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with all the past evolution of the human race, that is has been maintained by mankind

up to the present time, notwithstanding all vicissitudes of history.”
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UNIVERSITY OF SOUTHAMPTON

Abstract
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Doctor of Philosophy

by Andrew Causon

Residual hearing preservation is necessary for deaf patients to experience the full ben-

efits of electro-acoustic stimulation cochlear implants. Hearing preservation is often

considered a benchmark of successful atraumatic surgery and cochlear health preserva-

tion, making it an important goal of the procedure. The role of inflammatory status in

hearing preservation has been empirically supported through the development of surgi-

cal protocols featuring corticosteroids. Its role is also inferred though investigations of

inner-ear inflammatory responses, or studies of the inflammatory component in auditory

pathologies. However, work directly investigating the effect of systemic inflammatory

state on their audiological outcomes has never been attempted.

A multi-method research strategy consisting of: a murine immunohistochemical pilot

study, a meta-analysis of cochlear implant adverse events, a meta-analysis of factors

related to hearing preservation, and a preliminary longitudinal observational clinical-

outcomes study was implemented. The results from the studies were incorporated into

a conceptual framework of the relationship between multiple factors and their effect on

outcomes in cochlear implantation. This body of work suggests that cochlear inflamma-

tory state is a significant effector of hearing preservation. It introduces the concept of

an individual’s systemic inflammatory state having bearings on their clinical outcomes.

The consequences of this body of work include: i) suggested modifications to surgical

protocols so as to maximise hearing preservation , ii) recommended routine monitoring

of a patient’s inflammatory state throughout their care pathway, iii) the importance of

considering inflammatory state and the timing of a patient’s surgery in order to allow for

more stratified medicine, iv) a highlighted need for multi-centre collaborations in order

to create a more exhaustive model of outcomes in hearing preservation surgery, and v)

a need for deeper investigation of the pathophysiology of hearing loss for more guided

research on deafness intervention.
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Chapter 1

Introduction

1.1 Thesis structure

This thesis is composed of six chapters. Chapter 1, is an overarching introduction. Chap-

ters 2, 3, 4, and 5 concern different laboratory, meta-analytical, or clinical experiments.

These experimental chapters each contain a literature review, hypotheses, methodolo-

gies, results, and conclusions. At the end of each chapter there is a statement describing

progress in peer-reviewed publication of that experiment, and specific contributions by

people other than the main author of this thesis. Chapter 6 is the final chapter and

provides broad conclusions and suggestions for further investigation. Collectively, the

chapters aim to provide enough knowledge to answer the main question raised in Section

1.2. Each experimental chapter is written to be able to be read in isolation. However, the

thesis is purposely arranged to convey a narrative starting at the fundamental biology

of cochlear immunology and hearing preservation and transitioning to clinical practice

in cochlear implantation (Figure 1.1).

1.2 Purpose

Deafness is an impairment of sound perception than can arise from the various com-

ponents and processes of the auditory system. These are the external or middle ear

structures, inner or outer hair cells of the cochlea, the transfer of molecules within the

cochlea, the encoding of afferent electrochemical signals, or problems with feedback and

interactions along the auditory pathway up to the auditory cortex [1]. Three major

classifications of hearing impairment arise from complications in these components and

processes: conductive hearing loss, sensorineural hearing loss, and mixed hearing loss.

1
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Figure 1.1: Map of thesis narrative. The concepts discussed and investigated in
each chapter are displayed in clusters and connections between topics are shown using
dashed lines. Connections between chapters are shown in orange. The thesis starts with
the fundamental biology of the inner ear and cochlear immunology, and transitions to
cochlear implants and hearing preservation becoming focused on clinical practice in
cochlear implantation. ARHL = Age-related hearing loss. CI = Cochlear Implant.

Cochlear hearing loss is a sensory impairment that falls under the Sensorineural Hearing

Loss (SNHL) category. SNHL is predominantly cochlear (sensory), with a recent study

identifying 22/ 428 (5%) of SNHL patients from a paediatric otology clinic as having

auditory neuropathy (neural) [2]. Cochlear hearing loss is usually the result of congenital

or acquired problems with the inner or outer hair cells of the cochlea, malformations,

or problems with the transfer of molecules within the organ. The external and middle

ear structures, and the rest of the auditory pathway (auditory nerve up to the auditory

cortex) are believed to be functional in cochlear hearing loss. People who can only hear

sounds louder than 90 dB HL have severe to profound deafness (Figure 1.2). Individuals

with severe impairment in the 2–4 kHz hearing frequency range, or wider, who score

below 50% on the Bamford-Kowal-Bench (BKB) sentence test (at a sound intensity of

70 dB SPL), may be candidates for cochlear implants [3].

Cochlear Implants (CI) are inner ear auditory prostheses designed for surgical insertion
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Figure 1.2: Hearing levels as described by the British Society of Audiology (2011) [4].
The y-axis indicates the degree of hearing loss experienced (dBHL). The x-axis shows
the hearing frequencies (Hz) in octave intervals

into the cochlea in order to provide enhanced stimulation of the auditory pathway. They

are composed of three main parts: the externally worn microphone and speech processor

which usually rests behind the pinna of the ear, a transmitting coil which is positioned

on the scalp further back from the pinna, and the receiver and stimulator which begins

underneath the scalp and magnetically holds the transmitting coil in place and extends

through the mastoid bone of the skull through the middle ear cavity, and into the scala

tympani of the cochlea via the round window or a cochleostomy (Figure 1.3).

CI is designed to replace the missing hearing function in cochlear hearing loss by directly

electrically stimulating the auditory system. Hearing preservation is the collective term

for surgical measures taken to preserve residual hearing: the limited hearing a deaf per-

son has before surgery. Hearing preservation in CI is the use of specialised devices and

procedures that minimise the negative repercussions on cochlear structures resulting

from the introduction of the prosthesis. However, more broadly, the same procedure

could be followed for patients who do not have residual hearing (asides from the choice

of electrode array), in order to preserve cochlear structures. About 324,000 people across

the world have received cochlear implants [5] in the 49 years since multichannel CI were

developed [6]. Since 1999 partially deaf people have also become eligible to receive CI

as electro-acoustic stimulation (EAS) of the auditory system is now possible [7]. EAS

combines electric stimulation of the basal portion of the cochlea with acoustic ampli-

fication targeted towards the apical end. This fusion of aiding techniques is designed
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Figure 1.3: Ear with cochlear implant. Adapted from: NICDC (2011) [5].

for individuals with a ‘ski-slope’ hearing loss; where there is a difference in the degree

of hearing loss between high and low frequencies (making the audiogram resemble a

ski-slope). There is aidable residual hearing in the low frequencies of individuals with

ski-slope hearing losses. It gives them a surgical option that could yield better results

than conventional hearing aids. Hearing preservation is essential because reducing CI-

related insults to cochlear neural structures gives CI recipients the best chance to benefit

from future therapies and technologies and to keep using the natural residual hearing

they have left. The purpose of this research is to explore the link between an individual’s

inflammatory status and hearing preservation. Delineating the effect of inflammatory

status on an implantee’s cochlear health could give guidance on further improving CI

outcomes and better hearing preservation.

Whilst successful as neural prostheses, CI outcomes are highly variable with large inter-

patient variations being observed in the clinic and are still very difficult to predict [8].

Understanding the reasons for this variability in outcomes is a current pursuit of many

research teams in the field today. It is particularly important in the preservation of

residual hearing since perception of the acoustic component in EAS is dependent on

residual hearing. The cumulative effect of this variability has substantial emotional,
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financial, and at times deterrent consequences on cochlear implant recipients, health-

care providers, and manufacturers. Maximising hearing preservation would reduce a

portion of the variability directly related to changes in residual hearing. In a broader

sense, a better understanding of inflammation could lead to more effective preservation

of cochlear health and so, reductions in variability even in patients without residual hear-

ing. Future infant implantees are likely to need re-implantations during their lifetime

and so there is need to reduce the chances of a decreases in performance at each implan-

tation. Improving hearing preservation is critical in preventing or at least minimising

the economic, emotional, and financial costs of when results are sub-optimal.

1.3 Inflammation

Inflammation is a physiological response to injury, infection, or irritation. In its acute

stages, the inflammatory process is vital to the healing process. Tissue damage and

interaction of microbial molecular components with a cell’s surface inflammatory re-

sponse receptors may trigger the cascade of events known as the inflammatory response

[9, 10]. Instigating chemical mediators may be derived from microbes, others released

from damaged native cells, some mediators are created by plasma enzyme systems, and

some are products of participating leukocytes. Activation of the inflammatory pathway

results in either a specific immune response, or clearance of the insult by components of

the innate immune system. The hallmarks of inflammation (redness, swelling, heat, and

pain) reflect three major events of an inflammatory response: vasodilation, increased

capillary permeability, and an influx of phagocytes [9, 10]. These events facilitate an

influx of protein-rich exudate and infiltration of cells; including phagocytes which arrive

via migration, diapedesis, and finally chemotaxis, to from the engorged capillaries into

the tissue [9, 10].

The concept of inflammatory status influencing clinical outcomes is not a new one. Neu-

roinflammatory models are possibly the most relevant for hearing preservation since the

cochlea is a sensory structure directly involved in the auditory nervous system. One

model proposed by Perry et al. in 2003 is centred on chronic Central Nervous System

(CNS) disease featuring neurodegeneration - a process also found in sensorineural hearing

loss [11]. Proof of neurodegeneration in hearing loss is mostly limited to animal mod-

els of ARHL and complete or partial cochlear ablations via acoustic over-stimulation,

mechanical damage, or ototoxicity [12, 13, 14, 15]. However, the combined evidence of

these studies points towards an auditory nervous system capable of neurodegenerative

and plastic changes after hair cell death. The neuroinflammatory model describes how

neuropathologically primed microglial cells can be activated by systemic inflammation
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and this has pronounced effects on inflammation in the brain and on neurological func-

tion. Microglia are CNS-resident macrophages which are also present in the cochlea

within the spiral ganglion and stria vascularis.

The cochlea is immunologically similar to the brain and so it is possible inflammation

in people with existing neurodegeneration (associated with the hearing loss) could be

compounded by non-specific systemic inflammation or acute inflammation associated

with the surgical event in a way similar to the microglial hypothesis of progression of

neurodegeneration. The modulation of inflammation could therefore impact cochlear

neuronal structures and, if so, be manipulated in favour of hearing preservation.

1.4 Description of experimental chapters

Chapter 2 describes a murine experiment investigating if there is a cochlear neuroinflam-

matory element in hearing loss. Precise detail of how microglia respond to dysfunction

in the auditory nervous system is very limited. This work set out to establish previ-

ously unpublished data regarding micoglial populations in the cochlea. The data are

necessary for power calculations which can be used in planning of future studies. The

experiment was also designed to investigate if microglia could be part of the changes

that occur in hearing loss, if so indicating that neuroinflammation is part of hearing loss.

It was hypothesised that significantly higher numbers of microglia would be present in

the cochleae of mice with hearing loss compared to younger, normal hearing mice. It

was also hypothesised that ‘primed’ and ‘activated’ microglia would be present in higher

numbers in the cochleae of mice with hearing loss.

The chapter begins with a literature review exploring the immunology of the cochlea, cur-

rent work on immune-related hearing loss interventions, and how the Perry et al. (2003)

neuroinflammatory model relates to CI patients. It continues to discuss C57BL/6J mice

(B6 mice) as a model of age related hearing loss (ARHL) and hearing loss in general.

The chapter then reports the murine study designed for preliminary validation of the

hypothesis that the auditory system is capable of, and susceptible, to inflammatory

events which are involved in hearing loss. The results contribute to the hypothesis that

inflammation affects hearing preservation. B6 mice were used to investigate differences

in cochlear microglial characteristics between normal hearing and ARHL mice. It was

speculated that if differences regarding known inflammatory cells could be established

between normal hearing and ARHL mice, and attributed to ARHL, the finding would

imply that inflammation is a response to, or driving factor behind hearing loss (at least

in this strain of ARHL mice). A degenerative neuronal system with active inflammatory

processes could then be implicated in a model where the system is susceptible to further
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dysfunction and degeneration if further insults occur, leading to repercussions on CI

outcomes. Insults could be in the form of sudden acute inflammation resulting from a

surgical procedure, chronic systemic inflammation, or some combination of the two.

Chapter 3 reports on an analysis of cochlear implant adverse event data stored on the

FDA Manufacturer and User Facility Device Experience (MAUDE) database. The pur-

pose of analysing the incidence rates of adverse events was to see which rates decreased

as device quality improved, and which events remained consistent. It was hypothesised

that improvements in the CI manufacturing process and surgical techniques would re-

sult in a decrease in the proportion of CI adverse events primarily due to device failure

or surgical factors, whereas complex, multifactorial or idiopathic origins adverse events

would not change over the 10 year sampling period.

The chapter broadly describes the hardware involved in CI and how they work together

to stimulate hearing. It continues by focusing on the parts of the system which are

implanted into the cochlea, giving specifications and implications of different designs

and materials. Implantation criteria specified by CI and EAS manufacturers are stated

and the significance of how criteria are changing is highlighted. The concept of priori-

tising auditory system preservation and biology-to-device integration is discussed. This

contrasts with the concept of cochlear implantation as a replacement intervention. The

interface between the electrode array, the surviving auditory mechanism, and individ-

ual biological variables could be crucial in predicting and optimising outcomes. The

physiological integrity of the cochlea has already been shown to significantly contribute

to implant function as performance on psychophysical measures (such as modulation

detection thresholds) is dependent on stimulation site [16]. Complex, multifactorial or

idiopathic origins adverse events could be partly due to this biology-to-device integration.

The importance of stratified medicine in CI is highlighted, as is the need for focusing on

individual biological variables, in addition to hardware or software modifications, to be

able to improve clinical outcomes.

Chapter 4 reports on a second meta-analysis, this one of clinical outcome data from

retrospective CI studies that reported the use of hearing preservation protocols. The

purpose of the study was to collect audiometric data, and data concerning factors that

could relate to CI performance and explore relationships between the data. Multiple

studies already indicated that the preservation of residual hearing is multi-factorial. It

was hypothesised that interactions between factors concerning the electrode array, the

surgery, and the patient’s individual biology would all be associated with the degree

of residual hearing that is preserved. The secondary objective was to establish which

variables would inversely be the best measures of hearing preservation, to use those for

comparisons in the clinical study described in this thesis (cf. Chapter 5).
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The literature review in the hearing preservation meta-analysis lists how CI are surgically

implanted and the measures currently being undertaken to maximise clinical outcomes

in hearing preservation surgery. The physiology and mechanisms of the action of cor-

ticosteroids on fibrosis and ossification in the cochlea are consequently discussed. The

review lists how outcomes are clinically assessed and the significance of certain measures

depending on whether conventional CI or EAS devices are used. The importance of

low frequency residual hearing in EAS and how it is required to perceive the acoustic

stimulation is discussed, as is the large variability in the degree and the timeframe over

which hearing is lost. Chapter 4 then reports on a meta-analysis of retrospective clinical

outcome studies which was aimed at developing a conceptual model of residual hearing

preservation in accordance with agreed HEARRING group guidelines on reporting [17].

Confirming the stated hypothesis and establishing which factors have the largest effect

on hearing preservation would justify an experiment that looks directly at inflammation

in cochlear implant patients and give key indications of the variables which are critical

to record.

A search for publications concerning EAS implants (2000 - 2013) was conducted and,

using specified inclusion and exclusion criteria, the investigator selected 12 studies which

contained audiometric data and data describing factors likely to be associated with the

loss of residual hearing. Statistical analyses identified the factors most likely to be

associated with Low Frequency Hearing Preservation (LFHP). The study also made it

possible to give suggestions on which data are essential and how to present them when

reporting on new patients. A model was developed that explains as much as 72.9% of

the variation experienced in the loss of residual hearing. However, there is the possibility

of covariance reducing this number. This work suggests that there are pre- and peri-

operative decisions that may make a difference in the preservation of residual hearing.

Chapter 5 reports the final experiment of the thesis. A multi-centre observational clini-

cal study was designed to investigate the link between inflammatory status and clinical

outcomes of CI patients. The first tested hypothesis was that the inflammatory profile

of an individual (expression pattern and time-course of inflammatory markers) was as-

sociated with residual hearing deterioration occurring after cochlear implantation. This

hypothesis was tested using hearing preservation patients (EAS) with measurable resid-

ual hearing. The second hypothesis was that there is a link between inflammatory profile

and other audiological outcomes such as speech recognition testing. This hypothesis was

tested using a the previous cohort and additional conventional CI patients who did not

have measurable residual hearing.

The literature review combines known information about the host response to implanted

biomaterials with what is known about the cochlear inflammatory environment and with
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the CI implantation procedure. Collectively, the information gives a possible sequence

of events and various influential factors that may be contributing to Electrode Insertion

Trauma (EIT), the preservation of residual hearing, and hearing performance outcomes

of CI patients.

Venous blood samples were drawn at five intervals during the patients’ regular visits

to the audiological clinic, before, during and after surgery. The serum was used to

establish systemic measures of inflammatory state throughout their period of early care.

Bloods were analysed using Enzyme-Linked Immunosorbent Assay (ELISA) (MSD).

Four inflammatory markers were analysed and relationships between inflammatory state

and clinical outcomes were statistically determined.





Chapter 2

Neuroinflammation and hearing

loss

2.1 Introduction

This chapter describes a study where microglia in the cochleae of C57BL/6J (B6) mice

were quantified and morphologically analysed. Microglia are the resident macrophages

of the Central Nervous System (CNS) and play a prominent role in inflammatory reg-

ulation. The study intended to identify microglia in the cochleae of young and old B6

mice and establish any differences between the two groups. Results indicate very large

differences between older mice with hearing loss, and younger mice without hearing loss

and higher counts in the basal region of the spiral ganglion of older mice than other

areas of the spiral ganglion. A possible explanation is that microglia are responding to

cochlear changes due to Age Related Hearing Loss.

2.1.1 Anatomy of the inner ear

The inner ear (Figure 2.1), the most medial portion of the ear, is responsible for sound

detection and contributes to balance and spatial orientation. In mammals it is a bony

labyrinth within the temporal bone of the skull, forming the cochlea and the vestibular

system.

The vestibular system consists of 5 end organs: the superior, posterior, and inferior semi-

circular canals and the saccule and utricle (the otolith organs). The endolymphatic sac

is a blind pouch which connects to the saccule via the endolymphatic duct [18]. The

saccule is also connected to the scala media (cochlear duct) of the cochlea via the canalis

11
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Figure 2.1: Drawing of medial view of a human inner ear. Five end organs form the
vestibular system and a compartmentalised, spiralling tube forms the cochlea.

reuniens of Hensen. The five vestibular end organs, endolymphatic sac and scala media

are all connected and share endolymph [18]. The cochlea has two other ducts, the scalae

tympani and vestibuli, which are filled with perilymph. The scala tympani is connected

to the sub-arachnoid space by the cochlear aqueduct and is in contact with cerebrospinal

fluid (CSF) [18]. The three cochlear scalae form one tube which spirals for about two

and a half turns and is centred around the modiolus, wherein the spiral ganglion is

located. The spiral ganglion leads to the cochlear nerve which in turn joins with the

vestibular nerve to form the vestibulocochlear nerve.

A mid-modiolar cross section of the cochlea (Figure 2.2) exposes the entire height of

the organelle. In this image the tube cuts through the scala media four times. This

creates the effect of circular chambers that are similar to each other and somewhat

mirrored from left to right, with the basal chamber closest to the auditory nerve being

the largest. There are three distinct chambers in Figure 2.2, when there should be

four. This is because the sectioning was not perfectly mid-modiolar, so the dividing

modiolus between the two most apical chambers is missing. The mid-modiolar cross-

section highlights the spiralling anatomy of the cochlea and shows how neural projections

from the spiral ganglion emerge to form the auditory nerve.
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Figure 2.2: Mid-modiolar cross section of cochlea from a B6 mouse. The section was
stained using haemotoxylin to visualise the nuclei of cells.

A schematic representation of one circular chamber (Figure 2.3) can be used to highlight

the different parts of cochlea. These can be described according to their region: the

lateral wall, Reissner’s membrane and non-cellular membranes, and the organ of Corti.

The lateral wall consists of the medially located stria vascularis and the laterally located

spiral ligament, and defines the lateral aspect of the scala media (Figures 2.2 and 2.3).

The stria vascularis is made up of three layers of cells: marginal cells, intermediate cells

and basal cells, from medial to lateral. The marginal cells are a homogeneous layer of

polarized epithelial cells organised as one layer that lines the scala media fluid space

[19]. They have a microvilli-covered surface for absorption and/or secretion of luminal

fluid. Marginal cells are important for generating the endocochlear potential (EP) and

maintaining the ionic composition of endolymph [19]. There is vasculature beneath the

marginal cells supporting this highly metabolic process. Lateral to the marginal cells

of the stria vascularis are the intermediate cells. These cells are often referred to as

melanocytes and form an intermediate layer [19]. Basal cells are located lateral to the

intermediate cell layer, adjacent to the spiral ligament. Their main role may be related

to establishing a barrier between the stria vascularis and the spiral ligament [19].

The spiral ligament is located between the stria vascularis and the otic capsule (Figure

2.3). It is composed mainly of connective tissue elements including extracellular mate-

rial and cells from mesenchymal origin. The capillary bed, responsible for supply and

drainage in the ear, is prominent in the spiral ligament [19]. The spiral ligament anchors

the lateral aspect of the basilar membrane (BM) via tension fibroblasts, suggesting that

the spiral ligament can generate and/or regulate BM tension [19]. Another function

of the spiral ligament is related to maintaining the ionic balance in the cochlea. The

spiral ligament extends above and below the stria vascularis and reaches the border of
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Figure 2.3: Drawing of a perpendicular cross section of the cochlea. The scalae
vestibuli and media are separated by Reissner’s membrane, and scalae media and tym-
pani are separated by the basilar membrane. The organ of Corti lies on the basiar
membrane, inside the scala media and is supplied by the stria vascularis. The tectorial
membrane of the organ of Corti is in contact with hair cells, resting above the basilar
membrane, which have nerve fibres radiating towards the modiolus.

the perilymphatic spaces in scala tympani and scala vestibuli. The spiral ligament is

thought to pump K+ out of the perilymph and transport it for maintaining the high

concentration of K+ in the endolymph [19]. Type II, IV and V fibrocytes function to

pump K+ from the perilymph and produce a K+ flow to Type I fibrocytes and strial

basal cells.

Reissner’s membrane separates the perilymph of the scala vestibuli from the endolymph

in the scala media (Figure 2.3). It is made up of epithelial cells facing the scala media and

fibroblasts facing the scala vestibuli side. The two-cell-thick membrane forms an ionic

barrier and fibroblasts regulate ionic balance of the fluids [19]. The tectorial membrane

is a cellular connective tissue overlying the organ of Corti from base to apex. The

basilar membrane is a complex strand of connective tissue composed of cellular and

extracellular components. The main distinction is between the medial portion of the

BM, called the arcuate zone (pars tecta) and the lateral portion, called the pectinate

zone (pars pectinata) [19]. The arcuate zone is partly enclosed in osseous spiral lamina,

and therefore its ability to vibrate upon sound-induced displacement of the cochlear

fluids is restricted [19]. In contrast, the pectinate zone is free to vibrate in response to
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sound, within the physical constraints of its mass, stiffness and the effects of the active

cochlear mechanisms.

The organ of Corti is the end organ responsible for sound detection by converting sound

pressure patterns from the outer and middle ear into electrochemical impulses via a

process called mechanoelectrial transduction (Figure 2.3). The organ of Corti contains

highly specialised polarized epithelial cells and supporting cells that are spatially or-

ganized in an orderly pattern on the basilar membrane [19]. There are two types of

hair cells, inner and outer, with the inner hair cell (IHC) sending impulses via the

auditory nerve. Outer hair cells (OHCs) are used to enhance the performance of the

cochlea, qualitatively (increased selectivity) and quantitatively (increased sensitivity).

The supporting cells of the organ of Corti surround all the hair cells. Inner hair cells

are surrounded by phalangeal (Dieter’s) cells [19].

OHCs are in contact with phalangeal and pillar (Hensen’s) cells. Pillar cells are posi-

tioned further laterally in the organ of Corti. The apical surface of the supporting cells

(the top of their head plate) is covered by numerous microvilli that protrude into the

endolymph of the scala media [19]. The lower (inferior) aspect of the TM is in contact

with the stereocilia of OHCs and with Hensen cells at the lateral edge of the organ of

Corti. This highly specialised structure responds to fluid-borne vibrations in the cochlea

with a shearing vector in the stereocilia of OHCs. The length of the basilar membrane

contains between 15,000-20,000 auditory nerve receptors [19]. Each receptor has its own

hair cell. The shear on the hairs opens non-selective transduction ion channels that are

permeable to potassium and calcium, leading to hair cell plasma membrane depolariza-

tion, activation of voltage-dependent calcium channels at the synaptic basolateral pole

of the cells, which triggers vesicle autopsy and liberation of glutamate neurotransmitter

to the synaptic cleft and electrical signaling to the auditory cortex via spiral ganglion

neurons [19].

