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Abstract

Cochlear implant (CI) surgery is one of the most utilized treatments for severe
hearing loss. Though CI surgery is proven to improve patients’ quality of life,
results are variable as damage to very delicate inner ear tissues can be difficult
to avoid. However, even the effects of optimal scala tympani insertions on the
mechanics of hearing are not yet fully understood. This project presents two
finite element models of the inner ear to study the interrelationship between the
mechanical function of the cochlea and the insertion of a cochlear implant electrode,
one derived from the chinchilla inner ear and one derived from the rhesus monkey
inner ear. These subjects were chosen due to their wide usage in inner ear research
as designs of the typical device tend to progress from chinchilla animal studies,
to rhesus animal studies, and finally to human trials. Both FE models include a
three-chambered cochlea and full vestibular system, rarely seen in prior studies.
The procedure used to create these models is low-cost, rapid, and reproducible,
and results in a highly detailed model using ptMRI imaging as the data source.

In the chinchilla model’s unimplanted state, data indicative of the tuning effect
of the cochlea closely matched results obtained in In Vivo studies. In its implanted
state, the chinchilla model found minimal loss of residual hearing or alteration of
the cochlea’s tuning effect regardless of CI insertion angle. Its results suggest
that an emphasis should be put on developing CI's with maximal insertion angles
and minimal trauma during insertion. The more detailed rhesus model is presented
with its preliminary results and plans for its continued development. In the future,
both models can be reused with minimal alteration to study a broad range of
phenomena such as vestibulo-cochlear interaction, the results of vestibular implant

surgery, and the effects of various pathologies on hearing function.
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1 Introduction

1.1 Hearing Loss

1.1.1 Prevalence

Hearing loss is a global public health issue that is often underestimated. More than
20% of the global population has some form of hearing loss, amounting to over 1.5
billion people [35]. Of this population, over 430 million have disabling hearing loss.
34 million children have some amount of hearing loss. In 60% of these cases the
cause was preventable. Hearing loss is an ’invisible disability’; most policy-makers
do not adequately address it and many individuals do not seek treatment until
hearing loss has become severe or profound [80]. Exact guidelines vary from study
to study but, according to the WHO, sounds even as loud as the average doorbell
(80dB) are capable of causing hearing loss over extended periods of time (40 hours).
Individuals can be safely exposed to 100 dB, about the volume of a hair dryer, for
only 20 minutes a week. Concerts, one of the largest causes for concern, often reach
volumes upwards of 100 dB or even 110 dB. These volumes can cause hearing loss
in less than 10 minutes [141]. The strongest government guidelines limit volumes
without hearing protection to below 80 dB, in most settings. When these guidelines
are incorporated into policy tangible benefits are felt. Therefore, the best solution
to hearing loss is to avoid it in the first place with strong regulation. It is clear
that hearing loss is a very large problem globally. When considering the global
population, more than 5% suffer from disabling hearing loss [29]. Today, that
amounts to around 395 million people.

In the United States, the greatest factor affecting prevalence of hearing loss is

age [29]. A 2016 analysis by Dr. Goman and Dr. Lin of Johns Hopkins found



that more than 20% of Americans 12 years or older have some form of hearing
loss [51] . Only around 2.5% of individuals age 12-19 have hearing loss, increasing
to 16.04% for individuals in their 40’s, 33.74% in their 50’s, and 48.92% in their
60’s. By the time an individual is 70 or older nearly 75% exhibit hearing loss in
at least one ear. In sum, over 60 million Americans exhibit some form of hearing
loss. These numbers drop when only considering severe to profound hearing loss,
where medical intervention is most important. Around 2.5% of Americans aged
12 years or older exhibit severe to profound hearing loss in at least one ear. This
ranges from nearly 0% in the lowest age group, mostly originating from congenital
defects, to around 2% of individuals in their 50’s and nearly 7% of individuals
in their 70’s or above. In total, 6-7 million Americans had severe to profound
hearing loss in at least one ear when examining data from 2001 to 2010. These
numbers are especially disturbing as hearing loss is associated with other negative
social and health outcomes. These include declining cognitive performance, higher
incidence of dementia, and social isolation [30]. When it comes to the relationship
between hearing loss and cognitive decline, two primary hypotheses exist. The first
is that cognitive decline and reduced hearing function share a common cause. The
second is that hearing loss is a direct contributor to cognitive decline. The latter
is called the cascade hypothesis and is supported by data indicating that the use
of hearing aids improves cognition beyond what would be expected of increased
hearing function. This result can be extrapolated to the use of cochlear implants;
methods which improve hearing function have significant effects on cognition, and

therefore reduction in the incidence of dementia in older patients [110].



