figure 4.2,
labelled "very large saline™), another with a large saline volume (same saline model as in
Figure 4.4 case 1, labelled "large saline"), and a third with a small amount of temporal
muscle (same soft tissue model as in Figure 4.4 case 4, labelled "small temporal muscle").
Despite variations, all three extra-cochlear cases exhibited a voltage drop at the basal
electrodes. For simulations, this was not as large as that seen in the patient, but shows
similar trends. In the other scenarios, the simulated scalp voltages in these diverse
conditions closely resembled real-world clinical data.

4.4 Discussion

This chapter delves into specific clinical measurements using the head model, particularly
focusing on extra-cochlear electrodes. The EFI in these cases is found to be correlated
with the findings in which we have blood, saline or soft tissue surrounding the extra-
cochlear part of the CI. The exploration also suggests more sensitive potential methods
for detecting only 1EE conditions. In addition, we model scalp voltages to effects
expected for extra-cochlear and electrode shortage scenarios. The simulation results
exhibit a general similarity in trend and amplitude to clinical measurements, affirming
the validity of the head model constructed in Chapter 2 across different aspects of clinical

conditions.

Despite these positive outcomes, certain limitations should be acknowledged. In the
extra-cochlear study, the simulation relies on estimated amounts of soft tissue in the
middle ear, lacking detailed records from the clinical experiment. This absence may
introduce inaccuracies, but the primary focus of this simulation work is on understanding
basic trends and validating the model. Notably, the overall trend of simulated EFIs in
extra-cochlear cases aligns with clinical measurements, suggesting that the detailed

amount of soft tissue present may not be crucial.
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Another limitation arises from the exploration of two methods to detect 1EE through
experiments, with only one cadaveric head included in this study. The cadaveric data,
while not as idealized as simulations, points to the need for further validation with a larger
sample size, but supports the model findings.

Additionally, the head model's purely resistive nature introduces potential deviations
from real patients. While the detailed impacts of not having a dynamic model are
challenging to estimate, the study's focus on steady-state clinical EFIs and voltages

minimizes concerns about temporal effects.

Future work could expand the applications of the head model. One promising application
involves exploring the stimulation of the facial nerve by incorporating a facial nerve
model into the head. This could shed light on the presence of facial nerve stimulation in
a subset of patients'?’. Other potential applications include investigating CI insertion
trauma, the effects of fibrosis, and many other scenarios, providing rich grounds for
further exploration.
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5 COCHLEA-ON-A-CHIP
MODEL FOR IN-VITRO
NEURAL STUDIES: A PROOF-
OF-CONCEPT DESIGN

This chapter introduces a proof-of-concept design for spiral ganglion neuron studies.
Drawing on the simulation results of voltage spread within the head in Chapter 3, a model
for in vitro neuron culturing and recording is proposed. The design is grounded in
simulation data, and the structures outlined could be implemented in subsequent physical

experiments.
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5.1 Introduction

Understanding how spiral ganglion neurons (SGNs) respond to electrical stimulation is
pivotal for evaluating cochlear implant outcomes’*?8, However, research in this area
faces challenges due to the cochlea's deep embedding in bone making it inaccessible, and
the limited number of SGNs compared to other neurons in humans*?. In vivo studies are
invasive and fraught with difficulties, making in vitro studies more feasible!3%3!, Insights

into SGN responses can significantly enhance auditory nerve models*32133,

To observe SGN activities under electrical stimulation in vitro, typical techniques include
patch clamping and micro-electrode arrays (MEAS), with rat SGNs frequently used as
subjects. Patch clamping, well recognised as the definitive method for analysing neuron
activities, has been effective in single SGN studies'®*!%, Nevertheless, this approach
becomes laborious when examining larger neuron populations, typically looks at neurons
in isolation, and offers mostly intracellular stimulations (or extracellular stimulation with
external stimulating electrodes), markedly different from the stimulation mechanisms in
Cls. MEAs, alternatively, involve culturing dissected SGNs on substrates embedded with
electrodes. These electrodes are capable of both recording spontaneous activities and
applying current stimulations'®®¥”, For both patch clamp and MEAs, discrepancies
remain in fully understanding and replicating the voltage distributions and electrode-

neuron interactions they would experience in-vivo.