The cochlea detects sounds in a tonotopically organised manner: specific positions along

the length of the structure detect specific frequencies (Figure 2.4). High frequency sounds

are detected at the basal part of the cochlea, which is the section closest to the round

window. Low frequency sounds are detected at the apical part of the cochlea. The hair

cells in the human inner ear develop in the first trimester of embryonic development and

are never replaced [19]. As previously mentioned, there are relatively few hair cells in the

cochlea, and very little (if any) redundancy in this population. Considering that every

region in the cochlea is optimized for best function at a given frequency, loss of a single

hair cell is associated with reduced sensitivity and selectivity to a specific frequency of

sound.
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Figure 2.4: Straight tube model of the cochlea, demonstrating approximate tono-
topicity from base to apex. The basilar membrane becomes sensitive to low frequency
sounds in it’s apical region.

From a neurobiological perspective, the reasons behind an individual’s deafness can be

simplified to either complications with the mechanical portion concerning the pinna

or middle ear, or dysfunction in the neural portion of the process, implicating the in-

ner ear or brain. In the context of hearing preservation in cochlear implantation, pa-

tients present with a sensorineural hearing loss (SNHL). SNHL is hearing loss where

the vestibulocochlear nerve (cranial nerve VIII), the inner ear, or the central processing

centres of the brain can be individually or collectively pathological. The great majority

of human sensorineural hearing loss is caused by poor hair cell function [20], in the organ

of Corti in the cochlea and is often referred to as cochlear hearing loss. This shall be

the focus of the section.

2.1.2 Current work on immune-related hearing loss interventions

Organ of Corti explant models are in vitro techniques of simulating cochlear trauma

after CI and testing therapeutic drug interventions to reduce hair cell damage and loss.

The process involves a delicate excision of cochleae from young animals (unimplanted,

cochleostomy or implanted) and culturing them in serum-free media; with supplements

and possibly antibiotics. [21, 22, 23, 24]. Apoptitic hair cell loss has been suspected as a

cause of residual hearing loss following CI for more than 13 years [25, 26]. Resultantly,

many studies are focused on interrupting inflammation through pathways, such as TNFα

induced c-Jun, as possible therapeutic points in hearing loss. TNFα has been shown to



Chapter 2. Murine study 17

significantly decrease the number of viable inner and outer hair cells in rat organ of Corti

explants (established via visual appraisal) and is likely to initiate hair cell apoptosis [23].

Explant studies highlight the variety of treatment modalities which could have a positive

impact on hearing preservation. In explant studies, cochlear trauma can be simulated by

introducing TNFα into the system. Mannitol is an example of a drug treatment freely

introduced into explant models to halt apoptotic cascades following such insults. A 100

mmol dose resulted in complete protection of the cochlea (based on visual appraisal of

IHC and OHC) [22]. Infante et al. (2012) proposed that mannitol may be inhibiting the

release or activation of proapoptotic factors such as phosphor-c-Jun. Dinh et al. (2013)

also used TNFα to simulate implant insertion damage, however, used a short interfering

RNA treatment to prevent apoptotic damage [23]. Bax siRNA was found to significantly

reduce TNFα damage, however numbers of viable hair cells were still significantly lower

than control groups.

Mannitol treatment has also been investigated in the protection of gentamicin–exposed

organ of Corti explants. A 100 mmol dose into the culturing medium resulted in complete

protection of the apical and middle part of the cochlea and close to full protection of

the basal region (based on visual appraisal of IHC and OHC) [27]. Wood et al. (2014)

speculated that mannitol may be a free radical scavenger, therefore reducing oxidative

stress damage. The study also found that an inadequate dosage will not protect the

basal part of the cochlea [27]. Since gentamicin and mannitol were delivered via the

same route and at the same time, the finding implies greater susceptibility to oxidative

stress in the basal region of the cochlea. This basal effect is unlikely to be due differecnes

in drug dispersal though the cochlea since an explant model ensures complete cochlear

coverage by the drug.

Drug distribution within the fluid spaces of the cochlea is dominated by the forces of

passive diffusion [28]. Neurotrophin diffusion studies found limited diffusion into the

spiral ganglion, indicating possible diffusion barriers. Also, there is loss of the drug into

compartments adjacent to the scala, such as the spiral ligament, where it gets removed

into the blood [28]. This highlights two possible pitfalls of using explant models to

investigate drug interventions. When a drug, at a high dose, is placed into the same

medium as the explant, the distribution force is closer to that of irrigating the cochlea

than passive diffusion. Additionally, when the organ of Corti is explanted, so too are

the forces governing the removal of drugs via the stria vascularis. Other possible pitfalls

include the use of one insult at a time and the ability to look at it only in the short term.

It is unlikely that cochlear trauma features a lone apoptotic pathway and that damage

only occurs during and shortly after surgery. Finally, Section 2.1.3 describes how the

cochlea is not immune-privileged and likely to be susceptible to changes in the rest of



Chapter 2. Murine study 18

the body. This raises the doubt whether is it possible for organs of Corti explanted from

newborn animals to be immunologically indential to ones left within animal of various

ages.

Electrode insertion trauma can be simulated in animal models by using specialised elec-

trode arrays [29]. In vivo experiments come closer to a clinical scenario, at the cost of

introducing multiple new variables. As in other studies, Eshraghi et al. (2013) aimed

to disrupt apoptotic damage by using a drug containing the D-stereoisomer of c-Jun

N-Terminal Kinase Inhibitor 1 (AM-111) in a guinea pig model. The goal was to pre-

vent trauma by inhibiting TNFα induced apoptosis. AM-111 in hyaluronate gel was

placed at the round window niche before insertion. The treatment group retained sig-

nificantly better residual hearing (measured by ABR) than the non-treatment group for

all post-operative time points up to 90 days after surgery. When comparing histological

samples, viable inner and outer hair cells were counted (via visual appraisal). There

was no difference in haircell count between control ears and treatment ears. Histological

work identified phosphorylation of c-Jun in IHCs and increased levels of CellROX and

activation of caspase-3 in supporting cells of non-treatment groups.

The work implies different apoptotic mechanisms according to cell type [29]. It highlights

the complex nature of residual hearing loss and gives insight on the long term effects of

implantation (up to 3 months). All animals used in experiments live highly sheltered,

short, lives before being used in the experiment. When experimenting with innate

immunity, differences between such animals and humans, with experienced adaptive

immune systems, can be concieved. It is clear that the aforementioned models greatly

contribute to our understanding of immune-related hearing loss interventions. They give

evidence towards the involvement of inflammaotry processes following implantation and

highlight possible points of focus. Further work on understanding the biology of hearing

loss could identify ways to improve the models.

2.1.3 Applying a microglial neuroinflammatory model to the auditory

system

Microglial cells are CNS-resident macrophages which are heavily involved in innate and

adaptive immune defence [9, 30]. They continuously monitor the brain and anatomi-

cally related sites using their processes to look for damaged neurons, infectious agents

or other evidence of tissue damage or pathology including amyloid plaques to address

and remove them. They actively regulate macrophage and lymphocyte responses [10].

Microglia alter their morphology and phenotype to adopt an activated state in response
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to pathophysiological brain insults such as injury or infection [11, 10, 30]. Morpholog-

ically activated microglia, like other tissue macrophages, exist in different phenotypes,

depending on the nature of the insult.

Macrophage polarization is often categorized into classical (M1) and alternative (M2)

activation. Presently it is not well understood whether the microglial phenotypes ob-

served under different inflammatory conditions can be indeed classified as M1 or M2,

as in the case of peripheral macrophages (Figure 2.5). Some studies have suggested

that unlike other macrophages or dendritic cells, M2-like activation of microglia could

be directing neuroprotective lymphocyte responses [31]. Also, during activation mi-

croglia could convert to a repair-oriented program to support tissue restoration [30].

Lipopolysaccharide (LPS) is known as a representative M1 polarization inducer, and

M1 microglia express proinflammatory molecules that include tumor necrosis factor-α

(TNFα), interleukin-1β (IL1β), interferon-γ (IFNγ), and nitric oxide (NO) as well as

cell surface markers, CD86 and CD68. On the other hand, IL4 induces M2 polarization

[32, 33, 34]. M2 microglia express different molecules, such as IL4, arignase1, Ym1,

CD206, and IL10, and show neuroprotective effects. It has recently been reported that

M2 microglia markers are transiently enhanced at the presymptomatic phase of Amy-

otrophic Lateral Sclerosis (ALS), whereas M1 microglia markers are gradually increased

during the disease progression [35]. However, the mechanisms regulating microglial po-

larity remain elusive. After acute activation microglia adopt a post-activated form [30].

The differences between post-activated and resting (ramified) microglia are epigenetic;

not morphological or identifiable by staining. There is evidence supporting constitutive

heterogeneity of microglia (different microglia in different parts of the CNS) and it is

possible post-activation could vary according to regional heterogeneity [30].

The microglial hypothesis of progression of neurodegeneration [11] is very different from

the classical inflammatory pathway. It concerns neural systems in degeneration (such as

Alzheimer’s disease and Multiple Sclerosis), resulting in sustained elevated inflammatory

levels and ‘primed’ microglia (Figure 2.6). Such microglia might be further activated by

peripheral insults into an over-reactive phenotype, and produce neurotoxic compounds.

The result is a compromise in neuronal function causing reversible cognitive and/or neu-

rological deficits. Peripherally produced cytokines act on the brain to cause behavioural

symptoms during sickness [37]. This is the believed cause of ‘sickness behaviour’, which

is the feeling of malaise during illness. Newman et al. (2001) showed it is possible

to have significant cytokine synthesis in the CNS that includes behavioural changes in

rodents, after a systemic challenge with lipopolysaccharide, but without breakdown of

the blood brain barrier [38]. In this model of atypical inflammation, there is no large

infiltrate of T cells and/or macrophages. The ‘primed’ glia in the brain and may be the
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Figure 2.5: Possible M1-, M2-like classification for microglia. Ramified microglia
(left). Ovoid microglia (right). From: Weitz & Town (2012)[36]. IL-6, IL-1β, etc. will
induce ovoid (M1-like) polarisation of ramified microglia. CD40L, Cx3crl, etc. will
induce ramified (M2-like) polarisation of ovoid microglia

cause of excessive collateral injury to the aged brain, preventing functional recovering

in the event of injury or insult [39].

Microglial sensitivity to insults is very high, with its extent demonstrated by phenotypi-

cal changes in instances of peripherally induced systemic infection or inflammation. Due

to the blood brain barrier, it would be fairly difficult for the body to constantly replace

microglia. Therefore, instead of constantly being replaced with myeloid progenitor cells,

the microglia maintain their status quo while in their quiescent state, and then, when

they are activated, they can rapidly proliferate in situ [40, 41]. The persistence of acti-

vated microglia long after acute injury and in chronic disease suggests that these cells

have an innate immune memory of tissue injury and degeneration.

It is possible that the progression of hearing loss-associated neurodegeneration (cf. Sec-

tion 2.1.3.1) could promote the priming of cochlear microglia (cf. Section 2.1.3.2). This

introduces the possibility of microglial hyper-responsiveness and contribution to cochlear

degeneration in the context of systemic inflammation, as in the priming hypothesis [11]

(Figure 2.6). In this model, neurodegeneration is believed to be the primary motor of

microglial dysfunction, and not age. In the healthy cochlea, there are few stimuli for

microglia to respond to, and so microglia can switch to an activated phenotype but

also switch back to a post-activated state. The inflammatory state of the tissue would
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Figure 2.6: Microglial neuroinflammatory hypothesis. Microglia switch between a
ramified, quiescent phenotype, where they fulfill an anti-inflammatory role to an acti-
vated, pro-inflammatory state when stimulated (green arrows). Microglia in the aged,
chronically inflamed, neurodegenerative brain become primed (possibly due to their
senescence) and switch to a hyper-responsive pro-inflammatory phenotype when stim-
ulated (black arrows).

become chronically raised with disease progression. The process could possibly be tono-

topical at first, but eventually spread as the hearing loss becomes more severe. At this

point, additional acute exacerbation, such as a peripheral systemic inflammatory event

or possibly a cochlear implantation surgery, could then take the microglial activity to

a hyper-responsive pro-inflammatory state; where neurotoxicity causes transient or per-

manent neuronal damage. All people with SNHL are likely to have neural degeneration

in their auditory pathway due to their hearing pathology, and so, primed microglia. If

so, primed microglia may become activated at cochlear implantation due to the host
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reaction to the implant (cf. Chapter 5). If the microglia are not already primed pre-

operatively, they may become so as a result of the surgery and then become activated if

the individual has a systemic inflammatory event in the future.

2.1.3.1 Neurodegeneration after hearing loss

Hair cell loss can be caused by a lack of essential growth factors, exogenous toxins

(such as ototoxic drugs), over-stimulation by noise or sound, viral or bacterial infections,

autoimmune conditions or hereditary disease [42, 20]. When a hair cell dies, a supporting

cell replaces it forming a scar and prevents fluid mixing between scalae [19]. This scarring

mechanism implies that all or most of the hair cell body remains within the epithelium

to be phagocytosed by macrophages or supporting cells. There is evidence of a resident

macrophage population in the spiral ligament and spiral ganglion and also in perivascular

areas (cf. Section 2.1.3.2). However, the small number and infrequent identification

of macrophages also implicates supporting cells as phagocytes for dead hair cells [19].

Evidence from other epithelial tissues such as the retinal pigment epithelium point to

similar mechanisms whereby supporting elements eliminate sensory cells that die within

the epithelium [43].

It is unclear what happens beyond the hair cell once it dies, in vivo, after a common

insult that would instigate cell loss. In neurodegenerative disease, the progressive loss of

specific neuronal cell populations places stress on the system. Normal supporting roles

glia play may be lost, or they may become unable to cope with demands in systems where

cells are chronically activated. Therefore, hearing loss can be viewed, to an extent, as a

neurodegenerative disease. Auditory pathway neurodegeneration has historically been

assumed to occur secondary to sensory hearing loss [44]. Although the investigation of

normally occurring hearing loss is rare, experiments have described in great detail the

mechanical destruction of the cochlea and spiral ganglion, or localised damage to the

organ of Corti [12, 14, 15, 45].

Patterns of terminal axonal degeneration in the auditory system are common after inner

ear damage. Regardless of whether the damage is localised or less specific, and even

though it is only in the inner ear, projections of neurodegeneration have been traced

from the cochlea and cochlear nerve and even to the inferior colliculus. Signs of terminal

degeneration in the cochlear nucleus (CN) are detected within 2-4 days after the cochlear

ablation and reach a peak by 2 weeks [15]. When only specific regions of the cochlea were

ablated, cochleotopic bands of terminal axonal degeneration in the CN were observed

[15]. The bands are described as cochleotopic as the CN and other parts other auditory

nuclei are topographically mapped to the inner hair cells of the cochlea. The area of
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cochlear damage is reflected throughout the myelinated fibres innervating the brain stem

auditory nuclei, continuing to the CN. Terminal degeneration between bands in these

instances of localised damage (degeneration of neighbouring tracts which did not suffer

a lesion) was almost negligible (Figure 2.7). Trans-synaptic degeneration is also possible

in the superior olivary complex and in the central nucleus of the inferior colliculus, which

again specifically reflected where the cochlea was damaged [14]. Tracts are usually gone

within a month from when the cochlea is destroyed.

Figure 2.7: Cytocochleogram illustrates the extent of damage at three different sites
(*1, *2, *3). The proportion of missing inner hair cells (dashed line), outer hair cells
(solid line), and loss of peripheral processes of spiral ganglion cells (MNF LOSS), are
plotted as a function of percentage distance from the apex of the cochlea. Apical turn:
0–21%, middle turn: 21–47%, basal turn: 47–79%, and hook region: 79–100%. Cross-
hatched bars show regions in which all sensory and support cells have degenerated.
From: Morest & Potashner (2008) [15].

There is also recent evidence suggesting primary degeneration of the medial olivocochlear

efferent pathways of older mice with ARHL, irrespective of outer hair cell loss (primary

degeneration) [12]. However, most observations of neurodegeneration in the auditory

system are actually limited to cochlear ablation and localised-lesion animal models, and

the degeneration is secondary.

The loss of hair cells does not necessarily spell complete collapse of the organelle. Zil-

berstein et al. (2012) use a Slc19a2 mouse model which exhibits rapid IHC death when

dietary changes are made, to investigate spiral ganglion neuron (SGN) survival after

IHC death [45]. They found that SGNs survived for months after IHC loss. The authors

argue that IHCs are not necessary for neuronal survival, and that other cells, most likely
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supporting cells of the organ of Corti, are the main source of SGN survival factors. Fur-

thermore, the authors suggest that trauma models may not adequately represent typical

hearing loss outside of lab conditions [45]. The researchers give evidence of slower de-

generation than what would be observed in a Wallerian degeneration study. Still, it is

highly likely that SGNs are actively responding to the loss of IHCs on a smaller scale

than cell death, and altering the microenvironment around them. When the SGN is

ablated the time course of degeneration is also slower [15]. If partial ablations follow a

slower time course, it is likely that progressive hearing losses will induce an even slower

time course of neurodegeneration as the insult is not acute (as in a lesion).

2.1.3.2 Microglia in the cochlea

There is a limited number of studies which have quantified microglial or macrophage

populations in the auditory system of mice or rats. Okano et al (2008) described resi-

dent macrophages in the spiral ganglion, spiral ligament and auditory nerve of control

mice whilst attempting to determine if the origin of these cells is hematopoietic [46].

Shi et al (2010) had a similar interest in the renewal of perivascular macrophages after

irradiation and bone marrow transplant but in the stria vascularis [47]. Zhang et al

(2013) quantified the density of perivascular-resident macrophage-like melanocytes in

the vestibular system [48]. The Okano and Zhang studies both give primary data con-

cerning cell density, however neither reported density in the auditory nerve; which can be

considered crucial when investigating microglial changes due to hearing loss. Snikkonon

et al (2011) quantified the percentage of cells likely to be microglia or macrophages

from dissiated Organs of Corti [49] and similarly, Neng et al (2013) cultured cells from

the stria vascularis [50]. Again, these studies do not give indication of auditory nerve

denisty.

The aforementioned studies give strong indication of a relatively long-lived resident pop-

ulation of macrophages/ microglia in the cochlea. They are found within the inner ear in

the spiral ganglion and vestibulocochlear nerve (cranial nerve VIII). These features sug-

gest that microglial priming could occur here, as in the CNS. In the healthy sensory ep-

ithelia, both macrophages and microglia-like cells were identified; the microglia-like cells

were morphologically similar to CNS microglia [46, 51]. Also, a population of resident

perivascular macrophage-like melanocytes has been identified to regulate the intrastrial

fluid-blood barrier [50]. Although the cochlea may have both resident macrophages and

microglia, for the purpose of this report, resident macrophages of both the brain and

cochlea will be referred to as microglia. A simplified neural system at the cochlear level

has been conceptualised in Figure 2.8. Projections from the organ of Corti are in contact
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with microglial cells and these can be in contact with more than one projection at a

time.

Figure 2.8: Conceptualisation of a neuronal tract leading to the spiral ganglion. This
is one example location of where microglia could be present, and where they could
be affected by degeneration of hair cells or ganglion cells. The intimate anatomical
relationship between glia and neural cells is highlighted.

2.1.3.3 Microglia and ageing

The ‘priming’ phenomenon of microglia, where they acquire an over-reactive phenotype

resulting in the exaggerated immune response, has only been observed in the ageing brain

[52]. Brain atrophy, which affects both grey and white matter and is evident by the age

of 50 in humans, is presumed to result from a loss of neurons and myelinated axons.

Glial cells, on the other hand, appear to increase in the ageing brain, which exhibits

greater immunoreactivity with both astrocytic and microglial markers [53]. Mimicking

infection by LPS treatment showed higher inflammatory cytokine production in primary

glial cultures established from the brain of aged animals compared to young adults [54].

Certain studies of morphological observations in human post-mortem brain samples

highlight structural and phenotypical changes which occur in microglia and have been
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attributed to ageing. This has led to hypotheses of cellular senescence [36, 52, 53]. It has

been suggested that a sub-population of microglia in aged and diseased brains exhibits

signs of deramification and cytoplasmic degeneration termed ‘microglial dystrophy’ [52].

This contrasts with the priming hypothesis as it suggests a different cause of microglial

dysfunction from the proposed predisposition to neurodegenerative conditions. This the-

sis suggests neurodegeneration occurs secondary to microglial degeneration (senescence),

so it gives more weight to the involvement of age in the hypothesis.

2.1.4 ARHL mice

Inbred mouse strains with ARHL provide valuable models for studying human deafness

(Table 2.1). B6 mice experience hearing loss and cochlear degeneration that would be

clinically significant at about 3-4 months of age. Early ARHL is advantageous as changes

in microglial characteristics due to hearing loss are less likely to be masked by changes

due to old age.

Table 2.1: Summary of various ahl loci.

ahl locus

(gene)
Chr Location

Mapping

methods*

Known

strains with

susceptibility

allele

Known

strains

with

resistance

allele

Refs

ahl (Cdh23)
a.k.a.,

cadherin-23,
cadherin-like 23,
cadherin related

23, CDHR23,
DFNB12,

KIAA1774,
KIAA1812,
otocadherin,

USH1D

10 60 Mb

backcross

strain
haplotypes

C57BL/6J,
BALB/c,

129P1/ReJ,
A/J,

BALB/cByJ,
BUB/BnJ,

C57BR/cdJ,
DBA/2J,

NOD/LtJ,
SKH2/J,

STOCK760

CAST/Ei

CASA/RkJ

[55,
56, 57]

ahl2 5 65-100 Mb backcross
NOD/LtJ

BALB/c

C57BL/6J

CAST/Ei
[58, 59]

ahl3 17 65-69 Mb
CS strains

backcross
C57BL/6J

MSM
(molossinus)

CAST/Ei

[60, 61]

ahl4 (Cs) 10
120-103

Mb

RI strains
CS strains
backcross

A/J
C57BL/6J,
CAST/Ei

[62, 63]

ahl8 (Fscn2) 11 120 Mb
RI strains

backcross
DBA/ 2J C57BL/6J [64, 65]

* CS= chromosome substitution; RI = recombinant inbred

The main locus responsible for ARHL in B6 mice is named age-related hearing loss locus

(ahl locus) or Cadherin-related 23 locus (CDH23 locus) [66]. It is a gene that belongs
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to the CDH (cadherin) superfamily and codes for a protein called cadherin 23; involved

in cell attachment. Different cell types make various cadherin proteins, such as a short

version in the retina and this longer version in the inner ear. Cadherin 23 interacts

with other proteins in the cell membrane as part of a protein complex. The cadherin

23 protein may be responsible for cross-linking stereocilia and helping to promote the

transmission of sound waves. Approximately 30 mutations in the CDH23 gene have been

identified in people with a type of nonsyndromic deafness called DFNB12 [66]. Most of

these mutations change a single amino acid within CDH23. These mutations alter, but

do not totally eliminate, the normal function of this protein. If CDH23 is dysfunctional,

deafness results from disrupted development of stereocilia in the inner ear.

CDH23 is cytogenetically located at 10q22.1. The molecular location on chromosome

10 is base pairs 73,156,690 to 73,575,703 [67]. F1 hybrids between these inbred B6

strains and the normal-hearing inbred strain CAST/Ei (B6.CAST-+ahl) retain good

hearing, indicating that inheritance of AHL is recessive [56]. However, older animals do

show some hearing loss and ganglion cell degeneration [68]. This indicates that loci, in

addition to ahl contribute to the differences in hearing loss between B6 and CAST mice,

and illustrates the complex inheritance of ARHL in mice. B6 mice are known to have a

genetic susceptibility of deafness related to another locus called ahl3 [60, 61].

Hequembourg & Lieberman (2001) measured hearing thresholds using tpABR in four

aged-matched groups of mice, each consisting of four to five mice [69]. Equal-loudness

contours need to be incorporated into a dB SPL measure to produce a dB HL (hearing

loss) value, but a way to measure these in mice has not been determined. However,

the researchers used data for 1.5 month-old mice as an alternative. Mice which are so

young are assumed to have normal hearing, i.e. 0 dB HL across all hearing frequencies.

The 1.5 month-old hearing thresholds can therefore be used to normalise other values

to give a relatively good approximation of dBHL (Figure 2.9). In doing so it is observed

that 7 month-old mice have a moderate, sloping, high frequency hearing loss whilst 15

month-old mice have a sloping hearing loss which is mild in the low frequencies and

borders on severe in the high frequencies.
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Figure 2.9: Average ABR thresholds (error bars = SEM) for an age-graded series
of C57BL/6J animals. The thresholds are normalised against the average from the
youngest animals. Adapted from Hequembourg & Liberman 2001 [69].

2.2 Hypotheses

Hypothesis 1: Neurodegeneration is a feature of ARHL. This degeneration is associated

with larger numbers of microglia in the cochleae of HL mice.

Hypothesis 2: Microglia are being ‘primed’ by the neurodegenerative conditions in the

cochlea. This will be demonstrated morphologically and by the expression of microglial

cell surface markers.