1.1.2 Common Causes

Many diseases which affect hearing or balance often have some effect on the other.
This is because the cochlea and vestibular system are connected directly with
lymphatic fluid which fills the entirety of the inner ear. Examples of such diseases
include Méniere’s disease, otitis media, and otosclerosis. Each of these diseases

have different mechanisms.

Sensorineural hearing loss Sensorineural hearing loss is caused by the death of
inner ear hair cells. This causes higher pitches of sound to become muffied, makes
it harder to differentiate between different pitches, and generally decreases an
individuals hearing function. Age is the most common cause of this type of hearing
loss. Exposure to loud noise, certain diseases, drugs, and congenital abnormalities
can also cause sensorineural hearing loss. Sensorineural hearing loss can effect

residual hearing after cochlear implantation as well.

Méniere’s disease Méniere’s disease is the result of endolymphatic hydrops, a
distention of the membranes in the inner ear due to increased pressure. Endolym-
phatic hydrops is diagnosed by examining the size of the saccule in relation to the
utricle and the volume of perilymph visible in medical scans. Though its mech-
anism is not thoroughly understood, it is thought to stem from constrictions of
blood vessels, drainage issues in the ear structure, infections, head trauma, genet-
ics, or some combination of these factors. Despite the general lack of understanding
of this disorder, there are some procedures which should be explored other than
cochlear implantation. Examples include steroid injections and endolymphatic
sac decompression surgery. In some cases even cochlear implant surgery (CIS) is

insufficient and a complete labyrinthectomy must be performed.



Chronic otitis media Otitis media is an infection or inflammation of the middle
ear which also effects the inner ear. In rare cases this can lead to permanent hearing
loss which necessitates CIS. However, this should never be used as the first option
for treatment. Patients should be evaluated for the viability of tympanoplasty
with mastoidectomy. This procedure removes diseased cells from the inner ear and

repairs perforations which may be present in the tympanic membrane.

Otosclerosis Otosclerosis is the fusing of the stapes to other bones located in
the middle or inner ear. This often results in reduced, or complete loss of, hearing
function as sound waves cannot propagate to the sensory organs in the inner ear.
In many cases stapedectomy is the preferred solution, where the stapes is removed
and a prosthesis is installed in its place. However, in the worst cases of otosclerosis
where the oval window membrane is compromised CIS can be most effective and

prove a life-changing treatment.

1.2 Inner Ear Anatomy

The ear is generally organized into the outer, middle, and inner ear. The outer
ear is what is visible to outside observers. The outer ear consists of the pinna, the
external auditory canal, and the tympanic membrane [20]. The middle ear contains
the auditory ossicles which transmit vibrations from the tympanic membrane to
the inner ear through an air-filled space. The inner ear is the most important
part of the ear as it provides the senses of hearing and balance. It is located
within the bony labyrinth of the temporal bone and consists of two distinct but
connected systems, the cochlea and the vestibular system. In this work I will focus

my attention on the inner ear.



1.2.1 Cochlea

The cochlea is responsible for hearing and takes the general shape of a nautilus
shell. The cochleas spiral structure and unique material properties allow resonance
with different frequencies at set locations along its length, creating a tonotopic
map where displacement of different positions in the cochlea correspond to specific
frequencies perceived by the brain. This capability is known as the tuning effect of
the cochlea. Each species has a different frequency-position function which models
these locations of resonance, a very useful tool for comparing hearing function
between species and in the creation of hearing devices. These functions are detailed
in Greenwood’s work on the subject [53].