In light of cochlear anatomy and the findings from Chapter 3, it is clear that the response
of SGNs to CI stimulation is largely influenced by the voltage gradient along the neuron,
particularly at the peripheral dendrites, soma, and the axon near the internal auditory
meatus (IAM). A key question thus emerges: can we replicate in an in vitro setting of the
voltage environment experienced by SGNs in the cochlea during CI electrode activation?
Such a methodology could enable more accurate investigations into SGN responses for

future experiments with cultures of populations of SGNs on MEAs.

A prior study from our group®*® introduced a "cochlea-on-a-chip" concept, involving the
culturing of SGNs in a confined chamber and using Cls for stimulation (utilizing MEAS).
Although this study proved the viability of culturing SGNs in constrained spaces, it did

not incorporate electrical designs to mimic the actual voltage dynamics within the cochlea.
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This chapter introduces a novel design focused on electrical modulations. The objective
is to ensure that, during CI electrode stimulation, the SGNs experience a voltage spread
similar to that encountered along their structure in vivo, from dendrites to axon. This
development leverages the model and findings of Chapter 3, seeking to create a more
accurate and physiologically relevant environment for studying SGN responses under ClI

stimulation.

5.2 Model Design

Drawing from the cell culture techniques elucidated in our earlier research**®, we propose
culturing SGNs within a model composed of several partitions. | optimised the simpler
2D model dimensions and shapes through numerous iterations over many months to
arrive at a model that mimicked the electrical fields in different compartments in the

whole head model.

Typically, the cell bodies are positioned in a central chamber that represents Rosenthal's
canal (RC). To ensure the unobstructed flow of the cell culture medium and to restrict the
migration of cell bodies, small channels are integrated between the compartments.
Anchoring the cell bodies within the RC compartment enables us to direct their axons
towards the IAM compartment, and the dendrite to the CI compartment using
neurotrophic factors. This strategic placement ensures the axons grow in the intended
direction, allowing the anatomy-based cell culture model to function optimally. Figure
5.1 offers a foundational representation of the model design, which is inspired by cochlear
anatomy. (For details on SGN growth within such models, please refer to our previous

work!38,)
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Figure 5.1: Concept of spiral ganglion neuron (SGN) culturing in cell culture models. The
left diagram showecases the cochlear anatomy, while the design on the right portrays the model.
Channels between the compartments, although just one is depicted, prevent unwanted cell body
migration. Figure created using Biorender®.

Though just one small channel is depicted for simplicity in Figure 5.1, these channels are

pivotal in determining the voltage spread from the Cl to each compartment. The

modulation of voltage across the SGNs, spanning from dendrites to axon, heavily depends

on the dimensions of these channels. With this design paradigm, our goal is to try to

replicate in a realistically constructable in-vitro structure that could host cultures of SGNs,

the voltage or currents they would experience derived from the head model, specifically

four specific points:

i. The voltage spread along CI (i.e. the EFI) representing the voltage the dendrites would
experience.

ii. The voltage in Rosenthal’s canal representing the soma voltage experience.

iii. The voltage at the top part of IAM representing the axon voltage experience.

iv. The proportion of current flowing through IAM (shown in Figure 3.17).

These correlations ensure that when the CI stimulates this structure, the SGNs in culture

are excited in a manner akin to their natural stimulation within the cochlea, thus enabling

a more realistic study of SGN responses.

The accurate replication of current pathways within the cell culture model, derived from

the head model, involves several compartments representing the scala, Rosenthal’s canal,
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the IAM, bone, and a ground electrode. Chapter 3's analysis reveals that the current from
the CI predominantly divides into two paths: one through the RC and IAM to the ground,
and another through the bone to the ground (approximately 23% and 77%, respectively).
The current flowing through the RC and 1AM is "effective™ for stimulating neurons,
whereas the bone path mainly serves as dissipation pathways. When considering the scale
of the cell culture model, the actual dimensions of the cochlear anatomy must be kept in
mind. For instance, in the cochlea, the scala's diameter is approximately 2 mm?3, Based
on original cochlear scans, the diameter of the RC is around 0.5 mm. While the diameters
of other compartments in the model can be more flexible, these measurements provide a
guideline for creating a realistic and functionally relevant environment for studying SGN

responses to CI stimulation.
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Figure 5.2: The cell culture model design and comparison to the cochlea model. (A) A cross-
sectional view of the cochlea model in Chapter 3. (B) The designed cell culture model with 6
compartments representing natural cochlea-related components, also denoted by different colors.
The ClI is modelled, and the current pathways from CI through bone or IAM to the ground(s) are
marked.