2.3 Method

Two different age groups of female B6 mice (Charles River Labs) were used in the

experiment: a young (3 month-old) and an aged (18 month-old) ex-breeder group. There

were four mice in both the normal hearing (NH) and the ARHL group. As B6 black

mice are an inbred strain, the mice used in the experiment are expected to experience

the similar degrees of variation in their hearing loss as reported in the Hequembourg

& Liberman 2001 study, which used similar numbers of mice [69]. All experimental

procedures involving the mice were approved by the local Animal Welfare and Ethical

Review Body.
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2.3.1 Tissue preparation

While still under deep anesthesia, the animals were killed (without perfusion fixation),

the heads removed and placed in phosphate buffered saline (PBS) solution. The tissue

was sent to the University of Southampton for tissue processing within 2 hours of death

and the cochleae were dissected under a light microscope in PBS solution. Temporal

bones were decalcified in Decalcifying-Lite solution (Sigma) for 6 hours and embedded

in Optimal Cutting Temperature (OCT) compound (Fisher Scientific, Inc.) and frozen

in isopentane on dry ice (Appendix A). Tissue blocks were then cryosectioned in 10µm

sections, parallel to the modiolus, in a dorsal to ventral direction. Sections were collected

on PLL slides (Fisher Scientific, Inc.) and stored at -20◦C until they were stained.

2.3.2 Histology

Microglia can be detected immunologically using antibodies which bond to numerous

known antigen in different parts of the cells. However, microglia and macrophages

often share immunoreactivity to the same antibodies. Anti-CD68 is an antibody that

recognises cytoplasmic lysosomal protein. High levels of CD68 expression are associated

with activated microglia and macrophages [70, 71]; as shown in Figures 2.10 B & C

respectively, by the dark areas on the graph. Very low levels of CD68 expression are

associated with ramified microglia and M2 macrophages [70, 71, 72]. 98.9 % of M2

macrophages and 63.6 % of ramified microglia remained unlabelled for CD68 (cf. Figures

2.10 B & C).

The slides were randomly placed into staining racks to ensure that each rack contained

slides from different mice, groups, negative controls (without primary antibody) and

positive controls (spleen sections). The slides were incubated to reach 37◦C , postfixed

in 10% neutral buffered formalin, and incubated in Anti-CD68 primary antibody solu-

tion overnight (FA-11, Abcam, ab53444). PBS TWEEN 20 (0.05%) solution was used as

a wash. After incubation in biotinylated secondary antibody, the samples were stained

with 3,3’-Diaminobenzidine (DAB) and then counter-stained with (Harris’s) haema-

toxylin (cf. Appendix B). The dotSlide system (Olympus) was used to image the slides

at 40x magnification.
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Figure 2.10: Representative FACS plots of CD11b and CD68 [ED-1] expression by
microglia (mic) and macrophages (mac)(Kingham et al., 1999; Hooper et al., 2005).
Microglia were isolated and left in culture for 24 hours. The cells were subsequently
harvested, fixed then analysed by flow cytometry using either OX-42 or anti-ED-1
(CD68) antibodies. Expression of CD11b by microglia (A). Expression of ED-1 by
microglia (B) or peritoneal macrophages (C). The labelled cells are represented by the
black shaded populations, whereas the unlabeled cells are depicted by the grey line (%:
percentage of cells in M1 or M2 region, MFI: mean fluorescence intensity). Adapted
from: Hooper & Pocock (1998) [73].

2.4 Results

Samples were imaged and qualitatively analysed to obtain holistic view of the cochlear

environment. The qualitative analysis was then used for a guided, automated quantifi-

cation of microglia in the cochlea.
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2.4.1 Qualitative analysis

The mouse cochlea has approximately 1 and 3/4 to 2 visible turns within most mid

modiolar sections. This type of cross-section exposes the cochlear ducts and spiral

ganglion at three or four distinct points (Figure 2.11). Therefore, the cochlea can be

segmented into three parts: basal, medial and apical [74]. The basal turn including the

hook is represented in the first half turn, the medial is three quarters of a turn and the

apical portion comprises the final half turn. Histological evaluation of each cochlea was

performed once the investigator was blinded to the animals age (and hearing status).

Figure 2.11: Mid-modiolar cross-sections from four separate mice. The two on the
left are from normal hearing mice whilst the two on the right are from ARHL mice.
The green line highlights the orientation of the modiolus. Distinct differences in the
auditory nerve are immediately visible. Large quantities of cells DAB-staining for CD68
can be seen.
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The brains of the animals used in the experiment were not available to be used as

positive controls for CD68 staining. However, the spleens, which contain many CD68+

monocytes were available. Correct identification of monocytes in the spleen (Figure

2.12) is a strong indication of a functioning IHC protocol for CD68 staining.

Figure 2.12: Spleen tissue from mice used in the same experiment. Spleen which has
undergone the full CD68 staining protocol (brown DAB stain) labels monocytes with
haemotoxylin (blue) counter-stain.

There were visible differences in the quantity of CD68+ cells across slides. Even though

the investigator did not know which group the specimen belonged to (ARHL or NH), it

would have been possible to group the specimen into a high CD68 versus a low CD68

group. After the images were trimmed, batch processed, and quantitatively analysed,

the images were then identified. Cell density (indicated by nuclei) within the spiral

ganglion was closer to that of the spleen than the auditory nerve (Figure 2.13).
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Figure 2.13: CD68 staining and counter-staining with haemotoxylin in the basal
spiral ganglion. The specimen from the NH mouse (top) with fewer CD68+ cells than
the one from the ARHL mouse (bottom)

The shapes of CD68+ staining cells in the basal spiral ganglion (SGB) were similar to

those found in the spleen. There were evident differences in the quantity of positively

stained cells in basal regions of the spiral ganglion between ARHL and NH mice, how-

ever the quantities seemed to reduce in medial and apical sections. The most evident

difference between ARHL and NH mice was in the auditory nerve (Figure 2.14).
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Figure 2.14: CD68 staining and counter-staining with haemotoxylin in the basal
auditory nerve. The specimen from the NH mouse (top) had fewer CD68+ cells than
the one from the ARHL mouse (bottom).

Again, the morphology of CD68+ staining cells in the auditory nerve were similar to

those found in the spleen. There were very large differences in the quantity of posi-

tively stained cells between ARHL and NH mice in the auditory nerve. The microglia

seemed slightly more elongated in the nerve, with some more branching than in the SG

and spleen. Microglial distribution in the ARHL auditory nerve was not homogeneous.

Another phenomenon observed only in the nerve was the presence of CD68+ clusters of

cells (Figure 2.15).
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Figure 2.15: Microglial clusters found in the auditory nerve of older mice with age-
related hearing loss

Figure 2.15 shows what has been identified as a cluster of cells. It is multi-nucleated and

too large to be a single cell: all similar clusters were over 50µm wide but still retained

morphological features similar to those of ovoid microglia. Microglial clusters were only

present in ARHL mice.

The final notable feature, which was mostly observed in normal hearing mice, was that

of small strands of CD68+ staining. The shapes appeared to be microglial processes

(Figure 2.16). The processes are likely to be microglial, by exclusion, as it is unlikely

that other CD68+ cells (fibroblasts or endothelial cells) would be present in the auditory

nerve. There are instances where the processes can be faintly traced to a cell body and,

in those cases, resemble microglia.
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Figure 2.16: Two auditory nerve sections from different young mice. The arrows
indicated faint CD68 positive staining that is likely to be a microglial process. The
circles indicate microglia which were identified by the automated process and counted.

2.4.2 Quantitative analysis

Images were cropped to contain only the segments of interest (AN or SG) whilst at-

tempting to quantify the entire anatomical area. The quantification process was auto-

mated using ImageJ. All the images were batch processed and subjected to the following

method: background subtraction at default ImageJ settings, colour deconvolution (G.

Landini plug-in) using pre-set HDAB (Haemotoxylin and DAB) vectors, colour thresh-

olding, gap-filling at default ImageJ settings, and counting of positive stains (Figure

2.17). Colour thresholding was kept consistent within each rack of slides but varied

between racks to ensure the best possible trade-off between the reduction of background

staining and the loss of signal, whilst not accidentally introducing bias (Appendix C).
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CD68+ stains, larger than 30µm2, were quantified. Comparisons were then made be-

tween the NH and ARHL mice to determine whether ARHL mice had differences in

microglial characteristics when compared to NH mice.

Figure 2.17: Unprocessed image (top left). All counted cells 30µm2 - 900µm2 (top
right). Cells 30µm2 - 99µm2 (bottom left). Cells 100µm - 299µm2 (bottom centre).
Cell clusters 300µm2 - 900µm2 (bottom right).

Unpaired Mann-Whitney t-tests were used to determine whether there were any statis-

tically significant differences in microglia/ mm2 measures between NH and ARHL mice.

Non parametric tests were used as it is inaccurate to assume Gaussian distributions with

N numbers below 5 and conventional to use non parametric tests with non-Gaussian dis-

tributions. There were significantly (p=0.03) greater numbers of microglia/ mm2 in the

auditory nerve sections (Figure 2.18) of ARHL mice (median= 319.8, n= 4) when com-

pared to auditory nerve sections of young mice (median= 30.31, n= 4).

Significant differences in microglial count (p=0.04) were also observed in basal sections of

the spiral ganglion (Figure 2.19); where ARHL mice (median= 168.2, n= 3) again showed

greater counts of microglia/ mm2 when compared to basal spiral ganglion sections of NH

mice (median= 10.99, n= 4). No other significant differences were found between medial

spiral ganglion portions (SGM) (ARHL median= 80.58, n= 3; NH median= 21.48, n=

4) or apical spiral ganglion portions (SGA) (ARHL median= 86.89, n= 3; NH median=

21.29, n= 4).
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Figure 2.18: Bar graph of microglia/ mm2 in the auditory nerve. Normal hearing
(black) versus age related hearing loss (grey).

Figure 2.19: Bar graph of microglia/ mm2 in the auditory nerve. Normal hearing
(black) versus age related hearing loss (grey). Basal spiral ganglion (SGB) versus medial
spiral ganglion (SGM) versus apical spiral ganglion (SGA).

No significant differences in microglial cluster count in the AN was observed (p=0.057),

between NH (median= 0, n= 4) and ARHL mice (median= 58, n= 3) (Figure 2.20),

even though a trend is quite evident. Clusters were not observed in any other part of

the cochlea.
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Figure 2.20: Bar graph of auditory nerve clusters mg/mm2. Normal hearing (black)
versus age related hearing loss (grey).

2.5 Discussion

Qualitative analysis of the staining in this experiment strongly indicates that cochlear

microglia have been identified and quantified in this work. Hooper and Pocock pre-

sented data indicating that both activated and ramified microglia should be CD68+

[73], however more-so for activated microglia (Figure 2.10). The results from this exper-

iment indicate that CD68 highlights pro-inflammatory microglia much more intensely

than ramified microglia. This observation is evident by the distinctly ovoid or partly

ovoid shapes that all observed microglia had. If CD68 adequately highlighted ramified

microglia, they would have been present in extra-cochlear tissue, and possibly even in

the cochleae of NH mice (which had little CD68+ cells at all). This was not the case and

it is highly unlikely that all glia in the cochlea were in an activated, pro-inflammatory

state. The differences between ramified and ovoid microglia is highlighted in Figure

2.21.

The microglia observed in this experiment resemble the ones from Figure 2.21A much

more than 2.21B. There is evidence of the presence of ramified microglia in the multiple,

faintly staining processes observed in all sections, especially throughout NH cochleae

(Figure 2.16). The presence of these processes indicates that the CD68+ cells are mi-

croglia and not macrophages, as according to Figure 2.10, M1 and M2 macrophages have

no overlap at all in CD68 expression (and so these processes of ramified macrophages

would not have stained).

The inability to adequately stain ramified microglia introduces a problem in attempting

to answer the first hypothesis. Hypothesis 1 stated that neurodegeneration is a feature of

ARHL and that degeneration will lead to larger numbers of microglia in the cochleae of

HL mice. Total microglia has not been successfully calculated. Such a distinct difference
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Figure 2.21: Top: Microglia cultured from neonatal rat brains with CD11b+ stain-
ing. Microglia show two different morphologies: round (arrows) and irregular-shaped
(arrowheads). Bottom: Cortical sections from 8-week-old rats Iba1+ staining. Highly
ramified microglia are detectable in the cortex. From Jeong et al. (2013) [75].

in CD68+ cells between NH and ARHL mice was not expected. The size difference

between groups indicates other factors, asides changes due to hearing loss, behind the

results. It is highly unlikely that normal hearing mice have almost no microglia. If

microglia in normal hearing mice were in a quiescent state, not producing detectable

quantities of CD68, it is possible that staining was low because the anti-CD68 had

nothing to attach to. The sum of CD68- and CD68+ microglia in the cochleae of

normal hearing mice may still be equal to that in the cochleae of hearing impaired mice.

Therefore, null of hypothesis 1 cannot be conclusively rejected. It is possible that there

are more microglia in ARHL mice, as CD68+ microglia are probably active, and active

microglia tend to proliferate. A second stain such as Iba1 (which also highlights ramified

microglia) would be needed to confirm the findings though. This study has highlighted

the importance of including ways of detecting CD68- microglia in future experiments.

Hypothesis 2 stated that microglia are being ‘primed’ by the neurodegenerative con-

ditions in the cochlea and that it would be demonstrated morphologically and by the

expression of microglial cell surface markers. The morphology of the CD68+ cells would
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indicate that hypothesis 2 is somewhat true. However, repeating the experiment would

be necessary, and the use of microglial markers such as CD11b and CD11c could help

provide more information about the state of activation of the microglia. There is ad-

ditional uncertainty about whether neurodegenerative conditions or the ageing of the

auditory system is responsible for the histological differences. As the aged mice were

also the ARHL mice, it is difficult to tease the two apart. There is some indication of it

from microglial counts in the spiral ganglia. The tonotopic distribution of CD68+ cells

cannot be statistically proven. However, it is heavily indicated by the patten of the data

(Figure 2.19) and inferred by significant differences between NH and ARHL mice at the

SGB. There is a second possibility that the lack of significant difference in microglial

count between medial and apical SG sections is due to cochlear anatomy. If medial and

apical SG sections (which are smaller) are so dense that less microglia can physically

fit in, it would explain the lack of significant difference. However, the latter seems less

likely since there was one mouse which had a higher SGM count than all SGB counts.

The lack of significant differences may emerge with more severe ARHL mice, or with

larger N numbers. A superimposition of microglia/ mm2 over the assumed audiogram

of these mice further highlights the possibility of a tonotopic relationship (Figure 2.22).

Figure 2.22: Bar graph of microglia/ mm2 in different spiral ganglion sections. Nor-
mal hearing (transparent bars) versus age related hearing loss (shaded bars). Basal,
medial, and apical counts have been superimposed over the estimated hearing frequen-
cies which that spiral ganglion section would be responsible for. The audiograms are
average audiograms measured by Hequembourg & Liberman 2001 [69] and correspond
to the age group of mice used to quantify microglia.

There is little documentation of microglial clustering in neuronal tracts. It is has been

triggered in the cortex in an in vivo two-photon later scanning microscopy study with

experimental autoimmune encephalomyelitis (EAE) mice [76]. EAE mice are a model of

CNS demyelinating diseases, including multiple sclerosis, produced by injecting the brain
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with proteins which cause demyelination. Microglial clustering was successfully induced

using fibrinogen, and was indicative of microglial activation and contribution to axonal

damage. The Davalos et al. (2012) study gives reason to suspect that CD68+ microglia

are activated and that microglial clusters are a harmful feature of neurodegeneration.

The small sample size is possibly the reason why the statistical test gave a non significant

result. Three data points resulted in large variance from the mean and a non-significant

alpha (α).

In conclusion, neither of the null of hypotheses could be completely rejected. The

following details are strongly indicated but the experiment needs to be repeated for them

to be confirmed: (i) the IHC protocol has effectively stained cells expressing CD68, and

(ii) there are larger numbers of CD68+ cells in the cochleae of older, ARHL mice. The

following details are indicated but more experimentation is also need for confirmation:

(i) the CD68+ cells are microglia, (ii) the cells are primed, (iii) the cells are primed due

to hearing loss, and (iv) there are ramified microglia in the cochleae of NH mice.

Further work with anti-Iba1, anti-CD11b and a different mouse strain that develops

ARHL at an even earlier age would help confirm the observations made in this exper-

iment. The limited sample size of the study needs to be consolidated by repeating the

experiment, adding statistical strength and methodological repeatability. The results

achieved in this study were used in a sample power calculation to establish the min-

imum number of animals needed for future studies. IBM SPSS Sample Power 3 was

used to calculate that 6 mice per group would yield a study power of 80% when at

least 7 slides per mouse are used. Therefore, with an N of 6 per group, there would be

an 80% probabilty of rejecting the null hypothesis if the alternative hypothesis is true.

The P value of a statistical test is a safeguard required against falsely rejecting the null

hypothesis. It doesn’t state the probability achieving statistically significant results, as

sample power does.

Having 6 mice per group would allow the conclusion that the mean microglia/mm2 differs

for normal hearing mice versus hearing loss mice. This is based on the assumption

that microglia/mm2 is measured on a continuous scale with a possible range of 0 to

1500. The range was determined using measurements made so far in this study; where

microglia/mm2 ranged from 0 to 1429. The null hypothesis is that the mean count for

normal hearing and hearing loss is identical. The intent is to disprove the null, and

conclude that the mean microglia/mm2 is different for normal hearing than for hearing

loss mice. To do this two more young and three more old B6 mice need to be used in

an identical experimental setup in order to increase the group numbers to acceptable

amounts. Additionally, further testing should always have groups of at least 6 mice.
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2.6 Publication progress and contributors

This experiment remains unpublished at the time of writing of this thesis. The exper-

iment needs to be repeated before the transcript can be sent to a scientific journal for

consideration. Dr Adam Hart was kind enough to donate the mouse samples used in

this study. Dr Ursula Peutener and Dr Adam Hart performed the mouse terminations

and isolated the samples.





Chapter 3

Trends in cochlear implant

complications: implications for

improving long-term outcomes

3.1 Introduction

This chapter details an investigation of data regarding cochlear implant adverse event

reports from a large, easily-accessible FDA database. CI adverse events fall within the

extreme end of the spectrum of CI outcomes. The study intended to characterise adverse

events, find commonalities between them and to observe how they changed over time.

Results indicate the need to explore the effect of individual biological variables in cochlear

implantation. A possible explanation for cases of gradual performance decrement would

lie in the domain of inflammation, which has been identified as being a possible important

causal factor in soft failures [77].

3.1.1 Cochlear Implants

Cochlear Implants can be categorised into two main groups: electric simulators (CI)

and electric-and-acoustic combined stimulators (EAS). Conventional implants that give

solely electric stimulation (Figure 1.3) were the first type of manufactured cochlear

implant. They are given to people with severe-to-profound hearing losses spanning across

the entire frequency range. They have a stimulator including a long electrode bundle, at

times capable of spanning the entire length of the cochlea. This is the method by which

these devices aid hearing: the electrode bundle, normally consisting of 12 to 22 separate

intra-cochlear electrodes and 1 or 2 extra-cochlear electrodes, electrically stimulates the

45
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spiral ganglion from the scala tympani through the basilar membrane in pulses lasting

for durations between 10–100 µs and amplitudes ranging roughly between 100–1500 µA.

The spiral ganglion continues to transmit the electric simulation to the auditory nerve

and from there up the Central Auditory Nervous System (CANS) as in normal hearing.

This device therefore requires a functional auditory nerve and central auditory nervous

system to be effective. The generated pulses are determined by the sounds entering

the microphone and reaching the processor; which is in turn functions according to the

speech processing strategy chosen by the clinician.

Figure 3.1: The FLEXSOFT electrode array is an example of a full-length electrode
bundle manufactured by MED-EL and used in electric-only setups. The FLEXEAS is a
shorter electrode array produced by MED-EL and used in hybrid setups

Electro-acoustic stimulation devices or hybrid cochlear implants (EAS) combine partial

electric stimulation of the basal part of the cochlea with an acoustic hearing aid that

is targeted towards the basal frequency range. In combination, people with relatively

mild low-frequency hearing losses and severe-profound high frequency hearing losses

receive a device which is theoretically more tailored to their needs. Electrode bundles

are significantly shorter (Figure 3.1) and an additional acoustic component is included

on the outer part of the device (Figure 3.2).

Figure 3.2: EAS (hybrid) cochlear implant. Sound is delivered through the acoustic
component.
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These implants are designed for patients with hearing losses that have a ski-slope

shape on an audiogram (Figure 3.3). In ski-slope losses, hearing would be severely-

to-profoundly impaired in the high frequencies of human hearing which are from 2000-

16000 Hz, but hearing can be close to within normal limits in the low-mid frequency

range (125-1500 Hz). EAS implants take advantage of some limited cochlear function

measured as residual hearing in addition to a functional auditory nerve.

Figure 3.3: Ski-slope hearing loss PTA selection criteria for EAS cochlear implanta-
tion. The y-axis indicates the degree of hearing loss experienced (dBHL). The x-axis
shows the hearing frequencies (Hz) in octave intervals.

EAS take advantage of the tonotopic organisation of the cochlea (Section 2.1.1) by

having an electrode bundle long enough to extend though the part of the cochlea where

the hearing loss is worst (represented by the bottom part of the ski slope) and the better

part of the cochlea theoretically remains untouched. The hybrid device then produces

aided sound (as in normal hearing aids) which travels into the ear canal and eventually

reaches the apical side of the cochlea where some residual function has been retained

and can be stimulated acoustically. In EAS the auditory access to low-frequency speech

information has been shown to be beneficial. 74 EAS listeners had about a 5–11 dB SNR

advantage over CI users in two different measures of 50% correct recognition speech in

background noise tasks [78]. This advantage may be due to access to the first formant

of aided low-frequency sounds [79] and larger levels of hair cell and spiral ganglion cell

survival [80].

EAS is a great step forwards in stratified (personalised) medicine in CI. This is where

the best implant is given to the right individual at the best time. Through stratified CI,

the intervention is no longer a ‘replacement’ intervention. It becomes an augmentative
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one where biology-to-device integration is prioritised. The interface between electrode

array and surviving auditory mechanism is therefore crucial in predicting and optimising

outcomes. Stratified medicine in CI may also be further developed in a neuroinflam-

matory direction. The need for further developing this approach is now more necessary

than in previous years as pure tone audiometry (PTA) hearing threshold referral criteria

(Figure 3.4) as well as speech recognition criteria for EAS implants have been broad-

ened. A monosyllabic word understanding score of ≤ 60% at 70 dB SPL, in the best

aided condition, tested in quiet, is now implantable [81]. The criterion used to be ≤ 40%

as recently as in 2009 [82]. The inclusion of speech recognition scores between 40–60%

and the 750–1500 Hz range in the threshold referral criteria indicates more confidence

from the implant manufacturers that the benefits of EAS outweigh the risks. This has

been demonstrated by Gantz et al. (2009) who reported patients achieving significantly

higher post-operative scores on all metrics, at the group level [83]. They also describe

significant improvements in word and/or sentence recognition in noise scores in 74% of

the population. Skarzynski & Lorens (2010) also registered a degree of improvement

ranging from 33 to 39% for speech recognition in quiet and 40 to 57% for speech in

background noise, when children were implanted with hybrid implants [84].

Figure 3.4: Schematic illustration of PTA threshold CI candidacy criteria. Older
criteria included the area shaded in grey. Never criteria include the grey and orange
area [81, 85].

Although individuals may be receiving the same type of device and an almost identi-

cal surgery, speech perception scores often vary substantially in both quiet and noise

conditions. Data from Rosen et al. (1997) (Figure 3.5) demonstrates the range in CI

patients [86]. Bamford-Kowal-Bench (BKB) sentence lists percentage key words correct
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and Vowels test percentage correct results are displayed for two periods: after implan-

tation (Session 1) and after 3 hours of listening training (Session 10). This is data for

8 cochlear implant patients, all aged between 18-22 years of age, and implanted in the

same implant centre.

Figure 3.5: The range in perception scores post CI. BKB% key words correct and
Vowel test % correct at two post-operative sampling periods from age-matched and
gender-balanced adults. Adapted from Rosen et al. (1997) [86].

It can be observed that Vowels test scores ranged by about 20% before therapy and

this increased to about 30% after therapy. These ranges of results do not include a

sub-set of more serious adverse events discussed in Section 2. The variation is hard

to predict though a known relationship exists between duration of deafness and speech

perception scores. It negatively correlates with BKB scores [87] and Consonant Nucleus

Consonant (CNC) test scores [88, 89]. One of the aims of Chapter 5 is to identify

whether inflammation is a contributor to this variability. Establishing the degree of

variance associated with inflammatory state would be beneficial, as it would then be

possible to evaluate if there is need to control it.

Tables 3.1 & 3.2 describe the different types of electrodes being used by the three ma-

jor FDA approved CI companies. Advanced Bionics offer three electric-only stimula-

tors; the ‘Helix’, ‘HiFocus 1J’ and ‘HiFocus Mid-Scala’. Cochlear also offer three: the

‘Contour Advance’, ‘Full-Band Straight’, and the ‘Slim Half-Band Straight’. MED-EL

offers four: the ‘Standard’, ‘Medium’, ‘FlexSOFT’, and ‘Flex28’. Medium electrodes can

also be connected to the different receiver stimulators and used as EAS. The ‘Hybrid-

L24’ electrode is Cochlear’s electric-and-acoustic combined stimulator. MED-EL uses
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the Sonata, Concerto or Pulsar receiver stimulators in combination with the ‘Flex20’,

‘Flex24’, or ‘Medium’ electrodes for EAS. The Cochlear ‘Full-Band Straight’ electrode

and the MED-EL ‘Split’ and ‘Compressed’ electrodes are specialised and used only in

cases where patients have partially ossified or malformed cochleae.