The cochlea consists of three chambers, the scala vestibuli, the scala media, and
the scala tympani. The scala vestibuli and tympani are filled with perilymphatic
fluid and are directly connected through the helicotrema, an opening in the osseous
spiral lamina at the apex of the cochlea. The helicotrema is typically modeled
as the space between the cochlear duct and the bony labyrinth at the cochlea’s
apex. In actuality, the cochlear duct extends fully to meet the bony canal with
the helicotrema lying medial to the apex of the cochlea. This structure varies
in size between individuals and is believed to influence low-frequency hearing via
changes to the pressure differential across the cochlear partition [134]. The scala
media is a separate fluid volume, filled with endolymph. All vibrations between
the endolymph and perilymph must therefore travel through the membranes of the
scala media, the most important of which are the Reissner’s Membrane and basilar
membrane (BM). The Reissner’s Membrane (RM) separates the scala media from
the scala vestibuli while the basilar membrane separates the scala media from the

scala tympani.



In function, sound waves are transmitted from the tympanic membrane, or
eardrum, through the auditory ossicles and into the oval window membrane of the
inner ear. The stapedial annular ligament is the elastic boundary between the
stapes footplate and the bony wall of the oval window membrane [42]. Vibrations
are transmitted from the oval window membrane (OWM) into the perilymph of the
cochlea to the scala vestibuli where they propagate through the cochlea’s length.
At the apex of the cochlea, vibrations travel through the helicotrema into the
scala tympani, then travel back to the base of the cochlea. Waves are dissipated
at the round window membrane [1]. The scala media, being situated between the
scala vestibuli and tympani, senses vibrations using hair cells within the organ
of Corti, displaced as a function of the material properties and dimensions of
the basilar membrane. Ultimately, the properties and geometry of the basilar
membrane are the primary factors that influence the cochlea’s tonotopic map.
Electrical signals from these hair cells transmit to the spiral ganglion, through
the auditory nerve, and finally to the brain where they are processed and provide
the sense of hearing. In this work the displacement of the basilar membrane is
examined as an approximation for displacement of the organ of Corti, given its

comparatively simple structure and importance to the tuning effect of the cochlea.
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Figure 1: Basic anatomy of the cochlear duct. Adapted from the book Auditory
System, a part of the Handbook of Sensory Physiology book series, with the per-

mission of Springer Nature. [1]

Healthy cochleas come in many different shapes and sizes, even among a single
species. In humans the length of a healthy cochlea is around of 35.58 mm with a
standard deviation of 1.41 mm [68]. The lengths vary greatly in cochleas that are
malformed due to congenital defects, but are typically much shorter than cochleas
which are not deformed. This length is an important consideration when choosing
the model of cochlear electrode to be used; too long of an electrode will likely cause
cochlear trauma and too short of an electrode will have sub-optimal results, being

unable to stimulate the desired length of the spiral ganglion.

1.2.2 Vestibular System

The vestibular system is formed by a series of connected chambers and canals
which act as an organic gyroscope [70]. The semicircular canals, equipped with

their sensory organs, the cupulae, allow sensation of angular acceleration due to



their curved shape. Lymphatic fluid flows through the semicircular canals as a
result of angular acceleration of the head, bending the cupulae and the sensory
hair cells contained within them, sending electrical signals to the brain. Otoliths,
hard calcium carbonate structures, are used to detect the linear acceleration of the
head. Otolith organs include the saccule and utricle, with the majority of their
sensory hair cells contained in the saccular macula and the utricular macula. The
saccular macula detects vertical acceleration while the utricular macula detects
horizontal acceleration. The anatomy and function of the vestibular system is

displayed in Figure 2.
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Figure 2: Basic anatomy and function of the vestibular system at rest and under

acceleration.