94



We have used simulations of the whole head movement to design this simpler
representation, and align it with the current pathways and impedances we might expect
in living heads. Figure 5.2 delineates the designed cell culture model and compares it
with the "real™ cochlea model. The cell culture model is bifurcated into two sections: the
upper part signifies the current pathway through bone, while the lower part represents the
RC and IAM path. Each compartment in the model corresponds to a distinct component
in cochlear anatomy. Neurons will be cultured in the RC canal, and a cochlear implant
will be inserted into the scala for stimulations, and for future instantiation. Neuronal
activities can be recorded using MEASs or patch clamp techniques with this model. For
simpler construction, and to make it compatible with flat MEAs, the cell culture model

adopts a linear design as opposed to the spiral shape characteristic of the cochlea.

To physically realize this model, a 3D-printed mold of the designed structure would be
created for casting. Polydimethylsiloxane (PDMS) would be used for casting, and the
resulting PDMS model will be affixed to a glass substrate or MEA. Once the cell culture
medium is added and the CI is inserted, this designed structure becomes ready for cell

culture.
Figure 5.3 and Table 5.1 provide a detailed breakdown of the model's dimensions. To

accommodate 3D printing and consider resolution limitations, all dimensions,

particularly those of the small channels, are integral multiples of 50 pm.
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Figure 5.3: Tagged compartments and channels for dimension. (A) Top view with all
components tagged. (B) Side view from the left with part of the components tagged. This model
contains 6 main compartments, 2 side compartments, and 7 sets of small channels connecting
compartments. The detailed dimensions are in Table 5.1.

Table 5.1 Overview of all the dimensions in the cell culture model.

Compartments
Compartment Left length (mm) Rig?;l;r)lgth Width (mm) Height (mm)
Bone 1 1 1 24.5 1.5
Bone 2 1 1.5 23 1.5
Bone 3 1 1.5 23 1
Scala 1 2 15 23 Left24
Right 1.9
Scala 2 3.9 3.9 1 1.5
Scala 3 3.9 3.9 1 1.5
RC 0.5 0.5 23 2
[AM 2.5 2.5 23 2

96



Table 5.1(Continued) Overview of all the dimensions in the cell culture model.

Channels
Number of
Channel Length (um) | Width (um) Gap (um) Height (um)
channels
First 11: 350
1 30 500 150 200
Last 19: 850
First 6: 300
2 29 900 150 650 Middle 17: 100
Last 6: 200
3 7 150 500 150 500
4 5 150 500 150 400
First 15: 200
5 33 500 150 550
Last 18: 300
First 21: 100
6 33 1000 150 550
Last 12: 300
1st, 8thto 12th 16t
17t: 100
7 17 1500 150 1050
2nd to 7th 13rd to
15t: 200

The parameters of these complex channels are fine-tuned based on the results from

simulations. The first channel in the table denotes the leftmost one. The conductivity

parameters are shown in Table 5.2, which are the same as in chapter 3. All the parameters

of the small channels modulating the whole voltage spread is adjusted and optimized

manually by many iterations of simulations. The conductivity of cell culture media is

reported to be between 1.5 to 2 S/m*°, This work takes an approximate median value 1.8

S/m. The simulation results of cell culture model in comparison with head model are

presented in the next section.

Table 5.2 Overview electrical conductivities in the cell culture model.

Model Material Conductivity (S/m)
Compartments
Cell culture media 1.8
Channels
CI body Silicone 0
Cl electrode Platinum 9.4E6
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5.3 Simulation Results

Examining the outcomes of the cell culture model, the simulated voltage spreads along

the cochlear implant (Cl), in Rosenthal's canal (RC), the top part of the internal auditory

meatus (IAM), and the current proportion through IAM are evaluated across all 22 CI

electrodes. These results are presented alongside those from the head model for

comprehensive comparison.

Figure 5.4 showcases the EFIs of the simulated CI in the cell culture model in contrast to

the head model. While the EFIs in the cell culture model have been adjusted to

approximate those in the head model, the linear nature of the cell culture model contrasts

with the curved EFls in the head model, reflecting the spiral shape of the natural cochlea.
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Figure 5.4: Simulated EFIs of the cell culture model in comparison to the head model. The
EFIs include both with and without peaks (the impedance of electrodes).
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Moving to RC compartment voltages, Figure 5.5 illustrates the defined postion curves
used to extract the expected RC voltage in both models. In the head model, the curve
follows the spiral shape and stays in the middle of the RC model. In the cell culture model,

the voltage curves align with the center of the RC canal.