What becomes immediately apparent is the introduction of many different types of elec-

trodes in order to cater for various cochlear anatomies and shapes of hearing loss, differ-

ent preconceived notions of what could result in maximum atraumaticity and consistency

(such as a pre-curved versus straight electrodes), and various degrees of manufacturing

limitations between companies. In turn, a lot of variability can be seen in the active

length and estimated active volume of the device (Figure 3.6).

Figure 3.6: Visual illustration of variations in electrode array active lengths and
estimated volumes. MED-EL Combi 40+ Split electrode, Cochlear Full-Band Straight
electrode not included as they are specialised electrodes. Advanced Bionics HiFocus
Mid-Scala is not included as device specifications were not all accessible.

An example of variability between manufacturers is how the Helix and Contour Advance

are shorter that the EAS Flex24 when it was previously discussed how conventionally,

EAS electrode arrays are shorter. Notably, in terms of volume the Flex24 is smaller.
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In terms of atraumaticity, it could be argued that more modern electrode arrays such

as the Flex28 would perform better than their predecessors such as the MED-EL Combi

40+ Standard. The Flex28 is of the same length however significantly smaller volume,

and boasts a new flexible tip.

3.1.2 MAUDE

Adverse events are classified as hardware failures, medical failures or soft failures [90, 91].

Hard failures are cases of implant device malfunction which can be definitively measured

through device telemetry. Medical failures are those in which a specific medical cause,

such as skin flap infection, can be identified. Soft failures are adverse events in which a

specific source of failure has not been identified [92] but explantation and re-implantation

is indicated. Although these broad categories are now widely accepted in both the

medical literature and manufacturer reports, it may also be desirable to interrogate

more specific categories of adverse events and trends in such events. The Manufacturer

and User Facility Device Experience (MAUDE) database was used to determine detailed

trends.

MAUDE is a medical device database maintained by the U.S. Food and Drug Admin-

istration (FDA) which comprises data from reports of adverse events involving medical

devices. It is updated on a weekly basis. The data consist of all voluntary reports since

June 1993, mandatory user facility reports since 1991, distributor reports since 1993,

and mandatory manufacturer reports since August 1996. Manufacturers are required

to submit reports within thirty days of becoming aware of the event, whilst implant

centres (user facilities) have a ten-day limit to do so. Importantly, adverse event reports

to MAUDE come not only from the U.S, but also from Australia and Asia (as indicated

by the country codes in the reports).

3.2 Hypothesis

Improvements in cochlear implant manufacturing processes and surgical techniques would

result in a decrease in the proportion of CI adverse events due to primary device failure

or surgical factors, relative to those with complex, multi-factorial or idiopathic origins,

over the 10 year sampling period.
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3.3 Method

The study was designed to review world-wide data on cochlear implant adverse events,

test for significant trends over a ten year period, and discuss possible reasons behind

such trends.

3.3.1 Study design

The study was designed as a retrospective analysis of cochlear implant adverse events

reported to the U.S. Food and Drug Administration (FDA) as recorded on the MAUDE

database. Data for each adverse event reported in the years 2000 (n=237), 2005 (n=1089),

and 2010 (n=2543) were evaluated and assigned to one of 14 categories according to

report content. Incidence data were compared across the three sampling points to de-

termine trends.

Adverse events were classified according to the primary motivation for filing the report.

The event classification system used by Tambyraja et al. (2005) was adopted based

on the need to categorise MAUDE report data [90]. However, after initial querying of

the data set, this approach was extended to include some types of events that were

not previously noted by the authors of that paper, who analysed data from pre-1998

up to 2002. This may be the reason why their classification did not include ‘idiopathic

gradual performance decrement’, ‘idiopathic hearing performance issues’, ‘gradual device

malfunctions’, and ‘idiopathic loss of lock’. These adverse events were a very small

subgroup of reports at the time, and could have easily been classified as ‘non-verifiable

patient complaints’. Whilst examining the data, sufficiently clear trends were identified

in reports of these types of event. Based on qualitative analysis, it was also deemed

appropriate to distinguish between confirmed spontaneous device malfunctions of the

receiver/ stimulator, and other parts of the device. Intra-rater reliability was evaluated

by having the same individual who rated the reports originally re-assess a randomly

selected quotient of 10% of the reports 4 months after they were originally rated, with

no access to original classifications. This showed an intra-rater reliability of 93%.

3.4 Results

A total of 3869 reports, of which the majority were submitted by manufacturers, were

reviewed. Reports dated from the 1st of January to the 31st of December for the years

2000 (n=237), 2005 (n=1089), and 2010 (n=2543) were evaluated. Seventeen reports

were excluded either because the device in question was not specified, or because the
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Table 3.3: Adverse events categorisation and examples

Adverse Event Category Examples

Surgical technical
complication

Perilymph leak/ fistula/ gusher, extracochlear/ partial electrode
placement, electrode doubling over, CSF gusher, device damage
during corrective surgery

Electrode migration Full/ partial electrode migration

CSDM - electrode/
receiver stimulator

Electrostatic discharge, intermittencies due to malfunction, bro-
ken hermetic seal, receiver-stimulator malfunction, open circuits,
sudden high impedances

CSDM - other Processor malfunction, internal magnet problems

Trauma-induced device
malfunction

Device ceases to function after hitting head

Idiopathic gradual
performance decrement

Device functioning normally however a gradual audiological per-
formance decrement is noted

Idiopathic hearing
performance issues

Lack of benefit with device, sound quality issues, overly loud
sounds, extraneous sounds, loss of sound

Gradual device
malfunction

Impedance worsening over time, ossification of the cochlea, fluc-
tuations in impedance, electrode rejection

Idiopathic loss of lock Complete loss of lock, intermittent loss of lock

Flap problem
Necrosis, infection, dehiscence, extrusion, thick flap, retention is-
sues

Non-Verifiable Patient
Complaint

Dizziness, vertigo, unpleasant sensations, vibrotactile sensations,
discomfort

Infection Meningitis, otitis, site not specified

Other
Facial nerve involvement, allergic reaction, mental health,
cholesteatoma, tech upgrade

Uncharacterisable Too little detail given for categorisation

CSDM = Confirmed Spontaneous Device Malfunction

incidents were related to device batteries or external equipment. Less than 0.1% of

reports failed to give narrative descriptions of the adverse event. Figure 3.7 displays

the percentage distribution for each group across each sampling period. The figure also

highlights the adverse events that may be considered more complex (without a sin-

gle clearly identified cause), e.g. idiopathic gradual performance decrement, idiopathic

hearing performance issues, gradual device malfunction, and idiopathic loss of lock.

Chi-squared (χ2) tests were performed in order to test whether the rates of different

adverse event types changed across the sampling period (Figure 3.8). The figures show

the categories of adverse events that were associated with significant changes in fre-

quency across one or more of the three intervals. Certain patterns could be explained by

improvements in device quality and implantation method, e.g. the number of cases of

electrode migrations significantly decreased between the years 2000 (7%) and 2005 (3%)

and did not change significantly from 2005 to 2010 (4%). Confirmed spontaneous device

malfunctions of the electrode or receiver stimulator greatly decreased over the 10-year

sampling period with significant changes from 2000 (54%) to 2010 (32%) and also from

2005 (46%) to 2010. Trauma-induced device malfunctions decreased significantly over
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the 10-year sampling period with percentage distributions in 2000 (11%) decreasing to

6% in 2010. (This could be attributed to the devices being more resistant to impacts).

Confirmed spontaneous device malfunctions of other parts of the implant (excluding

the electrode or receiver stimulator significantly decreased between 2000 (1%) to 2005

(0%) and then increased again between 2005 and 2010 (1%). This might be a statistical

anomaly due to low incidences of this type of event. In general no significant changes

were found over the 10-year period.

Figure 3.7: Percentage distribution of different specific adverse event types reported in
2000 (left), 2005 (centre), and 2010 (right). Adverse events are grouped into the follow-
ing: ‘Complex’ adverse events (green) versus other ad-verse events (purple). CSDM =
confirmed spontaneous device malfunction; NVPC = non-verifiable patient complaint.

Idiopathic hearing performance issues were the subgroup of adverse events that grew

most over the 10-year sampling period. There was a significant increase from the year

2000 (5%), to 2005 (7.5%) and also from 2000 to 2010 (11%). Gradual device malfunc-

tions followed the same pattern: There was a significant increase from the year
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Figure 3.8: Adverse events that experienced significant changes in frequency across
1 or more of the 3 intervals as determined by χ2 testing. *p < 0.05, **p < 0.01, ***p
< 0.001.

2000 (1%), to 2005 (3%) and also from 2000 to 2010 (5%). Idiopathic gradual perfor-

mance decrement also displayed a pattern of growth across the sampling period. Adverse

events significantly increased from the year 2000 (0%), to 2005 (1%) and a relatively
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large and significant increase between the years 2005 to 2010 (5%). Reports of idiopathic

loss of lock increased markedly from 2005 (0.3%) to 2010 (6%), although no reports in

this category were given in 2000. The numbers of non-verifiable patient complaints also

significantly increased across all of the sampling periods, from no reports in 2000, to 3%

in 2005 to 5% in 2010. Infections reported also increased across the 10-year sampling

period from 1% in 2000 to 4% in 2010.

3.5 Discussion

Analysis of FDA data on the MAUDE database has revealed important trends in cochlear

implant adverse events. The proportion of such events which could be considered as

having a specific external cause, e.g. electrode migration and receiver-stimulator failure,

went down markedly in the decade covered by the three reporting years. The proportion

of receiver-stimulator failures went down particularly rapidly, although this still repre-

sents the most common category of adverse events reported in 2010. Over the same

period, adverse events without a specifically defined external cause, in particular idio-

pathic performance decrement or hearing performance issues and idiopathic loss of lock

showed similar increases during the same period. It was not possible to double-check all

categories against the hard vs. soft vs. medical terminology as data on re-implantation

were not available. However, it seems likely that the majority of these complex event

categories would not be deemed hard failures. The proportion of complex adverse events

increased from 6.3% to 26.9% at the most recent reporting period (2010).

This study provides further evidence that the MAUDE database is a useful resource for

analysis of cochlear implant adverse events [90], despite limitations in the data set pro-

vided. Details such as age at implantation and duration of implantation, presence of an

underlying anatomical abnormality, and whether re-implantation has been performed

are not available from the database [90], with consequent limitations in classification

methodology that could be used. The recent, highly comprehensive, classification typol-

ogy developed by Battmer et al. (2010) could not be used consistently in the present

study due to these limitations of available MAUDE data [93]. Researchers have com-

mented on ambiguous statements used by cochlear implant companies upon assessment

of the device that need to be eliminated so as to confidently classify incidents [91]. How-

ever, Tambyraja et al. (2005) concluded that, even in its current format, MAUDE may

be useful for trend analyses [90]. The database is regularly updated and well maintained,

with cochlear implant manufacturers being by far the major contributors of incident re-

ports, and reports reflect data from a number of countries.
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Some caution needs to be applied to interpretation as the total number of reported

events differs across years. One possible explanation for apparent trends might be that

the low number of total reported cases led to an inaccurate picture of adverse event

typology. However, the trends noted cut across each 5-year reporting gap, and data

from 2005 were based on a much larger sample of adverse events than 2000. There is no

specific reason to suppose that changes in particular bias occurred across the three sam-

pling periods. Interestingly, there were no significant changes in the numbers of surgical

technical complications in any comparisons over time and also a significant decrease in

the proportion of electrode migrations. This would be consistent with improved surgi-

cal techniques and provides some evidence for the overall validity of the data set. The

significant reduction in the proportion of receiver-stimulator failures is notable, suggest-

ing better manufacturing processes, although the reason for the increased proportion of

confirmed spontaneous device malfunction is less clear.

The most striking finding is the relatively high, and apparently growing, incidence of

complex adverse events affecting hearing performance, e.g. those associated with gradual

and idiopathic performance decrement. It is highly unlikely complex adverse events are

due to device malfunction. Multiple reports were able to exclude malfunction upon

explantation, indicating a need to other factors. The reports also exclude accidental

damage, loss or misuse. Excluding extrinsic factors leaves makes it much more likely for

the root cause to be biological factors, by deduction. A possible explanation for cases

of gradual performance decrement would lie in the domain of inflammation, which has

been identified as being an important causal factor in soft failures [91]. Gradual hearing

decrement, poor sound quality, impedance changes and electrode rejection, and other

complex, idiopathic or gradual adverse events could be consistent with the development

of inflammatory processes and accumulation of inflammatory damage at the interface

between the electrode array and residual auditory system. Gradual loss of hearing

function would be consistent with inflammatory changes either within or external to the

cochlea and may parallel findings in other compartments of the central nervous system

[11] where inflammation has been shown to drive neurodegenerative change.

A hypothetical link between systemic and cochlear inflammaotry state has been in-

troduced in Chapter 2.1.3. Both gradual and intermittent complex events could be

explained under this framework. Gradual events could be the result of raised systemic

inflamatory status having negative repercussions on a cochlear inflammatory environ-

ment, which is already primed by neurodegneration. Intermittent events could have

the same origins as gradual events but feature compensation by the patient, which

would create plateus in performance decrement. Alternately, intermittent events could

be symptomatic of a more erratic systemic inflammatory profile, which would result in
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temporary or permanent peroids of performance change; mirroring the systemic profile

of the individual.

While research and engineering efforts are rightly focused on improving electrode array

design and surgical techniques, the findings also indicate that research is needed in order

to better understand the contribution of inflammation to CI adverse events, and into

other possible individual biological causes of gradual or idiopathic device failure. It is

possible that further improvements in outcomes will be significantly limited without a

better understanding of how inflammatory changes drive CI adverse events.

3.6 Publication and contributions

A Causon, C Verschuur and T Newman. Trends in cochlear implant complications:

implications for improving long-term outcomes. Otology & Neurotology, 34(1):259–

265,2013. (Appendix D)



Chapter 4

Factors affecting hearing

preservation in cochlear

implantation

4.1 Introduction

Low frequency residual hearing is required to perceive the acoustic stimulation deliv-

ered by Electric Acoustic Stimulation (EAS) cochlear implants (CI) via the ear canal.

The preservation of residual hearing after surgery currently cannot be guaranteed and

there is large variability in the degree and the time-frame over which hearing is lost.

As CI are being made available to people with ever-increasing degrees of residual hear-

ing, understanding the variables affecting hearing preservation is more important than

ever. This chapter describes a conceptual model, developed in accordance with agreed

HEARRING guidelines on reporting, that explains as much as 72.9% of the variation

experienced in the loss of residual hearing. It gives an assessment of the availability

and integrity of data available in retrospective clinical outcome studies that are related

to hearing preservation in EAS implantation, and gives suggestions on which data are

essential and how to present them.

4.1.1 Hearing preservation

Before the introduction of EAS and hearing preservation (HP) surgery, the surgical

insertion of conventional full-length cochlear implants (CI) was typically associated with

complete loss of residual hearing. Acoustic hearing aids allowed patients to achieve

mean open-set sentence perception (CUNY) scores in +10 dB SNR of around 57.7%

61
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(SD = 31.5) [94], whilst full-length CI insertion produced mean CUNY scores of about

77.3% (SD = 15.9) [95]. There was also, as now, large inter-patient variation and this

created a ‘grey area’ where CI was not always guaranteed to be more successful than the

unsatisfactory acoustic amplification that the patient had. Shorter EAS electrode arrays

and associated HP surgeries were designed to address this by preserving and utilising

residual hearing whilst electrically stimulating the basal, high frequency, part of the

cochlea. As a result, there has been a broadening of implantation criteria and the grey

area between unsatisfied hearing aid users and people who can benefit from CI has been

reduced.

The main anatomical areas most at risk during inner ear surgery, and therefore catered

for during HP surgery, are the cochlea, the vestibular end organs, and the facial nerve.

HP protocols utilise the most advanced and atraumatic electrode bundles, facial nerve

monitors, smaller incisions behind the ear, minimal drilling times via a round window

insertion, and minimal durations of time with the open round window exposed. HP pro-

tocols adopt the philosophy that although a prosthetic is being introduced, maintaining

as much current function as possible will allow better homoeostasis in the cochlea and

a synergistic effect between device and organ [96, 97, 98, 99]. Additionally, it ensures

maximum preservation of device health.

The preservation of residual acoustic hearing is valuable because the combination of

electrical and acoustic hearing in the same ear gives better results that the sum of the

individual components [100, 99]. The intervention typically yields better performance

outcomes than electrical hearing on its own [100]. Low frequency acoustic cues important

for speech perception and other auditory skills are transmitted more effectively via

acoustic than electric information provided there is sufficient residual hearing [101, 102,

103, 104, 105]. EAS users show significantly better pitch perception with combined EAS

compared to electric-only stimulation [106]. Acoustic access to low frequency sounds

allows EAS implantees to utilise the fundamental frequency [107] and first formant of

speech [79] timing cues [108], and spectral information [109] more effectively than via

electric hearing. This additional acoustic information can compensate for the limitations

associated with electrical hearing, particularly the reduction in the number of functional

channels and poor pitch perception in CI [110, 111] which leads to severe difficulty

when listening in competing voice situations (temporally fluctuating noise), even for

cochlear implant users who achieve high levels of speech recognition in quiet [112, 113].

Full preservation of residual hearing, hearing preservation, is therefore a clinical goal of

cochlear implant surgery and the focus of recent research. However, the incidence of

immediate loss of residual hearing is estimated at 37% [106] and longer-term hearing

loss is also possible.
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Electrode arrays usually provide between 6 to 8 spectral bands depending on the stimu-

lation strategy being used, limiting the representation of spectral information available

to the implant user. Within-channel information is typically limited to slow-varying en-

velope, limiting the temporal fine-structure that can be transmitted [114], although some

implant devices code fine timing information in apical electrode channels. The higher-

frequency periodicity cues (50–500 Hz) that contribute to the perception of supraseg-

mental information, such as voice gender recognition [115] and tone recognition for tonal

languages [116] are compromised as temporal information is reduced. The reduction of

information is because only one electrode usually reaches deep enough into the cochlea

to directly stimulate it at such low frequencies, and any other stimulation is only possible

through harmonics of high frequencies (Figure 4.1). Stimulation rates can be increased

to better-encode temporal information and widen the electrode dynamic range, but CI

patients may not be able to access these enhanced temporal cues [117]. When higher

stimulation rates do improve pitch perception, it comes at the cost of spectral informa-

tion being transmitted [118, 119].

Figure 4.1: Differences between full length CI (top) and EAS (bottom). Natural
auditory filter bands at the spiral ganglion cell level are represented by blue curves.

Furthermore, many electric-only systems present with a mismatch between output fre-

quencies of the electrode and the tonotopic arrangement of the cochlea because they do

not reach the depths of the cochlea they are attempting to stimulate. This is demon-

strated by the black arrows in Figure 4.1. The resulting sound is often described by CI
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users as mechanical and artificial or high pitched. This mismatch results in a decrease in

sound quality, which may affect the patients overall CI experience and motivation to con-

tinue using the device. The amount of information that can be transmitted to cochlear

implant users is compounded by physical and physiological factors; the electrode-neural

interface and CNS remodelling [8]. Recent evidence suggests that the addition of acous-

tic residual hearing to the impoverished electrical signal provides additional benefit by

overcoming at least some of these limitations. A systematic review of seven papers sug-

gested that 92% of EAS patients with severe-to-profound high-frequency hearing loss

showed a significant benefit in pitch perception with combined EAS over conventional

CI [106]. The reviewed literature suggests that preserving and augmenting cochlear

function, and replacing only what is non-functional is the approach currently achieving

best results. The caveat to EAS is that successful perception of the acoustic stimulation

is wholly dependent on how much residual hearing the patient has. Full preservation of

residual hearing is a clinical goal and the focus of recent research into hearing preserva-

tion surgery. EAS implantation criteria are being widened to accept people with larger

degrees of RH even though partial or complete loss of residual hearing after cochlear

implant (CI) surgery is still being reported. Loss of RH can be measured by comparing

changes between pre- and post-operative Pure Tone Audiometry (PTA). Both immediate

and long term post-operative PTA are often measured at implant centres. Determining

which factors affect the preservation of low frequency RH is therefore essential.

4.1.2 Loss of residual hearing

Post-operative loss of residual hearing is linked to the direct physical trauma caused by

insertion of the electrode and the associated acute inflammatory response. Longer-term

post-operative hearing loss may be linked to chronic inflammation and the development

of fibrotic tissue within the cochlea [120, 121, 122, 123]. A number of surgical and medical

variables may affect outcomes, including electrode array length and design [96, 124, 125],

insertion technique and positioning [126, 127, 128], the force used to insert the array

[129], the use of automated tools for array insertion [130, 131] and the site of electrode

array insertion [126, 132], which can be achieved directly via the round window (RW) or

via a separate cochleostomy (AC), typically anterior and inferior to the round window. In

a RW approach, the membrane is peeled open using a needle, drill bit, or sharp surgical

instrument. In the cochleostomy approach, a hole is drilled. The RW approach requires

a shorter drilling time [133] which may result in less acoustic trauma. One systematic

review of sixteen studies comparing the RW and cochleostomy approaches to electrode

array insertion concluded that both insertion approaches resulted in comparable hearing

preservation [134]. Other surgical events may also alter cochlear functioning during or
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after surgery, among which contamination of the perilymph with blood seems to play a

modest but significant role [135]. Steroid usage is common in HP protocols to decrease

any incidental loss of hearing due to inflammation.

The method of measuring residual hearing is consistent across hearing preservation

studies. CI centres deactivate the EAS device and typically follow British Society

of Audiology, or American Speech and Hearing Association, Pure Tone Audiometry

(PTA) protocols which are consistent with ISO 8253-1:2010. However, the interpreta-

tion and reporting of PTA thresholds is highly inconsistent: studies that report audio-

grams on a per-patient basis may give a low frequency average PTA that is usually an

average between 3 and 5 measurements on the low frequency part of the audiogram

[83, 136, 137, 97, 138, 139] whilst others may average the entire frequency range for a

patient [140]. Many studies report the entire audiogram for each patient, but there are

some inconsistencies even between these studies; as some report a threshold of 120 dB

instead of the maximum output of the audiometer. Certain researchers choose a pooled

reporting approach; where an audiogram per cohort is calculated [98, 141, 142], and

others pool the audiogram and then examine threshold differences on a per-frequency

basis [84].

4.1.3 Variability between surgical protocols

Table 4.1 gives examples of recent journal articles that have reported a HP protocol.

A great inconsistency between these protocols can be observed in the use of steroids

and antibiotics. At least 5 various steroid application times have been identified and

none are consistently used. Studies have reported intravenous, systemic, delivery of

corticosteroids pre- or intra-operatively [132, 143, 144, 145, 133] that in some cases is

continued post-operatively [133]. Certain protocols utilise only postoperative dosing

[146] while in other studies there is more localised delivery through the use of gauze

or gel permeated with corticosteroids (Triamcinolon, Volon A R© or Kennalog R©) placed

at the endosteum (round window). Solutions of diluted glucosteroids can be used to

irrigate the mastoid cavity [147, 148, 82]. Finally, steroids have been administered

trans-tympanically pre-, peri- and post- hearing preservation surgery [145], including

in cases undergoing cochlear re-implantation [149]. Dosages also vary greatly, some

administering according to a patients weight, others a generic amount. Barker & Pringle

(2008) found that all UK implant surgeons use oral antibiotic prophylaxis. Type of

antibiotic and duration varied significantly between centres as did the regimes followed

by most practices; most of which did not adhere to surgical principles of antibiotic

prophylaxis. It seems to be commonly agreed upon that the HP insertion depth should
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be no deeper than 22 mm or 360 degrees. Round window cochleostomy insertions are

also the most commonly preferred electrode insertion approaches.

The variability in choices made by surgeons is summarised very clearly by E. Fitzgerald

O’Connor & A. Fitzgerald O’Connor (2010) [150]. This study asked implant surgeons

from the Politzer Society for their opinions regarding 17 statements. Figure 4.2 gives

the responses received from 62 clinicians and saliently highlights the degree by which

opinions can vary.

Figure 4.2: Varying surgeon opinions. From E. Fitzgerald O’Connor & A. Fitzgerald
O’Connor (2010)
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The variability between surgical protocols is a direct result of a lack of randomised

controlled trials (RCT) investigating the effect of the factors in question. A meta-

analysis could help indicate which factors most likely to play a significant role in HP

outcomes and is a good way to choose which factors warrant investigation through RCTs.

In this study collated findings from publications concerning EAS implants (January 2000

- December 2013) were analysed in order to determine how much of the variability being

observed can be accounted for by measured pre- or peri-operative factors relating to

device, surgical or individual characteristics. Based on the raw data collected from

published retrospective clinical outcome studies a predictive model of residual hearing

preservation in line with the HEARRING group consensus statement issued in 2013 was

generated.

Surgical procedure also varies depending on local policies and the recommendations

given by the device manufacturer. The generic surgical procedure is detailed below.