The vestibular system is intimately connected to the movement of the eyes. The
vestibular system is used by the brain to allow smooth movement of the eyes, known
as the vestibulo-ocular reflex (VOR). The angular and linear accelerations detected
by the vestibular system directly influence stability of the retina by informing

eye movements opposite to the direction of acceleration. VOR also influences



posture and gait. In severe cases of impairment, patients have trouble standing
and walking, inhibiting their ability to perform simple tasks. The importance of
the vestibular system cannot be understated as the loss of its vestibular function
can be a debilitating condition. It is estimated that approximately 35% of the
population aged 40 years or above experience some form of vestibular problem [2].
Because the vestibular system is directly connected to the cochlea [67], including
it in the two models described in this work was necessary. The extent of their
interrelationship is not yet fully comprehended, thus, it was deemed prudent to

incorporate the vestibular system in both models.

1.3 Cochlear Implants

1.3.1 Clinical Significance

In cases where hearing aids are no longer useful or sufficient, cochlear implant (CI)
surgery is the standard procedure for the treatment of severe hearing loss. CIS
has been approved by the FDA since 1996 for use in adults and since 1997 for
use in children. Modern CI surgery often significantly improves patients’ health-
associated quality of life [59,66,84,92,117]. Children can develop age-appropriate

speech skills [47,88] and adults can regain open-set speech recognition [48].

1.3.2 Design and Function

Cochlear implants are prostheses which are a functional replacement for electrical
stimuli from hair cells in the cochlea [72]. Cochlear implants have several compo-
nents which work together to convert sound received by an external microphone to
sensible electrical signals transmitted to the auditory nerve [91]. The microphone,

typically worn behind the ear like a hearing aid, is used to detect sound. The infor-



mation from the microphone is processed by an external speech processor and the
resultant information is sent to a transmitter. This transmitter is external to the
body and sends electrical signals to a receiver implanted in a hollow cavity created
in the bone behind the ear. This receiver sends the impulses from the transmitter
to the electrode array. The general position of these components is seen in Figure

3.

Transmitter

Speech
processor

~— Receiver/stimulator

/ Electrode array

Figure 3: Major components of a cochlear implant. Adapted from a figure pro-
duced by the NIH/NIDCD available online on their web page titled Cochlear Im-

plants [91].

The surgical procedure for cochlear implantation involves an incision behind the
ear, through which the auditory canal and labyrinthine block containing the three
semicircular canals are exposed. [72]. A section of the temporal bone is hollowed
out to create a bone bed for the receiver of the implant. Then, a canal is drilled
through the bone bed into the middle ear where the round window membrane
(RWM) can be accessed. A small nerve responsible for taste, the chorda tympani,

may need to be displaced during this process especially in young patients where

10



tolerances are smaller. Surgeons must take special care to avoid damaging this
nerve and may monitor the facial nerve during surgery as an extra precaution.
The receiver is implanted into the bone bed and the cochlear electrode carrier
positioned to prepare for insertion through the RWM. The RWM is completely
exposed through removal of bone around the cochlea, a small incision made, and
the electrode carrier slowly and carefully inserted through the drilled canal of the
bone and into the RWM. This step varies depending on the variety of electrode
chosen but the goal is always to minimize cochlear trauma. The final step is closure
of the cochlea, where muscle or fascia are used to plug any gaps, and wound closure
of the incision in the head.

There are many different designs of CI electrodes with variable lengths, stiff-
nesses, and procedures for implantation [34]. Electrodes are either straight or
pre-curved [54]. Straight electrodes are positioned near the lateral wall of the
scala media, while pre-curved electrodes are positioned as close to spiral ganglion
cells as possible. The spiral ganglion is the nerve attached to the hair cells of the
cochlea and is therefore the target of electrical stimulation. Straight electrodes
are designed to be as flexible as possible to avoid trauma to soft tissues, inserted
such that they naturally curve as they contact to lateral wall of the cochlea, while
pre-curved electrodes utilize specialized stylets or sheaths to insert the electrode
without trauma. Straight electrode arrays are the most common and easiest to
implant.

One of the leading manufacturers of CI's is MED-EL. MED-EL’s most popular
CI electrodes are straight electrodes, specifically their FLEX and STANDARD se-
ries of electrodes [34]. These are touted as the companies ”softest and most flexible

electrode arrays designed for the majority of patients and optimised for Structure
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Preservation and the preservation of residual hearing.” [85] These electrodes vary
in length from 20 mm to 31.5 mm, corresponding to different insertion angles. In-
sertion angles are the angle which the cochlear implant travels through the length
of the cochlea. For example, full insertion through the first twist would be a 360°
insertion angle, through the second would be a 720° insertion angle, and so on.