Curve in
middle RC

Curve in

fD]]IEEI]IDIEEI]IIIEEDIEEDIII mdeRe

Figure 5.5: Defined RC curves for extracting RC voltage. (A) The RC curve along the spiral
shape in the head model. (B) The RC curve overlaps with the RC model. (C) The RC curve in the
cell culture model.

The extracted voltages along these RC curves are compared in Figure 5.6. Stimulation
currents are set at 500 A for each individual CI electrode. The voltages exhibit similar
shapes (envelopes) and amplitudes, with smoother results in the cell culture model,
attributed to the absence of porous modiolus-induced fluctuations seen in the head model.
Importantly, due to the length discrepancy of the curves in the head model and the cell
culture model, the results are plotted with relative distances. This approach is also applied

to the results in 1AM voltage.
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Figure 5.6: RC voltages in cell culture model and head model. Both voltages are similar in
amplitude range and trend.

Continuing the analysis, the third segment involves fitting voltages at the top part of the
internal auditory meatus (IAM). Similar to the approach with RC, curves are defined in
both models to extract voltages. Figure 5.7A depicts the curve beneath the modiolus in
the head model (IAM hidden for clarity), while Figure 5.7B provides a bottom view,
including IAM. In the cell culture model, the curve is within the IAM canal and in close

proximity to the RC canal.

(A) Curve at
top

Figure 5.7: Defined top 1AM curves for extracting 1AM voltage. (A) The top IAM curve
beneath modiolus in the head model. (B) The top 1AM curve viewed from the bottom with IAM
included. (C) The IAM curve in the cell culture model.

Figure 5.8 shows the simulated IAM voltages, with stimulation currents set at 500 A
from each ClI electrode. The fluctuations in the cell culture model are attributed to small
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discrete channels that conduct ionic currents from one compartment to anothers, near the
IAM curve, an inevitable but minor issue. While the voltages in the head model exhibit a
rapid change in the apical part that is challenging to replicate in the cell culture model,
both voltages fall within the same amplitude range and demonstrate a similar trend.
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Figure 5.8: IAM top part voltages in cell culture model and head model. Both voltages are
similar in amplitude range and trend.

The final step involves fitting the proportions of current through IAM. To calculate this,
two boundaries are chosen, one in the cell culture model and another in the head model.
In the cell culture model, the upper surface of the IAM canal, connecting to the RC canal
through channels (Figure 5.9A), serves as the boundary. The current flow through these
channels is calculated. In the head model, the results align with those presented in Figure
3.17, indicating that roughly 23.4% of the current from the CI flows through IAM.
Comparatively, in the cell culture model, approximately 21.4% of the current flows

through the IAM canal. The results demonstrate a close match between the two models.

5.4 Discussion

The exploration and presentation of the cochlea-on-a-chip concept underscores the
continual advancements being made in the realms of biomedical engineering and
neuroscience. This chapter has indeed provided insight into the development of a
completely novel cell culture model that has the potential to emulate the electrical
responses of Spiral Ganglion Neurons (SGNs) when exposed to Cochlear Implant (CI)

stimulations.
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Figure 5.9: Current proportions through IAM. (A) The boundary defined at the upper IAM is
highlighted. Current through all the connected channels is calculated to be 21.4%. (B) Boundary
at IAM in head model is highlighted. Current through this boundary is 23.4%.

While this work provides insights into in vitro SGN studies, a few limitations should be
acknowledged. Firstly, the current findings are based solely on simulations, although the
head model has been validated against human and cadaveric data, the 2D model has not,
and physical measurements are left for future development. The detailed voltage values
may vary between simulation and physical measurements, but the presented method
serves as a universal proof-of-concept design, allowing for individual modifications in
channels and compartments design, possibily to mimic patient differences or cochlear
malformations. Additionally, in order to optimize the 2D model, particularly the
dimensions of the small channels that modulate the voltage distribution, the process still
relies heavily on manual works. In theory, this optimization could be automated by
inputting a few target voltage distributions into some program. However, as this task will

be labor-intensive, | was unable to complete the automation process.