Points in bold highlight the essential steps in the surgery whilst the others are adopted

at the surgeon’s discretion:

1. Antisepsis and placement of sterile drapes.

2. Incision, dissection and preparation of a periosteal muscle flap.

3. Removal of small fragments of fascia and temporal muscle to occlude the cochleostomy.

4. Simple mastoidectomy, identifying the lateral semi-circular canal, the

short ramus of the anvil, the posterior wall of the outer ear canal, the

tegmen timpani, and the lateral sinus.

5. Gathering a small amount of bone dust.

6. Thinning of the posterior wall of the outer ear canal, posterior tympa-

nostomy, and preservation of the incus buttress.

7. Preparation of the receiver well for the inner component of the intracochlear stimu-

lator on the squamous portion of the temporal bone using a specific mock-up.

8. Preparation of canal leading to the receiver well on the squamous portion of the

temporal bone.

9. Irrigation of the cavity:

a. 1% active iodine

b. lactated Ringer’s solution

c. ciprofloxacin

10. Endovenous administration of dexamethasone before approaching the middle ear

via a cochleostomy or through the round window.

11. Application of topical triamcinolone over the round window.

12. Opening the membrane of the round window; if this approach is impos-

sible, the endosteous is opened by means of a cochleostomy.

13. Positioning the internal component (in its well).
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14. Preparation of the fascia graft; making a pinhole central orifice to allow the elec-

trode to pass snugly to be placed in the cochleostomy/round window site.

15. Insertion of the electrode slowly and continuously during through the

hole in the graft.

16. Positioning the muscle graft around the electrode to seal the cochleostomy. Placing

bone dust to close the posterior tympanotomy.

17. Positioning the ground electrode under the muscle-periosteum flap.

18. Closure with Vicryl 3.0 sutures on the Palva flap planes and subcuta-

neous tissue; skin closure with Nylon 4.0.

19. Cleaning of the surgical site and placing an external compressive dress-

ing.

20. Impedance testing, neural response telemetry (NRT), and a transorbital incidence

radiograph are done to confirm the position of the intracochlear electrode.

4.2 Hypotheses

Hypothesis 1: The loss of residual hearing is multi-factorial. Multiple factors will have

a significant effect on hearing preservation.

Hypothesis 2: Factors associated with the implantable array will have a significant

effect on hearing preservation.

Hypothesis 3: Factors associated with the surgical protocol will have a significant

effect on hearing preservation.

Hypothesis 4: Factors associated with individual biological factors will have a signifi-

cant effect on hearing preservation.

4.3 Method

The Web of Knowledge search engine was used to conduct the journal article search

for retrospective clinical outcome studies that could be included in the meta-analysis.

The following search items of interest were identified: electric/ electro acoustic stimula-

tion, hybrid cochlear implants, hearing preservation surgery, Flex24, FlexEAS, Flex20,

Hybrid-L24, and EAS; and a search term was generated:

‘elect* acoustic stimulation OR hybrid cochlear implant* OR hearing preservation

surgery OR hybrid l-24 OR CI422 OR flex 24 OR flex EAS OR flex 20’
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The search was conducted for papers published between 2000–20141. EAS were intro-

duced in 1999 (von Ilberg et al., 1999) and so the search time span encompasses most

reported EAS implantations and the most modern HP protocols. A total of 284 hits was

obtained. The streaming process was divided into two sweeps (Figure 4.3). The initial

sweep analysed titles and abstracts of hits in order to exclude any patents, or books

and, any articles that were not clinical outcome studies, and any duplicate articles. The

second sweep analysed the full text of the papers and excluded papers that reported au-

diometric data other than PTA, and any further articles that were not clinical outcome

studies or that were duplicates.

Figure 4.3: Journal article streaming process. The initial search in Web of Knowledge
identified 284 papers which were reduced to 52 papers through a process of title and
abstract appraisal. The final 12 journal articles were identified after a full text appraisal.

Twelve final papers with pre-and post-operative PTA were accepted and data were then

extracted (Table 4.2).

1The same search term was repeated from 2014 to the present time of reporting (October 2015) Since
then 98 new hits have been produced. One new paper by Mertens et al (2014) now also fits the criteria
and could be included in this meta-analysis [151]
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Table 4.2: The 12 journal articles used in the hearing preservation meta-analysis.
Details regarding the numbers of patients with pure tone audiometry measures, and
the numbers of patients with measures which could be used to calculate LFHP are given
in the centre and right column.

Authors, year [Ref]

Patients with

immediate

post-op PTA

Patents where

LFA can be

calculated

Arnoldner et al., 2011 [147] 5 2

James et al., 2005 [143] 12 12

Skarzynski et al., 2007a [146] 10 10

Skarzynski et al., 2007b [152] 4 4

Gstoettner et al., 2006 [153] 23 13

Radeloff et al., 2012 [135] 6 6

Bruce et al., 2011 [148] 13 13

de Carvalho et al., 2013 [154] 6 6

Lee et al., 2010 [155] 10 9

Erixon et al., 2012 [156] 21 20

Gstoettner et al., 2009 [82] 9 7

Kuthubutheen et al., 2012 [145] 5 4

The HEARRING group HP classification system [17] was used to create the scale mea-

sure of hearing preservation in the conceptual model. This classification system is ef-

fective because it can be used with all implant users and is simple in concept and

implementation. Pre- and post-operative audiometric thresholds and knowledge of the

audiometer’s maximum measurable threshold are required (Equation 4.1)

S = 1− PTApost− PTApre
PTAmax− PTApre

∗ 100 (4.1)

Where:

S is the preservation on a numerical scale (%),

PTApost is the post-operative hearing threshold,

PTApre is the pre-operative hearing threshold,

and PTAmax is the maximum measurable threshold.

The formula produces a percentage of hearing preservation at a specific frequency band.

This result is scaled to the pre-operative audiogram (by dividing the change in hearing by
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the difference between the PTApre and PTAmax) thus normalising the effect of initial

hearing for all patients. Skarzynski et al (2013) then proceed to linearly interpolate

between octaves (750 Hz, 1500 Hz, 3000 Hz and 6000 Hz) when there are missing data,

and to average eleven (125-8000 Hz) hearing level measures to produce one HP score.

The score can be further categorised into complete, partial or minimal HP.

Skarzynski et al (2013) [17] used the maximum detectable hearing (mdh) level of au-

diometers as the PTAmax value when calculating HP. We have modified this to better

cater for those frequencies where thresholds are worse than the audiometer floor. As in

Kiefer et al (2004), Verhaegen et al (2010) and Balkany et al (2006), auditory thresholds

beyond the upper output limit of the audiometer were defined as this upper output limit

+ 5 dBHL [144, 123, 157]. Therefore in this study PTAmax is mdh + 5 dB (Table 4.3).

Table 4.3: PTAmax frequencies used to calculated hearing preservation scores. mdh
= maximum detectable hearing level.

f (Hz) 125 250 500 750 1000 1500 2000 3000 4000 6000 8000

mdh (dB) 90 105 110 115 120 120 120 120 115 100 95

PTAmax (dB) 95 110 115 120 125 125 125 125 120 105 100

Audiometric data for 200 patients were collected from 12 studies. Many patients had

missing data points, especially in the high frequencies where the audiologist may have

assumed there would be no detectable hearing. In order to reduce the elimination of

patients from the analysis, missing thresholds were extrapolated by assigning the mdh

+5 dBHL for that specific frequency when two or more consecutive previous thresholds

were established as outside the limits of the audiometer (greater than the mdh). If, for

example, 1000 Hz and 2000 Hz have thresholds greater than the mdh (> 120 dB), they

are given the threshold of 125 dB. The threshold for 1500 Hz can be linearly interpolated

to be 125 dB, and since both 1000 Hz and 2000 Hz have thresholds greater than the

mdh, 3000 Hz - 8000 Hz can be extrapolated to their respective mdh + 5 dB; in this

case the extrapolated frequencies have no hearing as the value is equal to PTAmax.

Most retrospective clinical outcomes reports do not contain data robust enough to have

eleven audiogram measurements to average across. This problem can be overcome by

using LFHP and HFHP measures; standing for low frequency average hearing preser-

vation (125 Hz – 1000 Hz) and high frequency average hearing preservation (1500 Hz -

8000 Hz), respectively. Having two measures may also highlight effects observed only in

specific parts of the cochlea that would otherwise be invisible in the full HP calculation.

A criterion was established that four out of five hearing preservation scores for specific

frequencies (125 Hz, 250 Hz, 500 Hz, 750 Hz and 1000 Hz) were needed to create the
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average LFHP value. When this was applied to the data collected from the 12 final

studies, 110 LFHP scores were created. If the classical HP method is followed, 16 scores

(from 200 patients) would have been possible. The criterion for HFHP is similar in that

at least five out of six hearing preservation scores for specific frequencies (1500 Hz, 2000

Hz, 3000 Hz, 4000 Hz, 6000 Hz and 8000 Hz) were needed to create the average HFHP

value. 24 HFHP scores (from 200 patients) could be calculated from the data set. Since

that is a comparatively small sample number, the study continues by focusing on LFHP.

The vast majority of CI and EAS users have potentially usable low frequency acoustic

hearing, making LFHP the most important measure of CI outcomes.

All possible scale and nominal values that could influence the preservation of residual

hearing, and that were reported in the studies were extracted from the final 12 papers. A

total of 21 possible factors were identified. Table 4.4 depicts these factors and lists how

many times each was reported. We have categorised them into two main groups: Those

that could be established or decided upon pre-operatively and those intra-operatively.

Table 4.4: Factors possibly related to hearing preservation in alphabetical order, when
they can be established, and for how many patients they were described

When factor can be
established

Features that can be
extracted

N (out of 110)
described

Pre-operatively

Aetiological detail 41
Age at implantation 97
Antibiotics any 110*
Electrode array type 97
Duration of deafness 37
Gender 78
Implant centre 110
Insertion angle 40*
Insertion depth (mm) 72*
Intra-operative IV antibiotics 110*
Intra-operative IV steroids 110*
Intraoperative topical steroids 110*
Post-operative antibiotics 110*
Post-operative steroids 110*
Pre-operative IV steroids 110*
Progressive vs stable hearing loss 62
Receiver stimulator 68*
Side of implantation 81*
Steroids (any route) 110*

Peri-/ post-operatively
Cochleostomy method 110
Contacts inserted 43*

*If steroid/ antibiotics use was not mentioned, it was assumed that none were given.
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4.4 Results

7 of the 21 factors identified consisted of scale data and the 14 other factors consisted

of ordinal data. They are described in Appendix E, Tables E.1, E.2 and E.3. Means,

medians, first standard deviations, maxima, minima, counts of data points, percentage

of data point available are given for each subcategory of the factors.

The hearing preservation formula (Equation 4.1) was used to calculate how much low fre-

quency hearing (125-1000 Hz) was preserved for 110 patients who had their audiograms

reported in 12 retrospective clinical outcomes studies of hearing preservation cochlear

implantation. Figure 4.4 gives the median preservation score for each frequency and

then gives the LFHP score (the average HP score of at least 4 out of 5 low frequencies).

Figure 4.4: Box plot of frequency specific hearing preservation and LFHP scores for
the 110 patients where scores could be calculated. Whiskers represent maximum and
minimum values around the median line. 75th - 25th percentiles are shown within the
boxes.

A scatter was superimposed over the box plot to demonstrate the distribution of the

scores. Interestingly, all the groups were abnormally distributed (KolmogorovSmirnov

test p<0.05) and all showed multiple patients hitting the ceiling or the floor. The dis-

tribution could be described as tri-modal (cf. Figure 4.5), and highlights the variability

of outcomes experienced in the clinic.
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Figure 4.5: A histogram of low frequency hearing preservation scores. The number
of patients (y-axis) is plotted against the LFHP score (x-axis). The spikes at 0%, 55%
and 100% are indication of mixed distributions of scores.

4.4.1 Serial statistical testing

Bivariate correlations were performed between LFHP and the 21 factors extracted from

the reviewed studies. Table 4.5 displays the significant correlations in order of effect

size. Bivariate correlations were used because the data were not robust enough to create

a single multiple linear regression model containing 21 factors and multiple missing data

points. Ten factors significantly correlated LFHP, however, with risk type I statistical

errors. The serial use of bivariate correlations runs the risk of incurring false positives.

If the alpha of each correlation is set at 0.05, the probability of a type one error is

1− (1−α)m, where m is the number of correlations performed. This study has a 65.9%

chance that one of the significant correlations is a false positive, implying that bivariate

correlations could not be considered alone.

To reduce this risk of false positives, further non-parametric testing (Kruskal-Wallis H

tests) was conducted on all the ordinal data that showed significant correlations with

LFHP (cf. Table 4.5). Multiple linear regression analysis was conducted on all the scale

data that showed significant correlations with LFHP (Table 4.6).
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Six correlations were further confirmed by significant KW-tests which established differ-

ences in LFHP between groups, but the ‘implant centre’ factor was eliminated because

it had an asymptotic significance greater than 0.05. Also, a multiple regression analysis

model was built. The model was statistically significant, F(1, 19) = 3.337, p = 0.046,

and accounted for approximately 18% of the variance of LFHP (R2 = 0.273, adjusted

R2 = 0.177). The prediction model contains one of the three predictors and was reached

in one step with two variables removed. Insertion angle is the only statistically signifi-

cant variable which negatively regressed with LFHP. Age at implantation and Insertion

depth factors were eliminated because regressions were not significant. In summary, 10

out of 21 factors showed significant bivariate correlations with LFHP, and seven could be

confirmed through further statistical testing. Figure 4.6 displays box plots or regression

lines for the final seven significant findings.

Kruskal-Wallis H tests produce a Chi-squared value which can be used to calculate the

effect size (η2) [158]. This is calculated by dividing the chi squared value by the number

of cases minus one (N − 1). Cohen’s f2 (the effect size for multiple regressions) can be

calculated by R2/1−R2 (where R2 is the squared multiple correlation).

Figure 4.6 gives the seven factors which produced significant results on both statistical

tests. 4.6a shows how a round window insertion resulted in significantly better LFHP and

4.6b highlights how people with stable hearing losses had significantly higher hearing

preservation scores than those with progressive losses. Figure 4.6c shows the inverse

correlation between LFHP and insertion angle. Figure 4.6d shows that the use of intra-

operative topical steroids provided better hearing preservation outcomes than no steroid

regimens, and this was the same for people who had been administered any steroids

(including topical ones) at some time point in their care (cf. Figure 4.6e). Figures

4.6f and 4.6g show how different hearing aetiologies and electrode arrays, respectively,

influenced the preservation of low frequency residual hearing. However, Figure 4.6f needs

to be interpreted with caution. Whilst is shows an effect of aetiology, conclusions cannot

be made on which aetiologies are likely to result in better LFHP as some groups have

very low sample numbers. Effect sizes for each significant factor have been grouped into

a low frequency hearing preservation model (cf. Figure 4.7).
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Figure 4.6: The seven variables significantly effecting Low Frequency Hearing Preser-
vation (LFHP). LFHP is the percentage of hearing, used to detect pure tones between
125-1000 Hz, which is preserved after cochlear implantation. LFHP was significantly
affected by: a) the use of a Round Window (RW) cochleostomy versus an Anterior,
inferior Cochleostomy (AC) for electrode array insertion, b) whether the patient had a
stable or progressive hearing loss, c) the depth of array insertion, measured in degrees,
d) the use of corticosteroids at the round window or irrigated into the mastoid cavity,
e) the use of any steroids via and route, or at any time point, f) various aetiologies of
hearing loss, g) various electrode arrays. Whiskers in box plots represent interquartile
ranges around the median line.
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Figure 4.7: Percentage contribution of significant factors to LFHP. Effect sizes used
to build the model are listed in Tables 4.5 and 4.6.

4.4.2 Path analysis

Observed Variable Path Analysis is a type of Structural Equation Modelling (SEM)

which is used to describe directed dependencies between variables which have been mea-

sured in an experiment. It is similar to multivariate analyses of variance and covariance,

with an informed focus on causality: the researcher determines which effects, directions,

and covariance are tested. Therefore, path analysis can be described as a causal model

including assessment of covariance and latent variables.

Since this type of modelling tests solely the relationships specified by the researcher,

larger models can be built with less data. However, this is at the risk of missing links

that could have been significant effectors in the model. A model was designed using the

ten factors which had significant bivariate correlations with LFHP. Efforts were made

to identify all possible observed independent variables.

A model (cf. Figure 4.8) with 33 degrees of freedom (77 distinct sample moments minus

44 distinct estimated parameters) was achieved. The model found a significant, regres-

sive effect of insertion angle, cochleostomy approach, intra-operative topical steroids,

implantation centre, and age at implantation on LFHP. There was covariance between

insertion angle and insertion depth (mm), insertion depth (mm) and electrode array,

insertion depth (mm) and cochleostomy approach, intra-operative topical steroids and

steroids (any route), intra-operative topical steroids and implantation centre, and ae-

tiological detail and age at implantation. Figure 4.9 is an abbreviated version of the

model, showing only significant interactions. It should be interpreted with caution, as

the model is only relevant when in the context of non-significant interactions also. The

χ2 value of the model was 209.348 and the p-value was smaller than 0.0001. Therefore,
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the model significantly differs from its perfect form. Results should be interpreted with

caution and in combination with previous analyses; as there is a possiblity of some of

the observed relationships changing if a larger sample size is used.

Figure 4.8: Observed variables model 1. The directional effect of the observed in-
dependent variables (the ten factors on the left) on the observed dependent variable
(LFHP) is represented by one way arrows connecting the two. Covariance between
independent variables is represented by two way arrows. Significant relationships are
drawn in black. Numbers are the standardised estimated regression weights for each
correlation or covariance. ‘e’ symbols represent the error assumption for each measure
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Figure 4.9: Observed variables model with non-significant effects removed. The direc-
tional effect of insertion angle, cochleostomy approach, intra-operative topical steroids,
implantation centre, and age at implantation on LFHP is represented by one way ar-
rows connecting the two. Covariance between independent variables is represented by
two way arrows. Numbers are the standardised estimated regression weights for each
correlation or covariance. ‘e’ symbols represent the error assumption for each measure

4.5 Discussion

The aim of this study was to analyse data pooled from published studies of hearing

preservation after cochlear implant surgery to determine which factors predict hearing

preservation outcomes. Based on strict criteria, a relatively modest number of studies

was identified; in which there was adequate reporting of both post- and pre-operative

audiometric results and details on surgical, medical and individual patient variables.

Analysis of data combined across these studies showed a high degree of variability in

preservation of residual low frequency hearing following cochlear implant surgery. Hear-

ing preservation outcomes were found to be worse with increasing audiometric frequency,

with a median loss of 62% across frequencies up to 1000 Hz, but with a range from total

loss to total preservation.
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Serial statistical testing produced seven pre- and peri-operative factors (out of the origi-

nal 21) which have a significant effect on the preservation of low frequency residual hear-

ing. Path analysis produced 5 factors, excluded the effect of another 5, and established

6 incidences of co-variance. The different methods produced three common effectors:

insertion angle (degrees), cochleostomy approach and the use of intra-operative topical

steroids (cf. Figure 4.7). With the serial statistical testing results, it was not possible

to determine the extent to which the factors co-varied. Therefore, the extent of inde-

pendent contribution could not be accurately ascertained using this method. The path

analysis does take into consideration the co-variation between factors, if programmed to

do so by the researcher. However, the N number was not powerful enough to consider all

21 factors and so, the 10 observed variables which had significant bivariate correlations

with LFHP were chosen for the model.

Table 4.7: Summary of significant effectors of low frequency hearing preservation

Serial statistical testing

(p-value in parentheses)

Path Analysis

(p-value in parentheses)

Insertion angle of array (depth) (0.021)

Cochleostomy method (0.001)

Intraoperative topical steroids (0.004)

Aetiology of hearing loss (0.028)

Electrode array type (0.039)

Steroids (any route) (0.025*)

Progressive vs stable hearing loss (0.038)

Insertion angle of array (depth) (0.002)

Cochleostomy approach (< 0.001)

Intra-operative topical steroids (< 0.001)

Implantation centre (0.043)

Age at implantation (0.008)

It is likely that factors other than those identified from the available literature contribute

to outcomes. Nevertheless, three common factors had a significant effect on hearing

preservation outcomes and the path analysis is likely to have excluded co-variance be-

tween these. These factors are at least partly under the control of the clinicians/surgeons

via candidacy selection, medical management and choice of surgical techniques and elec-

trode array types. The findings support Hypothesis 1; that loss of residual hearing is

multi-factorial. The different statistical methods arrived to at least three significant

effectors of LFHP, showing that there are multiple variables, with different sized effects,

which have a role on hearing preservation.

Electrode array type had a significant effect on LFHP in the serial statistical testing, but

not in the path analysis. Support for Hypothesis 2; which stated that factors associated

with the implantable array have an effect on LFHP, is questionable without this variable

being significant. However, insertion angle had the largest overall effect on LFHP (cf.

Figure 4.4) and is partially associated with electrode array type. This covariance could

not be confirmed via path analysis and demonstrates the limitations of the structural
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equation model. Insertion angle was defined from post-operative x-ray reports, whereas

insertion depth (mm) was defined by the number of extra-cochlear electrodes. Depth

(mm) was not a predictor of hearing preservation. This could be because it is not as

accurately measured, or reported, as insertion angle. Insertion depth (mm) does co-vary

with angle and electrode array type in the path analysis, highlighting the similarity

between the two.

Insertion depth (mm) co-varying with array type can be explained since different elec-

trode arrays have different maximum insertion depths. The Medel FLEX24 which is the

shortest electrode in this meta-analysis, had the best median LFHP scores. However,

the worst hearing preservation outcomes did not belong to the longest or largest elec-

trode, but rather to the only pre-curved electrode (Cochlear Contour Advance). The

finding must be approached with caution since only one study in the analysis utilised

that electrode and it is not possible to disentangle electrode array length, curvature,

flexibility or other variables. Additionally, no conclusions could be drawn on the effect

of other CochlearTM electrodes on LFHP, as the corresponding papers were excluded

from this analysis on the basis of insufficient or inadequate reporting (cf. Appendix F).

Cochleostomy method produced a significant effect on LFHP, supporting Hypothesis

3; that there would be surgical effectors of hearing preservation. Round window in-

sertion was the beneficial option for increased LFHP (cf. Table 4.7). This contrasts

with an earlier retrospective report [148] identified in this study. Studies using round

window insertion showed better hearing preservation outcomes (about 20% higher) than

those where an anterior inferior cochleostomy was reported. 84.7% of patients under-

going round window insertions performed better than the median for AC insertion.

Cochleostomy approach showed no co-variance with insertion depth however it is un-

known if it co-varies with steroid use. It is worth noting that there was a mixture of

people who did and did not receive steroids in both cochleostomy groups. Cochleostomy

drilling could result excessive levels of noise exposure [159], which in turn results in

inflammatory apoptotic hair-cell damage [160, 161]. Even minute quantities of blood

entering the cochlea due to drilling could also induce very significant inflammatory cas-

cades [162]. In the neuroinflammatory model (cf. Chapter 2.1.3), cochlear inflammation

would then be subject to further modulations of systemic inflammatory state.

Intra-operative topical steroid use, was another surgical viable which had a positive

effect on hearing preservation outcomes in this study. Intra-operative use, as opposed to

no steroid use (or no reported steroid use) resulted in 72% of patients performing better

than the median for when no steroids were used. There was a smaller but significant

effect of steroid use (any route) in the serial statistical testing. However, this effect

was not found in the path analysis and instead, a covariance between the two steroid
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variables was identified. The evidence base regarding the take-up of steroid in the

cochlea via different loci or time courses of application is highly limited. The effect

of steroids on LFHP provides further support of Hypothesis 3 but also gives partial

support to Hypothesis 4. That hypothesis stated that biological factors would have

an impact on hearing preservation. Corticosteroids suppress inflammation, which is a

biological factor. There is need for further controlled research to investigate the optimal

methods of steroid application, and the results indicate better take-up through topical

application to the middle ear. It should be noted that antibiotics were not found to have

an effect on hearing preservation. Antibiotics are typically administered in CI for the

prevention of meningitis. A survey found that, in the United Kingdom, all CI centres

used prophylactic antibiotics however the protocols varied from centre to centre [163].

Implantation centre had a significant effect on LFHP in the path analysis. Part of

this could be explained by different surgeons, experience and care given at the various

centres, however this could not be tested for. There is also indication that centres have

different steroid protocols and the covariance of implantation centre with intra-operative

steroids is proof of that.

Hearing loss aetiology had a significant overall effect on hearing preservation in the serial

statistical testing, but not in the path analysis. Caution is needed with interpretation

of this finding, and its support of hypothesis 4, as some of the aetiological groups had

very small numbers. Those identified as having a congenital hearing loss had better

hearing preservation outcomes than those identified as having acquired or idiopathic

hearing loss. This could be because people with congenital hearing loss have more stable

auditory systems that can tolerate the CI procedure better, or that acquired loss is more

likely to be associated with degenerative or inflammatory changes that predispose the

cochlea to further damage. Meningitis, Meniere’s disease and NIHL were associated with

worse hearing preservation outcomes, although these sub-groups had very small subject

numbers.

A more robust finding was that those with a progressive hearing loss showed significantly

worse hearing preservation than those with non-progressive loss. 71.1% of patients with

stable losses performed better than the median of the progressive hearing loss group.