Generally, the materials used in cochlear implants include silicone, platinum,
titanium, and ceramics [118]. The electrode array uses platinum for the electrode
contacts and for the wires internal to the electrode array. Silicon is used as the main
body of the array. Titanium or ceramics are typically used for the sealed housing
of the receiver embedded in the skull. All these materials are regarded as having
good biostability. The flexibility of silicon makes it ideal for the electrode array
as flexibility is vital to avoiding trauma during electrode insertion. Platinum is
good for wires and contacts owing to its low reactivity and resistance to corrosion.
Titanium is light, inert, and very strong, making it a suitable choice for the housing.
Ceramics are easy to embed wires in while maintaining a good seal, but are more
prone to fracture under high stress. Because of the brittleness of ceramics, in
most cases titanium is used as the main housing for the receiver and ceramics
are reserved for sealing the point where wires exit. Ceramics are still viable as
a material for the main housing; however, they have been known to break after
physical trauma.

Some candidates for CI surgery have congenitally malformed cochleas, account-
ing for approximately 20% of congenital hearing loss cases [112]. In these cases,
special electrode arrays are necessary to prevent leakage of fluids and account for
irregular cochlear lengths. MED-EL offers their FORM series of electrodes specif-

ically for this purpose. According to MED-EL they are, ”designed specifically for

12



malformed cochleae and for instances where leakage of cerebrospinal fluid (CSF)
is expected. Each FORM array features an integrated SEAL designed to close off
the cochlear opening making it easier for surgeons to apply additional tissue for
sealing the area once the electrode array has been inserted.” [85]

CI electrodes are designed with a series of contacts spaced along the length
of the cochlea. Physiological differences in each patient necessitates the ability
to program the response of the implant on a patient-by-patient basis [120]. CI’s
are programmed for each patient dependant on their response to stimulation by
the CI electrode. This is can be done subjectively, using the patients input as a
guide. The patient can be asked what minimum and maximum stimulation levels
from the implant are comfortable to optimize results. However, it is also possible
to use electrically evoked compound action potentials (eCAPs) data to inform
programming where the patient is unable to provide adequate input, often the
case with young children and infants [57,125]. eCAPs are measures of the auditory
nerve’s response to electrical stimulation which can be obtained by sending out a
signal from a contact on the implanted electrode and monitoring the voltage in
the surrounding area of the cochlea. Using this data the minimum and maximum
stimulation levels of the implant can be determined without patient input. This
is an essential part of CI fitting and all manufacturers include integrated tools to

measure eCAP response.

1.4 Residual Hearing

Residual hearing is defined as the residual, natural function of the inner ear after
cochlear implantation. Many patients who choose cochlear implantation as their

solution to hearing loss retain some amount of hearing function, even if it may not
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be entirely evident to the patient. The leading cause of residual hearing loss during
CI surgery is loss of mechanical function of the inner ear, though damage to the
auditory nerve efferents can be more debilitating and difficult to treat effectively
[133]. Residual hearing is an important part of patient outcomes after CI surgery.
It contributes to the long-term efficacy of CI’s, especially in the spatial recognition
of sound in the users environment [121,132]. Residual hearing is also a major
contributor to the recognition of low and high frequency sounds, as well as hearing
under challenging conditions, such as in a busy restaurant with competing speech.
Residual hearing is especially important for bimodal CI users, with a CI in both
ears, as all the aforementioned problems with spatial and low-frequency recognition
are magnified [37]. Generally, bimodal CI users tend to have significantly worse
outcomes than contralateral CI users [49]. Without binaural hearing of low-to-
mid frequency sounds patients struggle to identify the origin of sounds. However,
patients are able to partially compensate for low residual hearing as they adapt to
their CI. Usually, this occurs after a significant amount of time has passed since

implantation.