Another limitation lies in the feasibility of physical processing. While the design
accommodates the resolutions of 3D printing, certain channels, being thin, long, and high,
might pose challenges for common printers, potentially leading to deviations in electrical

properties. Additive printing is advancing rapidly though, and it would be possible to
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refine the techniques to print the small channels accurately (we have shown printing
resolutions already of 30um in our lab). Additionally, the two ground electrodes on the
upper and lower sides, being thin and wide due to space constraints, might see changes
in voltage outcomes if they were changed to fit other dimensions.

For future endeavors, while SGNs have demonstrated the potential to survive in small
canals and extend neurites through channels'®® the challenge lies in obtaining a
sufficiently large number of SGNs, especially when dissecting from sources like rats.
Patch clamp recording, accessed from the top of the RC canal with the CI inserted for
stimulation, is considered the most feasible way to use this model. This approach offers
a unique opportunity to study the true SGN response to Cl extracellular stimulations,
representing a valuable advancement in comparison to conventional SGN patch clamp

studies involving intracellular stimulation.
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6 DISCUSSIONS
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6.1 Summary of Finding

This thesis harnesses computational techniques as its foundational approach,
supplementing it with insights from cadaveric and clinical studies to validate the findings.
The research delves deep into the mechanics of cochlear implants and offers explanations
to address some unresolved clinical conundrums. Notably, this work stands out as the
first to incorporate models of the internal auditory meatus (IAM) and precise porous
modiolus. Moreover, it presents a pioneering effort in precisely replicating temporal bone
specimens and their physical measurement conditions through computational models.
The detailed findings are succinctly summarized below:

Chapter 2 pioneers the direct validation of computational cochlear models by comparing
simulation outputs with physical measurements from replicated human temporal bone
specimens in simulations. Utilizing micro-CT scans, this research studied the electrical
field imaging (EFIs) and wire-recorded voltages between the simulated and physical
environments. This chapter establishes a foundational groundwork for subsequent

chapters.

Chapter 3 built an accurate cochlea model based on high-resolution synchrotron scans.
The models of the human head, skull, IAM, etc., are from other open CT databases.
Including the IAM in the model made a great change to the simulation result, which might
be an important factor but has been ignored by nearly all related works. The conductivity
change from the bony modiolus to the hollow IAM will cause a rapid voltage change
along the neurons (or auditory nerve fibers). Combining with the basic principles of
activating functions, this voltage change causes different effects on the neurons when
stimulating anodic or cathodic pulses from CI. This provides one explanation (or
hypothesis) explaining how CI works in stimulating neurons, particularly for site and
polarity responses. The anodic stimulations tend to stimulate central axons near the
modiolus-IAM interface, while the cathodic stimulations will work best at the dendrites.
Further based on this, the CI position in the scala tympani will not obviously affect Cl
outcomes as all Cls work at the modiolus-1AM interface for anodic stimulation. However,
the peri-modiolar Cls show a slightly better performance when stimulating the dendrites.
The "uncertain" improvement of peri-modiolar Cls and the polarity effect in simulations

comply with clinical outcomes. This new hypothesis of site of stimulation and might
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provide new insights to further understanding Cls (as results have been mostly unchanged

for more than 20 years).

Chapter 4 shows the applications of the head model from the clinical aspect. By
comparing the simulation results to clinical or cadaveric data, this chapter is also a
validation of the head model. One major focus of this chapter is to study extra-cochlear
(EE) electrodes. Two potential methods to detect 1EE clinically are proposed based on
simulations. One of the methods is validated in a cadaveric head. The ClI partial short case
and stimulation-induced scalp voltages are also simulated and compared to clinical data.
The simulations all show similar trends and amplitudes as in physical measurements,

which is also additional proof of accuracy for the head model.

Chapter 5 proposed a proof-of-concept design for studying spiral ganglion neurons
(SGNSs) using an in vitro model. This model aims to replicate the voltage spread along
SGNs upon cochlear implant (Cl) stimulation, providing a tool for studying SGN
responses. The design incorporates features such as compartments representing cochlear
structures, allowing for MEA or patch clamp recordings of cultured SGNs. The detailed
simulations demonstrate the feasibility of this in vitro model in replicating voltage

patterns observed in the head model during CI stimulation.