It is possible that patients with progressive hearing loss could suffer a small decease

in performance solely due to the progressive nature of their loss immediately after im-

plantation and are likely to continue seeing decreases in performance because of their

hearing loss aetiology. Long-term hearing preservation needs to be measured in order to

determine the long-term implications of implanting those with progressive loss.

Age at implantation is the final significant factor identified by the path analysis, with a

detrimental effect on LFHP as age increases. This finding lends support to Hypothesis
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4; that biological factors would have an impact on hearing preservation. Duration of

deafness was not part of the model, however it is possible that age partly reflects duration

of deafness, which has been identified as an effector of speech test scores [139]. However,

there are somewhat conflicting studies which indicate the duration of deafness has little

impact on spiral ganglion cell population and should therefore not have an effect on

speech test outcomes [80]. Age at implantation could be an indication of a senescence

effect on LFHP, where the individual responds less optimally to the procedure the older

they get, resulting in lower LFHP.

The role of inflammation must be considered in the context of the findings, as this is

likely to play a role across a range of identified factors. Figure 4.4 shows that full hearing

preservation is not achieved at 125 Hz and 250 Hz. Direct damage through insertion

trauma to this region of the cochlea is unlikely to have been the result of direct contact

by any of the electrodes used in the studies reviewed; since they are not long enough to

reach depths of over 28mm. However, the hair cells responsible for low frequency hearing

share the same endolymphatic space as the high frequency cells which may have been

directly damaged by the array insertion. Topical steroid application was shown to be

associated with better hearing preservation outcomes, presumably through dampening

down the acute phase response induced by electrode insertion. A long-term loss of

residual hearing after cochlear implant surgery is also consistent with the inflammatory

changes seen in chronic conditions affecting sensory systems such as age related macular

degeneration [164].

The findings have implications for the design of future studies and the reporting of hear-

ing preservation data across studies. The chief weakness of this model is that it cannot

account for the co-variance between all the factors identified, and therefore the extent of

independent association with hearing preservation outcomes. Also, the number of stud-

ies identified as fitting full reporting criteria were relatively small, certainly compared

to the total number of studies published in the area to date. Reporting complete, and

exact, pre- and post-operative PTA is critical. PTA reporting across even the selected

studies was inconsistent. If complete data had been presented, an sample size of 200

would have been possible instead of 110. Equally, control of surgical and medical vari-

ables likely to impact on hearing preservation outcomes is needed, and should be clearly

reported across studies. Agreed guidelines for reporting EAS studies are necessary and

should include fuller reporting of aetiology, detail on steroid application and surgical

techniques, consistent reporting of pure tone audiometric results, and a consistent ap-

proach to time scales for reporting post-operative hearing. Ideally, a large multi-centre

trial could help to control for these variables to enable better control of inter-related

variables likely to have an effect on post-operative hearing preservation.
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Chapter 5

Inflammatory state and cochlear

implantation

5.1 Introduction

A multi-centre study was designed to investigate the link between inflammatory sta-

tus and clinical outcomes of cochlear implant (CI) patients (REC ref: 12/SC/0364).

The experiment was observational, utilising routine audiological measures in addition

to blood samples collected during the same session to detect clinically relevant changes

in serum inflammatory markers. It was based on the following concepts: (i) there is a

relationship between systemic inflammatory state and the inflammatory environment of

the inner ear, and (ii) outcomes in both electrical and residual hearing may be related

to inflammatory status. The reasoning behind these concepts is based upon the findings

described in Chapters 2, 3 and 4. The findings indicate that there are microglial, inflam-

matory changes in hearing loss, that a portion of CI failures could be due to biological

factors such as inflammation, and that residual hearing preservation in CI is related to

inflammatory control via steroid use.

Aided and unaided pure tone audiometry (PTA) and speech audiometry (BKB measures)

were collected pre- and post-operatively. PTA was used to determine the patients’ tone

detection abilities and to quantify how much residual hearing was preserved. BKB

measures were used to assess the patients speech discrimination abilities. Blood samples

were taken from CI patients were collected during the same sessions and used to establish

serum levels of four pro-inflammatory proteins: Interferon-γ (IFNγ), Interleukin-1 β

(IL1β), Interleukin 6 (interferon, beta 2) (IL6), and Tumour Necrosis Factor-α (TNFα).

The relationship between changes in pro-inflammatory profile and audiological outcomes

was then interrogated. The limited number of related previous works implied that the

89
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study would be largely explorative. It was used to establish if a larger study is warranted

and to test for unplanned occurrences; allowing more informed methodological planning

of future inverstigations.

5.1.1 The human response to cochlear implantation

Chapter 2.1.3 discussed the possiblity of a link between systemic and cochlear inflam-

matory state. This section discusses cochlear changes during the host response to CI.

Interactions between systemic inflammation and the cochlear environment would be

dependent on both the systemic environment and the status of the host response.

Both short- and long-term physiological changes resulting from an implantation can be

termed as the host reaction. It is the body’s response to an implantable device (Figure

5.1). The host reaction varies greatly depending on the device used and the way it is

implanted, however it still follows a defined sequence of events for biomaterials. This

can be summarised as a process of protein adsorption, provisional matrix formation,

acute inflammation, chronic inflammation, granulation tissue development, fibrosis/fi-

brous capsule development, monocyte/ macrophage adhesion and macrophage fusion to

form foreign body giant cells [165].

It is likely that the host response is governed by the inflammatory status of the recipient;

which may alter the stereotyped response to the implant. The extent of the host reaction

is a culmination of its previous stages (Figure 5.1). Cochlear function could be affected

by various stages of the host response (not solely by foreign body formation) and this

could have bearings on whether the effect is transient or not.

5.1.2 Immediate changes in the cochlea

The implantation of a cochlear implant (or any biomaterial) instigates an inflammatory

and wound healing response which varies in degree between individuals and accord-

ing to the extent of the initial wound. Peri- and immediate post-operative changes in

the cochlea are caused by: the mastoidectomy, the cochleostomy (including acoustic

trauma), the procedure used to insert the electrode array, physical forces exerted on the

cochlear structures by the electrode array itself, and by the body in response to the pres-

ence of a foreign body [126, 166, 167]. These mechanisms, individually or collectively,

result in electrode insertion trauma (EIT). The minor compression waves induced by

the insertion of the array may cause EIT [120]. The trauma could also be much more

visible. Figure 5.2 gives examples of the different degrees of damage which can occur

and, in this case, which have occurred within the same organelle.
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Figure 5.1: The host response to an implant leading to foreign body reaction (FBR);
which ends with the presence of foreign body giant cells. The branch on the left details
the transition from an acute inflammatory response to a chronic one, eventually followed
by the formation of granulation tissue. The branch on the right shows the interactions
of various responses with the biomaterial. From Anderson et al 2008 [165].

Figure 5.2 is a mid-modiolar cross section of a human cochlea which as been implanted

post-mortem. The electrode array is highlighted with red asterisks at each point of cross

section. Areas highlighted in red indicate displacement: the mildest degree of visible

influence which the electrode array can inflict when it makes contact with the cochlea.

Displacement is most evident in the middle turn of the cochlea, closest to the apical end

(upper left), where no other damage has occurred. The two red arrows highlight more

severe damage to the cochlea. The middle turn closer to the basal end of the cochlea

(middle right of Figure 2) is an example of basilar membrane rupture, described as

‘grade-2’ trauma [126]. There is a fracture of the spiral lamina of the cochlea, described

as ‘grade-4’ cochlear trauma in the basal turn of the cochlea (lower right) due to the

cochleostomy. It should be noted that the surgeons followed an atraumatic implantation

protocol and achieved a surgical insertion depth of 24 mm.

PTA measurement is an assay of tone detection ability, which is dependent on specific

hair cells and respective parts of the auditory processing chain. Different hair cells are

therefore assayed through the use of different tones. The immediate loss of residual
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Figure 5.2: Immediate damage in the cochlea from implantation. Mid-modiolar cross
section of a human cochlea implanted with a MED-EL FlexSOFT electrode. Electrode
array is highlighted by asterisks, tissue displacement is highlighted in red, and foci of
grade 2-4 damage highlighted used red arrow. Adapted from Adunka & Kiefer (2006)
[126].

hearing, which is the difference between pre- and post-operative PTA, suggests early

onset damage to cochlear structures - particularly hair cells. This is a permanent loss of

residual hearing which is detectable immediately after the CI surgery usually at about 1

week after surgery. There is also the possibility of imaging the damage via computerised

tomography (CT) scanning or x-ray radiography, however evaluation is a qualitative

process which requires the expertise of a specialised radiologist. The limitations of CT

scanning or x-ray radiography depend on the make and model of the imaging device

and imaging technique being implemented. Cone CT, for example, limits the amount of

radiation a patient is exposed to and so, can be used repeatedly in one year. However,

the anatomy of the cochlea, being encased in the mastoid bone, makes it particularly

difficult to image and currently, no imaging technique is able to reach the resolution of

individual cells or to assay inner ear function.

5.1.2.1 Exudate and blood tissue

Injury to vascularised tissue in the cochlea initiates an innate inflammatory response

with protein exudation. The degree of protein in the cochlea is likely to be a function

of how much trauma is induced in the tissue and also of how much blood enters it dur-

ing the surgical procedure [162]. In the unlikely scenario where a cochlea is completely

un-traumatised by electrode array insertion, any blood from the mastoid bone entering
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the scala tympani will still have repercussions on the cochlea. Radeloff et al (2007) used

guinea pigs to investigate the effects of intrascalar blood in cochleostomy (without the

insertion of electrode arrays) and found that an admixture of 3 µL of blood to the scala

tympani had a significant impact on hearing thresholds [162]. A saline control group

and a study group were observed at the three different periods: both groups showed

immediate postoperative hearing deterioration in the high frequency range. However,

the hearing deterioration was smaller and transient for the control group, whilst the

study group showed average long-term (8 weeks) hearing deterioration of 27 dB [162].

The authors speculate that transient shifts in hearing thresholds could have been due to

the breakdown of red blood cells and subsequent release of potassium into the perilym-

phatic space. They suggest that permanent damage may be due to oxidative effects of

haemoglobin and possible lipid per-oxidation in the cochlea. Another postulated mech-

anism, explaining the permanent long-term threshold shift in the study group, involves

inflammatory reactions resulting from the degradation process of blood constituents

having negative effects on cochlear tissue. The authors acknowledge how the study was

relatively underpowered (n = 8) and that proposed mechanisms in play are only spec-

ulated. However, the simple study design, the use of internally controlled samples, and

the use of established measurement techniques and experimental methods validates that

conclusion that even small quantities of intrascalar blood could have negative repercus-

sions on hearing.

The deposition of larger proteins onto the implant surface (forming the provisional ma-

trix) is initially dependent on how well light-weight proteins are deposited on the im-

plant. Vroman et al (1980) found that fibrinogens and kininogens displaced and replaced

lighter molecules [168]. Therefore, this stage of the host reaction occurs at a much slower

rate on hydrophobic surfaces which do not favour the deposition of lighter molecules

such as albumin [168]. Protein deposition leads to the transient (fibrin-predominant)

provisional matrix and involves activation of the extrinsic and intrinsic coagulation sys-

tems, the complement system, the fibrinolytic system, the kinin-generating system, and

platelets [165]. The proliferation and activation of cells, such as macrophages or mi-

croglia, involved in the inflammatory and wound healing responses, is strongly tied to

the provisional matrix (cf. Section 5.1.2.2). It contains and continuously releases the

mitogens, chemoattractants, cytokines, growth factors, and other bioactive agents which

modulate cell activity [165]. CI arrays utilise materials with reduced protein adsorption

and cell adhesion properties, and the anatomy of the scala tympani reduces the contact

the array would have with blood and exudate. However, fibrosis is still known to occur

inside the scala tympani (cf. Section 5.1.3).
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5.1.2.2 Cell death in the cochlea

A decrease in residual hearing after CI can be due to the death of sensory hair cells,

supporting cells in the tissue, or spiral ganglion cells; which has accumulated to a degree

where there are repercussions on cochlear health. The mechanism behind the damage can

be directly mechanical, osmotic (disruption of perilymph/ endolymph environments) or

resulting from oxidative stresses. The resulting EIT could lead to cell death through one

of three pathways: immediate activation of apoptosis (programmed cell death), necrosis,

and necrosis-like programmed cell death pathways. The main cell death pathways are

apoptosis or necrosis [9].

Apoptosis is controlled cell death indicated by cell shrinkage, nuclear fragmentation

and plasma membrane blebbing. Blebbing is the process by which the cell cytoskeleton

detaches from the cell membrane causing it to bubble and distort. It is receptor mediated

(molecules are endocytosed by the cell) and influenced by stress pathways. Hair cells will

follow the apoptosis pathway if conditions are stressful enough [169]. The implantation

of an electrode array into the scala tympani could be one such stressor, particularly if

surgical conditions are unfavourable, such as requiring high levels of physical force to

insert the array. In stress situations there is an imbalance of more apoptosis-inducting

factors than inhibiting ones and programmed cell death begins. Seven tumour necrosis

factor (TNF) receptors have a ‘death domain’ (DD) intracellular component. When

DD receptors bind their respective ligands the death domain is altered and attracts

a number of intracellular proteins that assemble and activate ‘initiator’ procaspases.

Activated initiator caspases activate ‘executioner’ caspases that initiate apoptosis by

cleaving essential proteins and nucleic acids. Many apoptotic signals can be generated

within cells. Common signals are damaged proteins, DNA, and/or lipids that render

the cell incapable of functioning normally.

Efflux of cytochrome c and other enzymes from mitochondria (which is controlled by

stress pathways) could initiate apoptosis in the cochlea; as has been indicated by the

survival rates of dissociated spiral ganglion cells in culture [120]. These enzymes trigger

the assembly of Apaf-1 which attracts and activates procaspase-9, which is capable of

activating capsase 3; initiating apoptosis. The inner ear possibly has multiple active,

redundant anti-apoptotic mechanisms ensuring that hearing lasts for the entire lifespan.

It is likely that there are decoy receptors that bind TNF family receptors [170]. The

decoys do not have a death domain and reduce the amount of TNF available to bind

to receptors with a death domain; making them inherently anti-apoptotic. Certain

compounds, like heat-shock proteins can also bind elements of the apoptotic pathway

and inhibit their IAP (inhibitor of apoptosis) and Bcl-2 proteins inhibit caspases. Bcl-2

can also control stress-induced release of mitochondrial enzymes. The reactive oxygen
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species pathway could be the main process involved electrode-induced cochlear damage

[120].

Necrosis is characterized by cells swelling and bursting, spilling their contents into the

extracellular space. Unlike apoptosis, necrosis results in inflammatory reactions. Necro-

sis also occurs in the cochlea when noise intensity causes physical disruption of the

basilar membrane [171]. It is governed by individual susceptibility, and there is great

variability in the damage caused after the noise or ototoxic challenge. This variability

is reduced in inbred strains of mice, strongly indicating a genetic component, and the

possibility of subgroups of people with different degrees of necrosis susceptibility [172].

When cell death is instigated by acoustic trauma from intense noise exposure, sound

intensity level seems to determine which cell death pathway is initiated. Noises of 105

dB favour higher levels of necrosis, while much louder noises (120 dB) favour higher levels

of apoptosis [160]. The rates of both types of cell death vary with time after the exposure.

Outer hair cells immediately start dying during the acoustic insult and continue to do

so until at least 30 days later [173], which is a similar duration for a neuronal tract to

be cleared [15]. Necrosis is the primary contributor during noise exposure; a passive

consequence of gross injury to the cell [161]. However, 4 days after the insult, necrotic

events start to diminish and by day 30, necrosis and apoptosis contribute equally to the

still ongoing cellular death. Apoptosis (caspase-3 activation) is the main contributor to

expansion of the lesion as this point after insult.

There is a distinct difference between the causes of acoustic and mechanical cochlear

trauma. Acoustic trauma results from high intensity movements of the stapes at the

round window, causing basilar membrane displacement which is large enough to damage

cochlear tissues. Mechanical trauma is caused by traumatic contact of the electrode

array with various parts of the scala tympani, including the lateral wall and the basilar

membrane (from the scala tympani side). Acoustic trauma studies are good models

for cell death in most instances of CI because array insertion could cause compression

waves in the cochlea, similar to those experienced in acoustic trauma [120]. Also, acoustic

trauma is caused by drilling the cochleostomy in each CI procedure, which can reach

highs of 130 dB [159]. However, this type of trauma would not adequately simulate

the severe repercussions of gross mechanical damage, such as a ‘grade-4’ fracture of the

sprial lamina, which would have much more severe repercussions on the tissue.

Cell death is very likely to influence the micro-environment within the scala tympani;

affecting the protein content of the perilymph and provisional matrix; which would

invariably alter latter host reactions. Cell death could have implications on general

cochlear function because of the loss of cells contributing to mechanosensory transduc-

tion, or by direct action of cell death by-products on components of the cochlea, or also



Chapter 5. Human outcomes study 96

by delayed inflammatory changes instigated or augmented by the loss of cells. It is un-

known how long it would take for the by-products of cell death, particularly in necrosis,

to be absorbed by the epithelium, of for how far along the cochlea the products of the

processes will travel. It is also unclear how much damage is necessary for changes to be

detected in perilymph composition or in the blood, and whether changes would remain

detectable locally or become detectable even systemically.

5.1.3 Delayed changes in the cochlea

The presence of lymphocytes (particularly B cells) and monocytes at the area of im-

plantation is a hallmark of chronic inflammation in humans receiving a biocompatible

implant, usually beginning at 2 weeks after the surgery. Anderson et al (2008) describe

chronic inflammation as a wide and less uniform range of cellular responses [165]. In

this phase of the host reaction, monocytes and macrophages extravasate and migrate

to the implant site in response to chemokines and other chemoattractants released by

platelets and the clot [165, 174, 121]. The infiltration of fibroblasts follows, and neovas-

cularization in the new healing tissue is identified. Granulation tissue is the precursor

to fibrous capsule formation, and is separated from the implant or biomaterial by the

cellular components of the foreign body reaction (a one/ two cell-thick layer of mono-

cytes, macrophages, and foreign body giant cells). The precise mechanisms of cochlear

fibrosis following cochlear implantation are not known, although fibrosis is controlled

by tumour necrosis factor (TNF), transforming growth factor (TGF) B, platelet-derived

growth factor, fibroblast growth factor, interleukin (IL)-1, IL-13, and tissue inhibitor of

metalloproteases [121].

The fibrotic capsule around the electrode is a known histological change to the cochlea

after cochlear implantation (Figure 5.3). Tissue fibrosis results as chronic inflammation

occurs [165, 174]. The mechanisms by which cytokines regulate fibrosis is both indi-

rect; through attraction of inflammatory cells, and direct; through binding to specific

receptors on fibroblasts and stimulating fibroblast proliferation, collagen production and

secretion of autocrine factors [174].
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Figure 5.3: Two images of delayed cochlear changes after cochlear implantation.
Left: Guinea pig cochlea showing fibrosis and neoossification of the scala tympani. EK:
electrode channel; Sc. V: scala vestibuli; Sc. M: scala media; RK: Rosenthal channel,
BDG: connective tissue, K: bone. From: Stover & Lenarz (2009). Right: The basal
turn of the scala tympani with fibrosis and neo-ossification. The array pathway (*) is
coated with fibrotic tissue. From: House Research Institute (2008)

Delayed cochlear damage may result from the inflammatory processes causing fibro-

sis development and eventually activation (or further activation) of cell death pathways.

Like immediate damage, delayed cochlear damage also manifests as loss of residual hear-

ing, but, at this time point also in changes in aided hearing performance (even though

the device is fully functional). Anderson et al (2008) describe the chronic inflammatory

response to biomaterials as of short duration and confined to the implant site [165] how-

ever changes in RH can start to become apparent at 2 months after surgery [143]; which

is much more delayed. Changes could include total loss of residual hearing or be limited

to certain frequencies [175] and sometimes become evident years after the surgery has

taken place. Changes in RH can be confidently determined when there is a difference

which is at least 7 dB HL greater than the previous measure (cf. Section 5.1.4).

Losing residual hearing so long after chronic inflammation should have already resolved

implies two scenarios: (i) that loss of RH does not involve inflammatory changes in the

cochlea, or (ii) that the host reaction in the cochlea does not quite follow the Anderson

et al (2008) [165] description. The chronic inflammatory response to biomaterials gen-

erally lasts no longer than two weeks and persistence of the acute and/or inflammatory

responses beyond a three week period usually indicates an infection [165]. But, the

cochlea is unlike any of the implantations studied by Anderson et al (2008) [165]. It is

much less vascular, immune-privileged to an extent, and perilymph in the scala tympani

does not flow at a fast rate. The implications are that the Vroman effect will be highly

delayed, particularly in successfully atraumatic surgeries. Additionally, the continuous
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stimulation provided by the cochlear implant is likely to have some impact on the de-

position of albumins (at the least). Although it has not been studied in detail there is a

body of information to suggest that the cochlear implant host reaction is a unique one.

The latter scenario; that the cochlear host response is different in CI is therefore more

likely than one where loss of RH is unrelated to inflammation.

Cochlear fibrosis may be minimized [176, 121, 177] or the rate of development may be

reduced [178] with the use of steroids. This may be due to the effect which steroids have

on cells involved in the cellular response during chronic inflammation. There are fewer

lymphocytes in the foreign body response when steroids are used [170]. This adds weight

to the concept of inflammation and fibrosis being closely associated. Corticosteroids

reduce both the phagocytic and killing ability of macrophages and neutrophils, which

could be one of the reasons steroids have an anti-inflammatory action [9]. They reduce

chemotaxis, so that fewer inflammatory cells are attracted to the site of inflammation [9]

which explains the Souter (2012) observation of less lymphocytes in the host response

when steroids are used [170].

5.1.4 Measuring cochlear changes and implantation outcomes

Clinical and experimental data suggest that early-onset and delayed-onset cochlear dam-

age after CI implantation could have different mediators, mechanisms and implications.

Such changes could influence the outcomes in both electrical and residual hearing. The

success of CI is determined by comparing pre-operative outcome measure points with

post-operative ones. A baseline can be established by measuring the outcome at two or

more points before surgery and then compared to various post-operative points depend-

ing on whether short- or long-term outcomes are being evaluated. Various objective tests

are used across the UK to evaluate different aspects of hearing. These can be broadly

classified into audiometry, speech recognition tests, or telemetry.

Pure Tone Audiometry (PTA) is routinely used in CI clinics around the world and is

considered a staple test of hearing. It is used to determine a patient’s tone detection

ability for various thresholds at specific frequencies within the human audible range

(125 Hz - 8000 Hz). PTA can be presented to patients through head-worn transducers

such as headphones or bone conductors, while Sound Field Warble Tones (SFA) are

generally presented through loud speakers. Both PTA and SFA have test-retest standard

deviations below 6.3 dB for all frequencies, with the highest mean differences in threshold

between PTA and SFA at 4.3 dB [179]. Therefore, as a rule of thumb, audiometry is

reliable to within about 7 dB and PTA and SFA vary by about 5 dB at most.
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Audiometry can be measured in the unaided, partly aided, or best-aided condition (cf.

Figure 5.4). When audiometry is measured in the unaided condition, the non-test ear

is excluded by masking (or is assumed a dead ear), and so residual hearing is being

measured. Unaided audiometry can be utilised for the evaluation of hearing preservation.

Audiometry in the best-aided condition is when all hearing aids, including any on the

contralateral ear are switched on. This is an assessment of how well the individual will

be able to hear with all devices functioning and is used to establish global improvement

after surgery. These different forms of audiometry can be used to establish the concept

stated earlier in this chapter that outcomes in both electrical and residual hearing may

be related to inflammatory status. It is impossible to differentiate between changes in the

implanted ear and the contralateral ear in the best-aided condition. The contralateral

ear contributes to the patient’s performance, but there is always the possibility that

performance in that ear can change. Therefore, there is a risk of internal variability in

measures affecting comparisons between time points, within patients.



Chapter 5. Human outcomes study 100

Figure 5.4: Examples of reported audiometry. Top: unaided PTA used to measure
residual hearing before and after surgery. Bottom: Aided SFA used to measure aided
best tone detection ability the patient is capable of before and after surgery

Speech recognition tests are used to determine a patient’s ability to recognise phonemes,

words or sentences in quiet or various speech-to-noise ratios and scenarios. Speech recog-

nition tests can be either open- or closed-set. Closed set tests limit the choice of responses

that are available for a patient and are particularly useful for patients with limited lan-

guage. The product of a speech recognition test is a ratio, threshold or percentage;

depending on whether competing noise is used, if presentation levels are fixed, and if

the testing method is adaptive or not. The following tests are commonly used in the

University of Southampton Auditory Implant Service and Manchester Auditory Implant

Centre to assess outcomes:
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The CUNY Sentence Test was developed by the City University of New York and is

used for assessing open-set sentence recognition. The CUNY consists of 72 lists, each

with 12 sentences. Each list contains 102 words and is scored for the total number of

words correctly identified. They are played at the 70 dB range. The UCH Middlesex

CUNY Sentences II is typically used in cochlear implant centres across the UK. CUNY

sentences can be tested in various conditions: (i) lip reading alone, (ii) lip reading with

unilateral hearing aid, (iii) lip reading with bilateral hearing aids. The final output of

the test is a percentage correct (%) score.