1.4.1 Cochlear trauma

Most sources report that the magnitude of CI surgery’s effect on residual hearing
is largely dependent upon whether cochlear trauma takes place during CI surgery.
Trauma is usually attributed to the dislocation of the CI electrode from the scala
media or vestibuli [131]. Dislocation can arise due to a variety of factors, thus
necessitating the correct choice of an electrode, the surgical technique, and the
insertion angle [18]. An important consideration is the morphology of the patient’s

cochlea, as shorter and smaller cochleae tend to have higher rates of intracochlear
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dislocation when electrodes are fully inserted [69]. In most modern cases, CI
electrodes are correctly placed in the scala tympani with minimal trauma. When
inserted using a cochleostomy, where a hole is drilled elsewhere in the cochlea,
there is a higher chance of significant cochlear trauma. As a result, RWM insertion
is the preferred method [135]. Understanding the effects of typical CI electrode
placement on the finer sensitivity of the BM is an important step toward further
improvement of CI electrode design. The two FE models in this work assume
completely atraumatic insertion of the CI electrode. This assumption makes these

FE models a good analog for what is possible in the future of CI development.

1.4.2 Scar Tissue

Stiffening of the round window membrane is a common occurrence after cochlear
implantation, particularly when the CI electrode is inserted into the scala tympani
[78]. Following implantation, the round window membrane must heal around the
electrode, leading to the formation of scar tissues. This causes the membrane to
thicken and alters its material properties [46]. Since the round window membrane
is responsible for the release of excess energy, its alterations can significantly affect

hearing sensation [78].

1.4.3 Insertion Angle

Insertion angle is a major contributor to CI effectiveness [94]. When longer elec-
trode models are selected, typically with an angle of insertion greater than 540
degrees, lower frequencies become more perceptible to patients. Music becomes
more enjoyable, and the quality of life increases compared to those patients with
shorter CI electrodes [107]. In cases where CI surgery results in minimal-to-no

trauma and the patient is healthy with few underlying conditions, very few side
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effects have been reported for larger angle of insertion other than postoperative

vertigo and nausea [126].

1.5 Finite element method

The finite element (FE) method is a numerical method which allows discretization
and analysis of partial differential equations which may other be impossible to solve
analytically. Applicable problems include ones with complex geometry, nonlinear
material properties, and complex loads; ultimately, most any mechanical analysis
problem can be solved using the FE method. When examining geometries derived
from medical scans, the finite element method, or an analogous method like the fi-
nite volume method, is the ideal approach. The FE method is commonly employed

in structural analysis, heat transfer, fluid flow, acoustics, and biomechanics.

1.5.1 Advantages over In Vivo testing

The use of laboratory animals is a necessary part of medical research, as it enables
scientists to explore new treatments before progressing to human trials. However,
animal testing is a complex issue that raises many ethical and logistical concerns,
particularly regarding the welfare and cost of laboratory animals. Animal testing
must be carried out in accordance with strict ethical guidelines to ensure that any
suffering is minimized [39]. In medical research it is often necessary to purchase
many expensive research-grade animals, making their use particularly expensive,
especially when considering long-term management of an animal facility [16]. Fur-
thermore, the quality of laboratory animals can be compromised by unethical
practices, making studies less productive and reproducible.

Chinchillas are very often used in auditory research as a model for human

hearing prior to progression to testing with non-human primates [122]. At the
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time of writing there are very few laboratory grade chinchilla suppliers which are
available to US researchers as many have been shut down by the USDA. One
example is the Moulton Chinchilla Ranch, once the primary supplier of research
grade chinchillas in the United States, which made a number of known violations
of the Animal Welfare Act in the eight years prior to the revocation of their license
[128]. Demand for chinchillas remains high; chinchillas are a valuable animal model
for human hearing and balance function. There is a wealth of literature in the
field which uses them as their subject, providing a foundation for further works to
build on. The majority of research grade chinchillas must now be bred in house,
prohibitive for many institutions due to logistics and cost.