In summary, the thesis combines computational modelling with cadaveric and clinical
data to advance our understanding of cochlear implants. It introduces novel elements,
such as the inclusion of the IAM in cochlear models and proposes a hypothesis explaining
Cl principles based on detailed simulations. The validation of the head model in clinical
scenarios and the exploration of potential clinical applications, such as detecting extra-
cochlear electrodes, contribute to the relevance and reliability of the models. Additionally,
the thesis presents a forward-looking approach with the in vitro model, offering a
potential tool for studying SGN responses to CI stimulation.

6.2 Future directions

The computational approach has demonstrated considerable efficacy in advancing our

understanding of the cochlear structure and function. The hypotheses generated from
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computational methodologies offer potentially groundbreaking insights into cochlear
implant (CI) mechanisms. However, the validation of the hypothesis through cadaveric
or animal models remains a crucial next step. This validation process includes examining
spiral ganglion neuron (SGN) responses to external voltage stimulations, particularly the
voltage profiles along trajectories as presented in Chapter 3. Such investigations could
refine auditory nerve models, and when integrated with computational models, yield more

accurate predictions.

Practically, some patients could understand CI induced hearing within weeks of usage,
while some could hardly understand what they hear with CI even after a few years. Apart
from the difference in neural health status, | would believe that the cochlear (including
modiolus and IAM) structures of different patients will largely affect the CI stimulation
outcomes, including the spread of excitations and stimulation thresholds. This thesis was
only able to fully study the CI stimulation-induced neural activations in one cochlea.
Despite the existence of potential clinical data indicating the importance of 1AM in
patients® it still remains as a hypothesis and might be hard to be accepted or proved in

the foreseeable future.

For future works, it would be valuable to study and compare multiple cochleae with
diverse structures to investigate how these variations impact neural activations. This
could be beneficial for patients as we could assess or predict the Cl outcomes of them
based on examining their cochlear structures with possible CT scans prior to surgical

implantations.

Moreover, the proposed computational models and methods could contribute to future CI
research. The head model, containing extensive cochlear-related structures, paves the way
for diverse applications across various research domains. The precise construction of
these models ensures that simulation results not only reflect the trends of potential
physical outcomes. The pursuit of increasingly refined models will continually enhance

the accuracy of simulation results.
It is my aspiration that this thesis casts a new light on the enigmatic question of how Cls

function. Should the hypothesis prove valid in future studies, it holds the potential to

inform the design of the next generations of Cls. It has been proved that changing CI
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positions, increasing electrode numbers, or deepening CI insertions are not effective in
terms of pursuing better performance. | would tend to believe that this reflects the
limitation of Cl insertions in the scala tympani. However, surgically, Cl insertion into the
scala tympani through round window may still be the easiest way for clinical practice, as
the access to IAM will be much more complicated. Foreseeing the future directions could

be hard, but building reliable models for now will always be helpful.
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Appendix 1. Models of Human Temporal Bone Specimens

Saline Ground electrode
(A)

(E)

Cl (1EE)

Wires in bone

Figure A.1: The built human temporal bone specimen models of specimen 2. (A) The
temporal bone specimen merged by saline. (B) and (C) show the specimen model in 2 different
points of views. (D) The model of cochlea, modiolus, 10 recording wires, and Cl. (E) The bottom
view of cochlea.

Saline  Ground electrode Muscle and nerve tissue (lightred)

(A)

Bone specimen

Cl (3EE)

Figure A.2: The built human temporal bone specimen models of specimen 3. (A) The
temporal bone specimen merged by saline block. (B) and (C) show the specimen model in 2
different points of views. The bone is mostly wrapped by muscle. (D) The model of cochlea,
modiolus, 10 recording wires, and Cl. (E) The bottom view of cochlea.
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Appendix 2. Tripolar and Bipolar Results
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Figure A.3: Voltage and activating functions on trajectories by tripolar stimulations. Figures
show both anodic and cathodic stimulations of electrode 16. Please note that the scales are

different in C1622 and CI1632.
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Figure A.3 (Continued): Voltage and activating functions on trajectories by tripolar
stimulations. Figures show both anodic and cathodic stimulations of electrode 6. Please note that

the scales are different in C1622 and CI1632.
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Figure A.4: Voltage and activating functions on trajectories by bipolar stimulations. Figures
show both anodic and cathodic stimulations of electrode 16. Please note that the scales are
different in C1622 and CI1632.
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Figure A.4 (Continued): Voltage and activating functions on trajectories by bipolar
stimulations. Figures show both anodic and cathodic stimulations of electrode 6. Please note that
the scales are different in C1622 and C1632.
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