The AB Isophonemic Monosyllabic Word test [180] is another speech perception test

comprising fifteen 10-word lists. The lists are composed of Consonant-Vowel-Consonant

(CVC) words in isolation, constructed from the same 10 vowels and 20 consonants.

The AB words test is used for assessing open-set sentence recognition. The lists are

phonemically balanced and scored phonemically. The AB words test can be tested in

various conditions: (i) residual hearing alone, (ii) unilateral hearing aid, (iii) bilateral

hearing aids. The final output of the test is a percentage correct (%) score.

The Bamford-Kowal-Bench (BKB) Sentence test [181] is an open-set speech perception

test that can be administered in quiet conditions or in the presence of background noise

(cf. Figure 5.5). Each BKB list consists of 16 short sentences and is scored on the

number of words correctly repeated out of 50 key words. There are 20 lists of BKB

sentences. The BKB test is commonly administered in the best-aided condition only.

Stimuli are presented at 70 dB when in quiet, and a standard score (%) is calculated.

When the BKB sentences are tested in noise, the signal-to-noise ratio is adaptively

varied. This method determines the ratio (SNR) when the person achieves 50% correct.

Figure 5.5: Example of reported speech testing. Aided BKB sentences were used to
assess speech recognition in quiet before and after surgery
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Telemetry measurements in cochlear implants can be used to test the functionality of

intracochlear electrodes in the array after implantation. Impedance telemetry is the

most commonly measured array response in CI clinics. Voltages on electrode channels

(pairs) are measured at the end of the second phase of biphasic stimulation pulses. The

result is an impedance map of resistance (kOhm) per channel where differences can be

compared to the ground path impedance, to other channels, or to the same channel at a

different time point. A slight reduction in the impedances is normally observed during

the first weeks after CI and then a progressive increment that reaches stability at about

6 months after the first switch-on [182]. Electrode array impedance may be another

way of assaying delayed changes in the cochlea; as there are indications of a relationship

between it and fibrotic development [176, 183, 184].

5.2 Hypotheses

Hypothesis 1: Systemic inflammatory state is associated with loss of residual hearing

after cochlear implantation. Changes in pro-inflammatory cytokines will be detrimental

to LFHP measures.

Hypothesis 2: Inflammatory profile is linked with other audiological outcomes such as

speech performance testing. Changes in pro-inflammatory cytokines will be detrimental

to speech audiometry outcomes.

5.3 Method

A study protocol was designed (cf. Appendix I) and submitted for validation to in-

ternal (University of Southampton) and NHS (REC and NRES) research and ethics

committees for approval (cf. Appendix J). The experimental design was longitudinal

and observational. The timeline for the experiment is given in Figure 5.6. Candidate

selection, outcome collection, sample collection and sample analysis are detailed in this

section.
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Figure 5.6: Longitudinal observational study timeline. The numbers indicate the
days during the study, relative to the surgical time point. Each arrow indicates the
collection of various samples or outcome data according to collection site.

5.3.1 Candidate selection

Candidates were patients, not necessarily with measurable residual hearing, preparing to

undergo cochlear implant surgery. Patients receiving EAS implants underwent hearing

preservation surgery as defined in Chapter 4 i.e.: a minimally traumatic surgery. Resid-

ual hearing was not a necessary criterion for inclusion in the study as it was hypothesised

that outcomes in both electrical and residual hearing may be related to inflammatory

status. Patients without RH still had electrical hearing outcome measures which could

be modulated by inflammatory state.

Patients from the Southampton, Portsmouth or Manchester NHS trusts, attending ei-

ther the University of Southampton Auditory Implant Service (AIS) or the Manchester

Auditory Implant Centre (MAIC), were approached. They were approached by their

audiologists, given a brief description of the experiment and asked if they were inter-

ested for more information. Those patients who showed interest were given a patient

information sheet (included in Appendix I) describing in full detail what the research

was about, why they had been chosen, what was expected from them, the risks involved,

confidentiality issues, withdrawing participation, and contact details for further informa-

tion. Patients were given a consent form (included in I), and asked to take it home and

read it. They were asked to indicate on the form whether they would like to participate,

and if so, to sign it and post it back.

The patients participated in the study from before surgery until about one year after.

Candidates were required to be 16 years of age or older, so as to be able to give informed

consent and to be able to complete the routine audiometric measures for adolescents/

adults. Recruitment was opportunistic and people were only excluded if they were

unable to complete the pre- or post-surgical routine audiometric measures, had limiting
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cognitive or physical impairments, or knew that they were going leave the country for a

long period of time within six months after surgery. The patients being approached at

the MAIC were candidates for EAS and therefore had low frequency residual hearing,

however, this did not exclude the possibility that patients from USAIS could have had

residual hearing.

5.3.2 Audiometric outcomes collection

The methodology for both centres was observational. Data that was routinely collected

in the interest of the patients’ health was also given in an anonymised and confidential

form to the principal investigator of the study. This method was chosen because (i) the

researchers were only interested in clinically relevant changes (ii) the frequency of data

collection had to remain practically feasible for the implant centre, and (iii) AIS and

MAIC use comparable outcome measures. Table 5.1 displays sample collection according

to implantation centre and sampling interval.
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-1 month (-28) A M A A A A M

-2 weeks (-14) A M A M A A A A M

CI implantation surgery (0) A M A M

2 weeks (+14) A M M

CI activation (+28) M A M A M

1 week (+35) A M A M A M

3 months (+112) A M A M M M A M

6 months (+224) A A A A A A

9 months (+308) M M M M M M

11 months (+336) A A A A A

Table 5.1: Samples collected at which interval. Left column indicates phase in clin-
ical care. Adjacent column indicates time in weeks or months relative to the specific
phase in clinical care. Numbers in parentheses are the days before and after cochlear
implantation. M= Collection from MAIC patients. A= Collection from AIS paitents.
Notes: BKB sentences in noise were tested only if the BKB sentences in quiet score
was between 50-70%. BKB sentences in adaptive noise was tested only if the BKB sen-
tences in quiet score was � 70% CUNY sentences with sounds were tested binaurally.
Separate ears were tested if BKB sentences in quiet score was ≤ 10%. AB words were
tested only if the BKB sentences in quiet score was � 50%
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5.3.3 Biological sample collection

Venous blood samples were needed in order to evaluate the patients’ systemic inflam-

matory state throughout their care. There were 7 opportunities for sampling from AIS

patients, and 6 from MAIC patients (cf. Table 5.1). The goal was to achieve 5 ve-

nous blood samples from each patient. The samples were drawn at intervals during the

patients’ regular visits to the audiological clinic, before, during and after surgery.

• 10.0 mL BD Vacutainer R©serum tube

• 22 G BD EclipseTMblood collection needle with luer adapter

• Heinz Herenz Alcohol Swabs

• Disposable tourniquet

• Centrifuge

• Dry ice

• Sterile 2 ml cryovials

Patients were asked a series of questions before the first blood draw in order to evaluate

their eligibility and have the necessary information to reduce risks:

• Have you had blood drawn before? If yes, were any complications or adverse re-

actions? Previous success increases the likelihood that the session will also be

successful. Knowledge of previous complications will help prevent similar conse-

quences.

• Do you have, or have had, any known conditions that could be problematic when

giving blood ex: stroke, mastectomy or other breast surgery, lymph surgery, renal

fistula, lymphedema, cellulitis, diabetes, vascular disease? The decision of whether

to continue or not, and which arm to inject are based on the response.

• Which is your dominant arm? Non-dominant arm is preferred.

• Is the thought of a needle making you anxious? Assessing the risk of a vasovagal

episode.

Venesection was performed using an aseptic non-touch technique. The vein was cleaned

prior to the procedure with alcohol solution and adequate time was given for the vein to

air dry. The sample was drawn from the median cephalic vein into the serum tube. The

tube was inverted five times and left stationary for 30-90 minutes in order for a clot to

form. The clot was separated from the serum by spinning for 10 minutes in centrifuge at

2000g and 4◦C . Serum was pipetted into a cryovial, sealed, frozen on dry ice and stored

at -80◦C until it was analysed. Throughout the project, before each sample collection,

patients were reminded of their right to leave the study and that they could be given

additional information from the principal investigator should they desire it.
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5.3.3.1 Samples for future work

The buffy coat (leukocyte content) from centrifuged blood samples was separated, pipet-

ted into cryovials, frozen on dry ice and stored at -80◦C . These samples can be used for

future work analysing leukocytes.

A sample of perilymph fluid was collected during cochlear implant surgery (cf. Figure

5.7). This can be used to establish the local inflammatory state of the cochlea at the

time of implantation via proteomics or micro-ELISA. Collection of cochlear fluid was

performed by the CI surgeon. The surgeons sampled the fluid by placing a sterile

microcapillary tube at the round window opening. This drew in 2 micro litres of fluid

(the internal volume of the microcapillary tube) from the opening of the round window,

via the capillary effect. The surgeon the placed the sample inside a cryovial, provided

by the researcher, who proceeded to freeze it on dry ice and store it at -80◦C .

Figure 5.7: Cochlear fluid sampling method

5.3.4 Multiplex ELISA analysis

Serum samples were analysed using 96-well 4-plex pro-inflammatory enzyme-linked im-

munosorbent assay (ELISA) plates (MSD). Four proteins were tested for: Interferon-γ

(IFNγ), Interleukin-1 beta (IL1β), Interleukin 6 (interferon, beta 2) (IL6), and Tumour

Necrosis Factor-α (TNFα).

IFNγ (interferon II) plays a known role in the recruitment of leukocytes to infection sites.

It is a Type-1 cytokine produced by T-Helper 1 (TH1) cells and Natural Killer (NK) cells.

IFNγ activates macrophages by increasing the expression of major histocompatibility

complex (MHC) molecules and antigen processing components. It has also been shown

to contribute to immunoglobulin (Ig) class switching and suppression of T-Helper 2

(TH2) responses. IFNγ enhances the effects of type one interferons, such as IFNβ.
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IL6 is a proinflammatory cytokine secreted my monocytes, macrophage, microglia and

certain non-lymphoid cells in response to tissue damage or infection. It is a Type-

2 cytokine produced by TH2 cells. It plays a role in the acute phase response, the

regulation of fever, and the generation of plasma B cells. IL6 has been shown to act with

TGFβ to induce IL17 differentiation; producing helper T cells from naive progenitors.

TNFα plays a key role in the acute phase reaction and systemic inflammation. TNFα is

primarily produced by activated macrophages and microglia, but it is also secreted by

other cells in pathogenic conditions. Upon receptor binding, it has been shown to trigger

apoptosis, proliferation, differentiation, chemoattraction, hypothalamic regulation and

cytokine production pathways.

IL1β is produced by dendritic cells, monocytes, macrophages, microglia and some epithe-

lial cells in response to infection and induced inflammation. IL1β induces the production

of adhesion molecules that enable transmigration of leukocytes into inflamed tissues.

Samples were re-labelled by a third party in order to blind the analyst. Each sample

was thawed on ice, centrifuged at 2000xG for 10 minutes, diluted 2-fold using MSD

proprietary diluent and randomly allocated two adjacent wells on an ELISA plate. The

repetition of the sample was in order to assure repeatability. Sample allocation on ELISA

plates was random. Plates were then washed using MSD proprietary wash buffers and

read buffers and light absorbance was measured. Each plate contained its own calibration

curve and controls for each protein tested. Absorbance was calibrated according to

results from the calibration curves.

5.4 Results

23 patients participated in the study over an 18 month recruitment period. Each patient

was followed for a minimum of 1 month after surgery and some up to 12 months after

surgery. 11 patients were recruited from USAIS and 12 from the MAIC. The gender

distribution was 65% (n=15) female and 35% male (n=8). The mean age of the patients

was 63 years old, with the youngest patient being 35 and the oldest being 86 at the time

of surgery (Table 5.2). The mean duration of deafness was 32 years, with the minimum

being 10 years and the maximum 61 years.
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Table 5.2: Patient characteristics table

EAS patients CI patients All patients

Centre
USAIS 0 11 (100%) 11 (48%)

MAIC 12 (100%) 0 12 (52%)

Gender
Male 5 (42%) 3 (27%) 8 (35%)

Female 7 (58%) 8 (73%) 15 (65%)

Age (years) Median (min-max) 66.9 (35.6 – 76.3) 64.8 (36.7 – 86.3) 64.8 (35.6 – 86.3)

Duration of
Median (min-max) 25 (10 – 61) 35 (15 – 61) 30 (10 – 61)

deafness (years)

Ear
Left 5 (42%) 8 (73%) 13 (57%)

Right 7 (58%) 3 (23%) 10 (43%)

Familial progressive 4 (33%) 0 4 (17%)

Idiopathic progressive 5 (42%) 1 (9%) 6 (26%)

Idiopathic 2 (17%) 1 (9%) 3 (13%)

Wide vestib. aqueduct 1 (8%) 1 (9%) 2 (9%)

Aetiology of Failed stapedectomy 0 2 (18%) 2 (9%)

hearing loss Meningitis 0 1 (4%) 1 (4%)

Anaesthetic reaction 0 1 (4%) 1 (4%)

Maternal rubella 0 2 (18%) 2 (9%)

Meniere’s disease 0 1 (9%) 1 (4%)

Pregnancy related 0 1 (9%) 1 (4%)

Progressive/ stable Progressive 10 (83%) 8 (73%) 18 (78%)

hearing loss Stable 2 (17%) 3 (27%) 5 (22%)

Pre-operative Yes 12 (100%) 4 (36%) 16 (70%)

residual hearing No 0 7 (64%) 7 (30%)

Surgeon

1 0 3 (27%) 3 (13%)

2 0 5 (45%) 5 (22%)

3 0 3 (27%) 3 (13%)

4 4 (33%) 0 4 (17%)

5 7 (58%) 0 7 (30%)

6 1 (8%) 0 1 (4%)

Electrode array

Concerto Flex24 2 (17%) 0 2 (9%)

Concerto Flex28 10 (83%) 2 (18%) 12 (52%)

Contour Advance CI24RE 0 4 (36%) 4 (17%)

HiRes90K HiFocus 1j 0 5 (45%) 5 (22%)

Patient specific information, outcomes and evaluations are given in Appendix K. Table

5.3 summarises audiological outcomes for all patients.
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Table 5.3: Table of audiological outcomes statistics. DoD = duration of deafness.

DoD Age CUNY BKBq BKBn SFA LFHP

Mean 32.43 62.88 88 78.58 56.71 34.5 36.72

Std. Dev. 15.08 13.45 17.44 20.98 34.53 4.79 8.2

Median 30 64.77 96 88 60 34.7 33.58

Range 51 50.68 60 65 94.8 22.1 85.4

Minimum 10 35.6 40 35 3.2 26.6 0

Maximum 61 86.28 100 100 98 48.7 85.4

CI (95.0%) 6.52 5.82 7.94 10.11 19.12 2.07 17.72

Count 23 23 21 19 15 23 14

Audiological outcome data were plotted (Figure 5.8) in order to visualise the distribution

of data.

Figure 5.8: Box plots of audiological outcome data collected. Whiskers show minima
and maxima. Box shows interquartile range and median. Cross represents the mean.
N(µ, σ2) = normal distribution.

The unaided PTA data which were used to calculate LFHP are graphically represented in

Figure 5.9. The mean audiogram is represented by the line with points and the minima

and maxima are represented by solid lines above and below the points. Pre-operative

PTA is represented in blue and post-operative PTA in red. There is a decrease in all

mean values between pre-op and post-op.
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Figure 5.9: Mean unaided Pure Tone Audiometry before (blue) and after (red)
surgery. Minimum to maximum of each measurement is represented by the solid lines
above and below each pont (in the same colour). PTAmax = measurement limits of
the audiometer

5.4.1 ELISA result screening

115 unique blood samples from the 23 patients were analysed. Each sample was analysed

twice in neighbouring wells on the same plate so as to test the accuracy of measurements.

Three MSD v-plex plates were used in the analysis. A standard curve with eight points,

and three known controls, were generated for each plate. The standard curve and

controls also had duplicates (cf. Appendix L). Four cytokines were tested producing

460 data points. Most of the IL1β data points were close to zero and therefore near or

below limits of detectability (less than 0.047 pg/ml; Table 5.4).

Table 5.4: Mimumim levels of detectability (pg/ml) for various cytokines for each
plate used

Plate 1 Plate 2 Plate 3

*2BE3VA0194%* *2BE3VAP167O* *2BE3VAW213N*

IFNγ 0.868 0.958 1.1

IL1β 0.047 0.033 0.037

IL6 0.079 0.094 0.093

TNFα 0.209 0.329 0.264
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Measures within the range of detectability had large calculated concentration confidence

intervals because the quantities of IL1β were minimal. The amount of IL1β in samples

was therefore judged as negligent (not present) and all IL1β data points recoded as 0

and not analysed further. 19 additional values of either IFNγ , IL6 or TNFα fell below

the detection range, or had a calculated concentration confidence intervals greater than

20%, and were therefore also excluded from the analysis. A final 326 data points were

analysed in further detail (cf. Figure 5.10).

Figure 5.10: Concentrations of all cytokines (pg/ ml) per patient

Mean values and ranges for the three analysed cytokines (Table 5.5) were compared

to data from various studies. Kleiner et al (2013) collected peripheral serum from 35
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healthy adults (>18 years old) and measured cytokine levels using a magnetic bead-based

multiplex immunoassay (Bio-Plex) [185]. lL6 (11 pg/ml), TNFα (31 pg/ml) and IFNγ

(148 pg/ml) average values from Kleiner et al (2013) were about ten times higher than

the averages in this study. All IL6 and TNFα data points from this study fellow below

Kleiner et al ranges: 5-16 pg/ml and 19-44 pg/ml respectively. Many IFNγ values from

this study also fell below the range reported by Kleiner et al: 71-209 pg/ml, however,

the range of values in this study was much larger with a smaller minimum and larger

maximum [185].

Table 5.5: Table of values of IL6, TNFα, and IFNγ at all sampling intervals (pg/ ml)

Pre Op Post Post Post Post All
Op Op-1 Op-2 Op-3 Op-4 Intervals

Mean

IL6 0.66 0.77 0.76 0.78 0.99 0.58 0.77

TNFα 3.34 3.08 3.33 3.17 3.29 3.36 3.25

IFNγ 7.20 8.11 11.51 9.41 18.42 9.43 10.87

Median

IL6 0.52 0.59 0.67 0.74 0.61 0.52 0.62

TNFα 3.18 2.96 3.41 3.17 3.06 3.21 3.15

IFNγ 5.24 5.80 6.65 6.44 6.16 4.82 6.01

Std. Dev.

IL6 0.39 0.59 0.41 0.45 0.88 0.28 0.55

TNFα 0.92 0.89 0.91 0.56 1.14 1.08 0.92

IFNγ 4.95 9.11 22.06 8.53 46.30 13.50 22.85

Range

IL6 1.23 2.28 1.40 1.95 3.66 0.92 3.73

TNFα 3.62 3.83 3.97 2.25 5.46 4.42 5.85

IFNγ 16.51 45.71 112.58 33.36 207.90 47.77 210.56

Minimum

IL6 0.21 0.23 0.31 0.20 0.27 0.20 0.20

TNFα 1.71 1.23 1.36 1.90 1.62 1.37 1.23

IFNγ 1.82 0.44 0.67 1.97 3.10 1.99 0.44

Maximum

IL6 1.44 2.51 1.71 2.15 3.93 1.12 3.93

TNFα 5.33 5.06 5.33 4.16 7.08 5.79 7.08

IFNγ 18.33 46.15 113.25 35.32 211.00 49.77 211.00

CI (95.0%)

IL6 0.23 0.25 0.17 0.22 0.41 0.15 0.10

TNFα 0.53 0.38 0.39 0.28 0.53 0.60 0.17

IFNγ 2.86 3.85 9.32 4.24 21.67 7.48 4.22

Count All 14 24 24 18 20 15 115

Arican et al (2005) collected peripheral serum from 23 healthy adults and measured

cytokine levels using ELISA with enzyme-amplified sensitivity immunoassay (EASIA)
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kits (BioSource) [186]. Mean IL6 (4.2 pg/ml) and TNFα (11.2 pg/ml) values were higher

than the ones measured in this study. However, the values from this study were within

the ranges reported by Arican et al (2005): 0-12.7 pg/ml and 0-32.5 pg/ml respectively.

Pavese et al (2009) collected peripheral serum from 25 healthy adults and measured

cytokine levels using ELISA (TiterZyme) [187]. IL6 (0.78 pg/ml) and TNFα (2.06

pg/ml) average values were very similar of those established in this study. The ranges

reported were also similar: 0.41-1.15 pg/ml and 1.12-3.00 pg/ml respectively. There

is a discrepancy in levels of IL1β with a mean of 1.22 pg/ml (range 0.62-1.82 pg/ml)

reported by Pavese et al (2009), whereas the IL1β values from this study were negligible.

Individual concentrations for each inflammatory cytokine across the period for care

are displayed in Appendix K. The data indicates how it is not possible to compare

concentration values with those from other studies. The discrepancies in concentration

could be due to varying standardisation and anchoring techniques used in assay systems

that are for research purposes; which are therefore much less uniform than those for

diagnostic purposes. Although the concentration values from these three quoted studies

vary greatly, there are similarities across the three studies and the data reported in this

study. Average IL6 concentrations were always smaller than TNFα concentrations and,

when measured, IFNγ concentrations were bigger than both IL6 and TNFα [185].

The variability in IFNγ measurements is highlighted in by the error bars in Figure

5.11. In this figure cytokine levels are plotted according to the time point during which

they were sampled. IL6 and TNFα measures had little variation from the mean and

underwent little fluctuation from one sampling interval to the next. The 95% confidence

interval values for each sampling interval are listed in Table 5.5. The figure suggests

post-operative stability of IL6 and TNFα but changes in IFNγ . The elevations are most

prominent in the post-op1 (one week after surgery) and post-op3 sessions (three months

after surgery). However, a Friedman test showed there was no statistically significant

difference in IFNγ concentration depending on sampling interval (p>0.05).
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Figure 5.11: Bar graph of concentrations of all cytokines (pg/ ml). Error bars rep-
resent 95% confidence level intervals from the mean. Various coloured bars represent
different sampling intervals along the patient time-line. Bars are clustered together
according to the cytokine measured (IFNγ, IL6, TNFα).

A scatter plot with median lines and interquartile ranges (Figure 5.12) is a more accurate

visual representation of data which is not normally distributed (p>0.05, Shapiro-Wilk

test). Again, samples are plotted according to their sampling interval, however, in-

dividual data points are shown. The figure demonstrates how the majority of IFNγ

concentration data points are clustered together but sampling intervals which occurred

after surgery had large outliers.

Figure 5.12: Scatter box plot diagram of median IFNγ values with interquartile
ranges. The scatter plot highlights multiple outliers which are more extreme in post-
operative data collection intervals.
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The presence of multiple extreme outliers indicated the possibility of a smaller sub-

population of patients, and the need to analyse the data once normalised and in a

per-patient way. Due to sudden changes in surgical scheduling it was not possible to

collect blood pre-operatively for nine out of twenty three patients. As a result, it was

not possible to establish a baseline and normalise changes in blood markers to the base-

line. Therefore, change from the previous sample was analysed instead. The difference

between the earlier sample and the later sample is expressed as an absolute percentage

of the earlier sample:
√

(b− a)/a× 100
2

where ‘a’ is earlier sample, and ‘b’ is the later

sample. The resulting values are displayed in Figure 5.13. Each patient is represented

by a single black line.

Figure 5.13: Line graphs of absolute percentage change in IFNγ (left), IL6 (centre),
TNFα (right). Each line represents one patient. Different points along the same line
represent different sampling intervals along the patient time-line.

Percentage absolute change is a measure of variation in peripheral inflammatory cy-

tokine. The three cytokines can now be compared as the magnitude of change is equal

for all three at any position along the y-axis. Figure 5.13 highlights how IFNγ is highly

variable when compared to IL6 and TNFα . This was expected considering the variance

in IFNγ measures. Although the values are all positive (as the measure is an absolute

one), any peak could signify a large decrease in cytokine levels. Absolute change was the

metric chosen because the hypothesis was that inflammation has an effect on outcomes,

regardless of the direction of change. However, post-hoc analyses were conducted using

just the positive % change and just the negative % change.
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5.4.2 Variables analysed

The aim of the data analysis was to create a new model that incorporates findings from

Chapter 4 into a more comprehensive model of cochlear implant outcomes. In Chapter

4, serial statistical testing and path analysis produced three common independent vari-

ables which significantly influence LFHP: insertion angle of electrode (depth in degrees),

cochleostomy approach, and intraoperative topical steroid use. Serial statistical testing

also indicated an effect of: aetiology of hearing loss, progressive vs. stable hearing loss,

electrode array type, and steroids (any route); however path analysis suggested that

these were significant due to covariance with the former factors listed. There were two

variables which did not result as significant in serial statistical testing but were indicated

as possible effectors when using path analysis: implantation centre, and age at implan-

tation. Since the current study was observational, there were constraints on which, and

at what interval, data could be collected. Insertion angle of electrode (depth in degrees)

could not be calculated, however the other significant variables were re-analysed.