Rhesus monkeys are the most commonly used nonhuman primates in biomed-
ical research [55], due to their similar biology to humans [23]. However, unlike
rodents, they are highly social animals with unique needs [4]. Rhesus monkeys are
intelligent and capable of experiencing pain and suffering similar to humans. As
a result, they are more heavily regulated and receive better treatment than small
rodents. Partly due to these reasons, they are remain prohibitively expensive and
too challenging to maintain for many labs.

Finite element modeling is a solution to both the monetary and ethical prob-
lems involved in animal research [36,76]. FE modeling is cost-effective, ethical,
reproducible, and safe. Models can be precisely manipulated at will in a relatively
short time frame to account for a variety of different variables and conditions, some
of which may not be foreseen prior to beginning modeling. Simulations can be run
as many times as researchers desire with little-to-no variation in the model’s ge-
ometry between iterations, something impossible when using multiple animals in a

study [3]. In animal testing this kind of iterative process is also be quite expensive,
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involving the purchase of many animals. The FE method can be applied without
any harm to the animal subjects as medical imaging of delicate structures can be
obtained non-invasively. Imaging can be shared among institutions, further reduc-
ing the number of animals needed for FE modeling. While not a replacement for
animal testing, it is clear that in early stages of research the FE method should be

explored prior to In Vivo testing on animal or human subjects.

1.5.2 Mathematical Basis

This work focuses on acoustic harmonic finite element analysis though the software
ANSYS Mechanical [5]. Specifically, the ACT acoustics extension described in
Acoustic Analysis Using MATLAB® and ANSYS® [60]. This section, and the
study as a whole, relies heavily on the information contained in this book. Acoustic
harmonic analysis is a method for quantifying the acoustic or vibration response of
a system as a result of sinusoidally varying driving forces. In the application used
here, the driving force is the vibration of the oval window membrane of the cochlea.
The desired result is the vibration response of the basilar membrane. Frequency
is held constant for each separate simulation. Two approaches are common when
applying the FEM to acoustic harmonic problems: modal superposition and full
solution.

Modal superposition is a method which is usually applied to simpler geome-
tries where the body has vibration modes 1,,. Modes are multiplied by a modal
participation factor, P,, and summed to find the total response of the structure,
> Puib,. With a large enough number of modes any acoustic response can be rep-
resented. Though modal superposition can reduce the computing power necessary

to run complex simulation, it is not currently supported by the ANSYS® acoustic
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harmonic response module. Therefore a full solution must be calculated.

A full solution for nodal displacements {u} in the system requires the global
mass [M], damping [C], and stiffness [ K| matrices of the system in addition to the
loading vector [f]. Global matrices are formed from element matrices which de-
scribe each discrete elements behaviour given their respective prescribed boundary
conditions, loading vectors, and material properties [40,60].

The stiffness matrix is a symmetrical matrix which gives the relation between an
elements internal forces and the displacement of its nodes. It is primarily derived
from the elasticity and dimensions of the element. The damping matrix describes
the decrease in the amplitude of oscillations as energy is drained from the system
and is primarily informed by the g-damping coefficient in this work. The mass
matrix describes the constant mass of each element throughout the simulation
dependant on the elements volume and density. They are assembled together into

the dynamic equation of motion describing an acoustic system, seen in Equation

1 [60,102].

[M{i} + [Cl{a} + [K{u} = {f} (1)

{a} is equal to —w?*{u} and {u} is equal to jw{wu}. This yields Equation 2.

—w' [MJ{u} + jw[Cl{u} + [K][{u} = {f} (2)

The solution is obtained by separating out {u}, seen in Equation 3, and then
inverting the combined matrix while multiplying by the load vector to calculate
nodal displacements, seen in Equation 4. This procedure is sourced directly from

Acoustic Analyses Using MATLAB® and ANSYS® by Howard and Cazzolato [60].
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(—w’[M] + jw[C] + [K]){u} = {f} (3)
{u} = (~*[M] + ju[C] + [K])"'{f} (4)
1.5.3 Prior Applications in Cochlear Mechanics

Over the past decade, substantial research progress has been made to advance
inner ear computational modeling. Specifically, FE modeling has allowed the in-
tricacies of the inner ear’s mechanics to be reduced to simpler phenomena that
can be verified with clinical results. In the case of inner ear mechanics it is almost
always impossible to evaluate problems analytically due to the complex geometry
of the cochlea and vestibular system. For this reason, numerous FE models of
the inner ear have been made with a variety of different applications. Some of
these applications have been noise-induced hearing loss, age-related hearing loss,
broader cochlear mechanics in healthy cochleas, and cochlear implantation.

One model has been described which analyzed the association between noise
exposure with hearing loss. This model had two and a half turns of the cochlea
with three separated chambers for each of the scalae of the cochlea. It also include
the ear canal and the middle ear, although no vestibular system was present. It
provided valuable data on blast-induced auditory trauma and was an improvement
on a prior two-chambered model of the cochlea by simulating some of the finer
complexities of cochlear mechanics [17]. Another computational model described
the association between age and hearing loss using a model of the human ear canal,
middle ear, and simplified inner ear. The only parameter that was varied was
the elasticity of the tympanic membrane; however, in reality, other parameters

do change as one ages. This model demonstrated a significant difference in the
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displacement of the stapes and was valuable in that it could inform development of
artificial auditory ossicles [138]. One two-chambered model of the cochlea explored
bone conduction in a spiral shaped model of the cochlea. Instead of the typical
oscillation of the OWM as the input, vibration of the entire temporal bone which
bounded the model was also applied. It was found that hearing sensation can
actually be cancelled if both air conduction through the OWM and bone conduction
are implemented simultaneously [14]. This model was a repurposed version of
a previously described model based on imaging of the human inner ear which
examined the simple propagation of acoustic waves through the ear. This model
demonstrated the utility of inner ear FE models as easily modifiable and flexible
tools for analysis [13].

Several models have focused specifically on the mechanics of the inner ear after
CI surgery. One model used a spiral three-chambered cochlea with a variable cir-
cular cross section, also including a bulbous structure representing the vestibular
system, though internal vestibular structures were omitted [140]. This model also
included an accurate middle ear cavity and ear canal. This model found a large
reduction of BM displacement along the length of the cochlea occupied by a simpli-
fied CI electrode, also with a variable circular cross section. BM displacement prior
to CI surgery was validated and found to be quite accurate. This model provided
a good first step towards further FE analysis of residual hearing after CI surgery,
though did not necessarily agree with the results of other models where residual
hearing was found to be less effected by the simple presence of a CI electrode and
more effected by the trauma caused during insertion [6,103]. Other models of
cochlear mechanics after CI surgery were more focused on the trauma of insertion

of the electrode. One such model found that material, geometric design, insertion
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speed, and friction coefficients were the greatest factors influencing residual hearing
preservation [6]. A previously developed finite element model focused on residual
hearing found that cochlear implants most dramatically affect residual hearing at
extreme frequencies of human hearing [78]. These factors are important considera-
tions in clinical practice when choosing between pre-curved and straight electrode
arrays; the study found that straight electrodes with low elasticity were the ideal
choice to minimize effect of CI surgery on residual hearing, though other similar

models have found that pre-curved electrodes result in better clinical outcomes [6].

1.6 Research Objectives

Hearing loss is clearly an issue which effects a large number of people. All op-
tions to combat this issue need to be carefully explored and every ramification
thoroughly investigated. The focus of this study is to determine the effect of CI
surgery on the residual mechanical hearing function of the inner ear. This is a
neglected issue despite the fact that residual hearing function can have a large ef-
fect on patient outcomes. Previous models have not examined the effect of varying
cochlear electrode insertion angles between patients. They also have not explored
the residual hearing of non-human primates after CIS, and very few have accounted
for vestibulo-cochlear interaction by including both the cochlea and vestibular sys-
tem. These unexplored results could provide important metrics for later stages
of research and for clinical use. Therefore, comprehensive finite element models
capable of simulating hearing function with a variety of insertion angles and in
novel species is an essential step in the improvement of cochlear implant design
and surgery.

This work will explore the ramifications of CI surgery in two animal models, the
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chinchilla and the rhesus macaque. These animals both possess inner ear anatomy
and physiology which are well known to mirror that of the human inner ear. The
powerful<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>