It was hypothesised that (i) systemic inflammatory state is associated with loss of resid-

ual hearing after cochlear implantation, and (ii) that inflammatory profile is linked with

other audiological outcomes such as speech performance testing. Both hypotheses intro-

duce measures of inflammatory state as new independent variables in the model. The

second hypothesis introduces audiological outcomes as new dependent variables in the

model. Max abs % change of cytokines could be established for all patients. However,

only 14 patients had measurable residual hearing which could be used to calculate LFHP

(12 MAIC and 2 USAIS patients). 14 patients had Bamford-Kowal-Bench in noise scores

(BKBn), 18 patients had Bamford-Kowal-Bench in quiet scores (BKBq), 22 patients had

sound field audiometry (0.25-4kHz) (SFA) scores and 22 patients had City University of

New York sentences (CUNY) scores.

The statistical analysis of effects of the aforementioned variables on audiological out-

comes were analysed in three ways: linear regressions and group comparisons, multiple

regressions, and path analysis. The pros and cons, and results of each method are

discussed in their respective sections.

5.4.3 Bivariate correlations and group comparisons

A series of bivariate correlations were carried out investigating relationships between

dependent and independent scalar variables (cf. Appendix M). A total of thirty correl-

ative relationships were investigated, and three significant ones were found. A negative

correlation was found between max absolute deviation in IFNγ and LFHP (p < 0.01, R2
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= 0.44). The correlation indicates a detrimental effect of fluctuations in IFNγ on LFHP

scores (Figure 5.14). It explains about 44% of the variability experienced by LFHP.

Figure 5.14: Scatter dot plot of max absolute deviation in IFNγ (pg/ ml) against
LFHP (%). The bivariate correlation line is shown in black and 95% confidence level
intervals for the correlation are depicted as thin dotted lines below and above the
correlation line.

A negative correlation was also found between max absolute deviation in IFNγ and

BKBn (p<0.05, R2= 0.36). The correlation indicates a detrimental effect of fluctua-

tions in IFNγ on BKBn scores (Figure 5.15). It explains about 36% of the variability

experienced by LFHP.

Figure 5.15: Scatter dot plot of max absolute deviation in IFNγ (pg/ ml) against
BKBn (%). The bivariate correlation line is shown in black and 95% confidence level
intervals for the correlation are depicted as thin dotted lines below and above the
correlation line.
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A post-hoc analysis was carried out to investigate whether it was the positive, negative,

or both directions of max % change in IFNγ values correlating with the changes in

outcome measures. This was done by distinguishing between positive and negative max

deviation in IFNγ . 8 (out of 14) patients with LFHP values had positive max deviations

and 6 patients had negative max deviations in IFNγ values.

The correlative relationship between dependent variables LFHP and BKBn, and inde-

pendent variables, positive and negative IFNγ , were tested. One significant correlation

was produced: positive max deviation in IFNγ significantly correlated with LFHP (R2

= 0.64, p < 0.01) (cf. Figure 5.16, top). The R2 value is larger than the one from the

correlation between absolute IFNγ and LFHP (R2 = 0.36, cf. Figure 5.14) and p values

Figure 5.16: Post-hoc testing results for LFHP (%). Top: max positive deviation in
IFNγ vs LFHP. The bivariate correlation line is shown in black and 95% confidence
level intervals for the correlation are depicted as thin dotted lines below and above the
correlation line. Bottom: max negative deviation in IFNγ .
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are similar. As R2 estimates the amount of variance explained by the significant cor-

relation, the results indicate that it is actually the positive points, and not all of the

14 points, which are creating the correlation. When the remaining negative points were

tested against LFHP no significant correlation was found and there is no indication of

a trend (cf. Figure 5.16, bottom).

When testing for a relationship between positive or negative max absolute change in

IFNγ on BKBn, no relationship could be statistically proven (cf. Figure 5.17). It is

believed that the relationship is being lost because of the small N number resulting from

splitting the group two. For this reason, it was still decided to keep absolute change in

IFNγ as the main variable for further statistical testing. Even though it is likely to be

the positive peaks that are associated with the dependent variables, a stronger N number

produced more significant results than can be achieved when fracturing absolute change

in IFNγ into positive and negative.

Figure 5.17: Post-hoc testing results for BKBn. Max positive deviation in IFNγ (%)
versus BKBn (%)

Closer examination of the data from patients who had a negative max % change in IFNγ

revealed that those patients had comparatively lower perturbations in change than the

people with a positive max change. Also, the patients with negative max points always

had positive fluctuations (at different time points) which came close to the negative

max % change. This implies that the negative group’s deviations where balanced out

by positive ones. The inverse was not the case for the patients which had positive max

deviations in IFNγ . These deviations were generally larger and not counterbalanced.

In Chapter 4, there was a negative correlation between insertion depth and LFHP.

This relationship could not be re-tested because there was no data available. No other

scale independent variables correlated with dependent variables. A significant positive
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bivariate correlation was found between two independent variables: BKBq positively

correlated with CUNY scores (p < 0.005, R2 = 0.23) (cf. Figure 5.18). The correlation

highlights how patients who do well in one speech test are likely to also do well in the

other.

Figure 5.18: Post-hoc testing results for BKBn (%) versus CUNY (%). The bivariate
correlation line is shown in black and 95% confidence level intervals for the correlation
are depicted as thin dotted lines below and above the correlation line.

Appendix N displays LFHP grouped according to multiple ordinal variables. As can be

seen from the graphs, there are very limited N numbers for multiple categories. The same

applies for all other dependent variables. No statistical comparisons were carried out

between means of the groups, as results would be unreliable with such limited numbers.

Therefore, results from Chapter 4 concerning relationships between LFHP and ordinal

independent variables could not be confirmed or rejected.

5.4.4 Multiple regression

A stepwise multiple regression analysis model was designed, with LFHP (%) as the

dependent variable and absolute maximum deviation (%) in IFNγ, IL6, and TNFα as

three independent variables. The model was statistically significant, F(1, 12) = 6.979,

p = 0.022, and accounted for approximately 32% of the variance of LFHP (R2 = 0.368,

adjusted R2 = 0.315). The prediction model contains one of the three predictors and

was reached in one step with two variables removed. Absolute maximum deviation in

IFNγ is the only statistically significant variable which predicted LFHP.
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The raw and standardized regression coefficients of the predictor together with corre-

lation values, their squared semipartial correlations, and their structure coefficients are

shown in Table 5.6. As IFNγ was the only independent variable with weight in the

model, there were no correlations or collinearity between the predictors.

Table 5.6: Multiple regression analysis results of LFHP and pro-inflammatory markers

Model

Unstandardised Standardised

t Sig.

95% Confidence
Coefficients Coefficients Interval for β

β Std. Error β Lower Bound Upper Bound

(Constant) 62.254 11.812 5.271 0 36.518 87.989

IFNy -0.157 0.06 -0.606 -2.642 0.022 -0.287 -0.028

The raw standardized residual and standardised predicted value from the multiple regres-

sion were plotted against each other (cf. Figure 5.19). A random graph is an indication

of homoscedasticity, whereas a cone shape in the scatter indicates heteroscedasticity of

the data.

Figure 5.19: Homoscedasticy of multiple regression. Standardised residuals against
predicted (fitted) values for the stepwise multiple regression analysis of LFHP and IFNγ

The Breusch-Pagan test for heteroscedasticity was conducted (χ2 = 1.67, p = 0.1961).

Since p > 0.05, homoscedasticity can be assumed. Homoscedasticity of raw standardized

residual and standardised predicted values is a strong indication of validity of the stan-

dardized beta coefficients (β) from the multiple regression. The results therefore support

the prediction that for every increased standard deviation of max absolute deviation of

IFNγ, there will be a decrease of 0.61 standard deviations of LFHP.



Chapter 5. Human outcomes study 122

Significant multiple regression models could not be built for any of the other dependent

variables (CUNY, BKBq, BKBn, or SFA).

5.4.5 Path Analysis

Observed Variable Path Analysis is a type of Structural Equation Modelling (SEM)

which is used to describe directed dependencies between variables which have been mea-

sured in an experiment. It is similar to multivariate analyses of variance and covariance,

with an informed focus on causality: the researcher determines which effects, direc-

tions, and covariance are tested. Therefore, path analysis can be described as a causal

model including assessment of covariance and latent variables. A model was built on

the hypothesis that changes in inflammatory state effect clinical outcomes (cf. Figure

5.20).

Figure 5.20: Observed variables model 2. The directional effect of the observed
independent variables (inflammatory markers) on observed dependent variables (clinical
outcomes) is represented by one way arrows connecting the two. Covariance between
inflammatory markers is represented by two way arrows. The possible effect of LFHP
on the other clinical outcomes measures is also represented. Significant relationships
are drawn in black. Numbers are the standardised estimated regression weights for each
correlation or covariance. ‘e’ symbols represent the error assumption for each measure
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The model indicates that Max absolute deviation of IFNγ has an effect on LFHP

(p<0.001, β= -0.89) and BKBn (p<0.05, β= -0.93). Covariance between IFNγ and

IL6 (p<0.01, β= -0.59) was also present. Figure 5.21 is an abbreviated version of the

model, showing only significant interactions. It should be interpreted with caution, as

the model is only relevant when in the context of non-significant interactions also. The

χ2 value of the model was 28.421 and the p-value was 0.002. Therefore, the model sig-

nificantly differs from its perfect form. Results should be interpreted with caution and

in combination with previous analyses; as there is a possiblity of some of the observed

relationships changing if a larger sample size is used.

Figure 5.21: Observed variables model with non-significant effects removed. The
directional effect of the observed Max absolute deviation of IFNγ on LFHP and BKBn
is represented by one way arrows connecting the two. Covariance between IFNγ and IL6
is represented by two way arrows. Numbers are the standardised estimated regression
weights for each correlation or covariance. ‘e’ symbols represent the error assumption
for each measure

5.5 Discussion

This investigation gave novel indication that systemic inflammatory state is related to

cochlear implantation outcomes. A moderate bivariate correlation was found between

change in IFNγ and LFHP. Similarly, the multiple regression analysis gave a moderate

regression with homoscedasticity of error terms. The multiple regression analysis made

it possible to exclude an effect of TNFα and IL6 on LFHP since IFNγ was the only

independent variable which could be entered into the stepwise model. IL1β can also be

excluded as it was below detection levels in almost all samples. The cytokines can be

excluded because the ELISA system used is capable of detecting concentrations below 1

pg/ml with high degrees of confidence. The path analysis further confirms a significant

effect of IFNγ on LFHP and rejects the possibility of an effect of the other cytokines.

The standardised beta scores of the multiple regression (β = -0.61) and the path anal-

ysis (β= -0.89), suggest that a one standard deviation increase in maximum absolute

% change in IFNγ could result in a decrease of 0.61 to 0.89 standard deviations in

LFHP. The three statistical models together confirmed the relationship between IFNγ
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and LFHP in this experiment. The meta-analysis in chapter four contained residual

unexplained variance in LFHP, which this chapter may explain. It would be beneficial

to reproduce this experiment on a scale large enough to see if IFNγ remains a significant

contributor to the LFHP model and how much variance it would then explain.

LFHP was calculated using the latest unaided audiometric data collected before surgery

and the earliest data collected post-operatively. It was not possible to have the exact

same time point for each patient. Consequently, it is not known if the correlations or

regressions would be stronger if it was with LFHP point collected at exactly the same

period of care. It is also not known at which period of care there is the best relationship

between LFHP and IFNγ .

The change in IFNγ is indication of activity of one or more types of cells: T helper

cells, cytotoxic T cells, NK cells, myeloid cells, dendritic cells or macrophages. IFNγ

plays a role in lymphocyte recruitment [9]: it could be hypothesised that the patients

with the biggest IFNγ instability are the ones up- or down-regulating a lymphocyte

response. The response could be occurring within the cochlea or anywhere within the

body, however, as evidenced in the literature review, there is reason to believe that a

host reaction occurs within the cochlea after CI and involves inflammatory cells. It

can be postulated from what is known about IFNγ and its involvement in macrophage

activity, that peripheral bloods may be reflecting components of the chronic phase in the

host reaction, where lymphocytes are involved. The mode by which lymphocytes could

be involved in the reaction; whether they are local cells or infiltrating cells, phagocytic

cells or cytotoxic cells is unknown.

A moderate bivariate correlation was also found between change in IFNγ and BKBn.

However, this relationship is cast into doubt as a multiple regression analysis of BKBn

could not be built. The path analysis results conflicts with this non-result as a regressive

effect of IFNγ on BKBn was established in the structural equation model. An effect of

LFHP on BKBn could have been used to explain IFNγ regressing with BKBn; since

speech in noise performance is often partially attributed to hearing preservation [126,

188, 189, 78]. The IFNγ and BKBn relationship could have been described as a false

positive resulting from LFHP being influenced by IFNγ . However, this was not the

case as there was no effect of LFHP on BKBn in both the path analysis and bivariate

correlations. Therefore, the differences are attributed to increased complexity and pre-

attributed directionality of effects programmed into the path analysis.

IFNγ was the only cytokine with significant regressions with outcome measures. This in-

formation, combined with cytokine data being within normal levels (cf. Section 5.4.1),

indicates that the changes in inflammatory state were not a systemic inflammatory

episode such as a cold. The stability of IL6 and TNFα demonstrates that the changes
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in inflammatory markers are not the result of a robust systemic inflammatory response.

The all cytokine levels are too low for that and there would be detectable levels of IL1β

in the event of such an episode. For a systemic inflammatory event to occur (a TH1

response), days with large positive change in IFNγ should also have been accompanied

by drops in IL6 (because IFNγ suppresses TH2 responses which involve IL6). Quali-

tative analysis of individual absolute values of IFNγ and IL6 (cf. Figure 5.10) did not

indicate antagonistic relationships between the two cytokines: IL6 was continuously low

for most patients. Multiple regression analysis of max absolute change between the two

cytokines (cf. Section 5.4.4) was not significant (p = 0.347), however path analysis did

show covariance. At such small fluctuations in IL6, it is believed that the covariance is

indication of the antagonistic relationship between the two cytokines that always exists,

and not of a robust TH1 response.

Regardless of whether the systemic measure of IFNγ is driving or reflecting cochlear

conditions, there are significant correlations and regressions between the marker and

clinical outcome measures. The regressions add value to the concept that inflammatory

state is a driver of audiological outcomes. The study was designed on the concept that

inflammation would have an effect on hearing preservation. Hypothesis 1 stated that

systemic inflammatory state is associated with loss of residual hearing after cochlear

implantation, whilst Hypothesis 2 stated that inflammatory profile would be linked

with other audiological outcomes such as speech performance testing. The null of both

hypotheses can be rejected quite safely however further work is recommended to solidify

these findings. These results make it evident that (i) the effect of IFNγ is more prominent

on LFHP, and that (ii) better results may be obtained if positive max % change of IFNγ

is investigated.

It was not possible to build one large model which integrated all factors investigated in

Chapter 4 with those from the inflammatory state hypothesis. The serial use of bivariate

correlations (cf. Section 5.4.3) runs the risk of incurring false positives. If the alpha

of each correlation is set at 0.05, the probability of a type one error is 1 − (1 − α)m,

where m is the number of correlations performed. This study has a 78.5% chance that

one of the significant correlations is a false positive, implying that bivariate correlations

could not be considered alone. A multiple regression analysis and structural equation

model were built in order to cater for this shortcoming. Focus was placed on a smaller

number of variables which, when placed in a statistical model, would generate reliable

results. However, the models are not large enough to comprehensively cover all factors

which could be at play in CI outcomes. Currently there is a real possibility of other

unforeseen variables modulating the dependent or independent variables and creating a

false correlation, or false impression of causality. Further work is required in order to

increase sample numbers to an adequate size where more dependent variables could be



Chapter 5. Human outcomes study 126

included. A structural equation model with 15 observed variables should ideally have

an N number of 75 (5 per variable).

5.5.1 Considerations for future experiments

This experiment is the first attempt of its kind to investigate relationships between

peripheral cytokine levels and CI outcomes. Having identified an association between

IFNγ and BKBn, and LFHP gives a starting point for future work. In order to reduce

some variability in future experiments, diurnal variations of IFNγ need to be established

in individuals prior to the CI procedure. Once the intra-subject variability of IFNγ is

determined, better estimations of required sample size can then be made. The large

variablity between different techniques used to determine cytokine levels has also been

highlighted, as has the inferred need to compare only with the same brands of ELISA

kits.

This study used routinely-collected measures to minimise patient inconvenience and to

obtain practically and clinically relevant results. It has been proven possible as current

BKB and PTA procedures are sensitive to changes. The finding has come at the cost

of less statistical power for additional comparisons. It is strongly recommended that

the number of times audiological outcome measurements are made is modified in future

studies. This would give more congruence between LFHP time points and changes in

inflammatory cytokines.

Proteomic analysis of the cochlear fluid collected during surgery would help further

elucidate the effect of inflammatory state on hearing preservation. The data would allow

a much more accurate understanding of the connection between systemic inflammation

and cochlear inflammation. Comparisons with proteomic data may establish predictors

of residual hearing loss. Further research would then be needed to identify whether

there is a causal relationship between systemic and cochlear inflammation, and in which

direction.

5.6 Publication progress and contributors

This experiment remains unpublished at the time of writing of this thesis. A proteomic

analysis of cochlear fluids will be performed and added to the study before the transcript

is sent to a scientific journal for consideration.



Chapter 6

Conclusions

This investigation set out to explore the link between inflammatory state and cochlear

implant outcomes, particularly hearing preservation. The results derived from past

studies, and through four varied experiments, show it is likely that significant increases in

cochlear inflammation have deleterious effects on hearing preservation (HP) in cochlear

implantation (CI). However, there are multiple foci requiring investigation in order to

confirm, clarify and add detail to the findings of this thesis. Throughout the study

a hierarchy of factors in cochlear implantation has been identified (cf. Figure 6.1).

Outcomes in CI depend on multiple factors related to the surgical protocol, device

design and integrity, and the biology of patient. Experiments within this thesis have

contributed various findings to different factors in the hierarchy with focus on the effect

of inflammation on hearing preservation. This chapter will conclude the thesis and

indicate where further work is needed.

6.1 The electrode insertion trauma model of acute phase

loss of residual hearing in cochlear implantation

EIT (electrode insertion trauma), described as early as 1989, is the proposed mechanism

for loss of residual hearing in CI [190]. It is classically described as mechanical damage

in the cochlea, caused by the insertion of an electrode array. Since then arrays have been

continuously redesigned to reduce EIT, whilst surgical protocols have been modified to

be as atraumatic as possible. By investigating inflammatory state as a factor of hearing

preservation, this thesis implies that EIT is much more complex than the loss of cells or

structure, and the resulting loss of sensory input. Mechanical trauma is more complex;

being less distinct than an acute injury and coupled with the presence of the foreign

body response of the cochlea. In the hearing preservation meta-analysis (cf. Chapter

127
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Figure 6.1: The figure describes the various aspects covered in this thesis (dark blue
boxes, left). The four aspects are broken down into factors (light blue part of the
pyramid), which have been arranged in a hierarchy of dependence: cochlear implant
outcomes are dependent on surgical success, device function and the human into which
the device is being implanted. The dark blue part of the pyramid details the aspects
investigated and the findings from investigations are listed in the orange boxes.

4), data ranging from low to top performers were analysed in a meta-analysis of 110

CI patients. Multiple statistical models produced three common independent variables

which significantly influence the preservation of low frequency residual hearing: insertion

angle of electrode (depth in degrees), cochleostomy approach, intra-operative topical

steroid use.

The three significant relationships validate empirically established features of hearing

preservation surgery in CI. HP favours the use of electro-acoustic stimulation (EAS)

devices with shallower insertion depths, round window cochleostomies which feature less

drilling time, and the use of topical steroids. The deleterious effect of insertion angle was

the largest and strongest predictor of variance in Low Frequency Hearing Preservation

(LFHP) (cf. Table 4.6). Its mechanism is very likely to directly contribute to immediate

EIT through the physical damage to cochlear structures, cell death and inflammatory

damage. The instigation of such processes could also contribute to the cascades of the

host response to the implant and long term processes causing loss of residual hearing.
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Cochleostomy method (cf. Table 4.5), could also cause immediate damage if it is noise

exposure from the cochleostomy causing decreased LFHP [159].

The aforementioned points help confirm the significance of immediate EIT processes

but the modest regressions also clarify how immediate EIT is far from a full explanation

of the loss of residual hearing. Furthermore, they show how hearing preservation is

possibly not only dependent on surgical and device factors. 27.1% of the variance in

LFHP could not be explained by the model (cf. Figure 4.7) even though 21 factors,

including electrode array type, were tested. Bone dust from the cochleostomy (which is

likely to be more abundant in an anterior inferior cochleostomy than in a round window

cochleostomy) and blood entering the cochlea could be another cause of reduced residual

hearing. These factors could have immediate repercussions or could be contributing to

the host response to the array, to the detriment of residual hearing.

The use of intra-operative topical steroids (cf. Table 4.5), is further proof of the com-

plexity of EIT. Intra-operative topical steroids certainly reduce inflammation involved in

intrascalar blood and cell necrosis caused by mechanical damage, however, the path anal-

ysis identified that the effect of steroids did not co-vary with cochleostomy approach and

insertion depth. This implies that the steroids could be performing other actions rather

than mitigating the EIT. They could be down-regulating lymphocyte responses which

occur regardless of mechanical damage [9] or possibly down-regulating pro-inflammatory

cytokine release, which could be influencing cochlear function.

Age at implantation (cf. Figure 4.9) was another significant variable in the structural

equation model of LFHP. This variable is an indicator that acute phase loss of RH is

associated with the CI recipient’s individual biology and not solely EIT. The mechanisms

behind what in age predisposes an individual to worse hearing preservation outcomes

are unknown. However, the lower LFHP could be associated with immunosenescense

and a greater susceptibility to trauma of auditory system. Age at implantation co-varies

with aetiological detail (cf. Figure 4.9), most likely because congenital pathologies had

longer durations of deafness than acquired ones. Duration of deafness (which could not

be tested for) is therefore possibly part of the effect of age.

Works which emphasise the synergistic effect of combining electric and acoustic stimula-

tion [99], or emphasise the importance of preserving the biological infrastructure in the

implanted ear [8], highlight the importance of understanding the cause of loss of resid-

ual hearing. As the body of evidence supporting the role of inflammation in hearing

preservation grows, there are multiple control points of inflammation [191] which could

be possible therapeutic or preventive routes: i) ‘Go signals’, which are part of the innate

immune response to trauma but are not beneficial with aseptic surgical techniques. ii)

‘Stop signals’ progressively which raise the threshold for continuing the inflammatory
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reaction. iii) Signals for switching from tissue-damaging processes to ones which pro-

mote tissue repair. iv) The manipulation of genes to promote the solubilization and

clearance of immune complexes and cellular debris, or the progression of leukocytes and

lymphocytes to apoptosis, or the avoidance of oxidative injury.

6.2 An individual biological component in complex cochlear

implant adverse events

The concept of individual biological variables is very relevant in CI failures. The CI ad-

verse events meta-analysis (cf. Chapter 3) analysed reports from the MAUDE database

of implantable device failures. The most striking finding was the relatively high and

apparently growing incidence of complex adverse events affecting hearing performance.

These are the events associated with gradual and idiopathic performance decrements

where there is no apparent device malfunction. Concurrently, device-related failures

have been decreasing with time and the awareness of soft failures increasing, so the

change in proportions has been attributed to an improvement in device reliability and

increase in complex failure reporting frequency. The result is that complex adverse events

now need to be adequately prioritised as they have grown in prominence. The cause of

failure in complex adverse events has not been identified but an analysis of the reports

established that they were unlikely to be due to device malfunctions. This opens up the

possibility of individual biological variables being at the root of the problem. Through

an analysis of what is known about the human response to cochlear implantation, and

through exclusion of other possible causes, the possibility of inflammatory state being

involved in complex failures becomes real. The inflammatory model of adverse events

departs from the mechanistic view of hard failures and attempts to explain 26.9% of

failures [77]. People with cases of gradual performance decrement could be producing

larger scale inflammatory host responses to the implant with accumulation of inflamma-

tory damage at the interface between the electrode array and residual auditory system.

6.3 Link between systemic and inner ear inflammation

The murine study (cf. Chapter 2) introduced the concept of similarities between the

brain and the cochlea in having specialised adaptive immunity rather than absolute im-

mune privilege [39]. The possibility of the inner ear generating a local immune response

(anti-body production) has long been established but the result was produced by directly

insulting the cochlea with antigens such as keyhole limpet hemocyanin (KLH) [192, 193]

and not through a systemic insult whilst avoiding a breach of the blood-brain barrier.
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The murine experiment identified differences in inflammatory cell-count between young

(normal hearing) and older (hearing impaired) mice. About ten-fold more CD68 ex-

pressing cells were present in the auditory nerve and basal region of the spiral ganglion

of ARHL mice.

Microglial change indicates that the inner ear is capable of immune changes, most likely

in response to ARHL. This work is amongst some of the earliest evidence of microglial

involvement in ARHL. It gives stronger grounds for the hypothesis of microglia in the

auditory nervous system being susceptible to influence from systemic factors, similar

to a model of delirium/ relapse in Alzheimer’s dementia [38, 11]. Such animal models

concern neural systems in degeneration (such as Alzheimer’s disease and Multiple Scle-

rosis), resulting in sustained elevated inflammatory levels and ‘primed’ microglia (Figure

2.6). In animal models of dementia (using prion mice) primed microglia are further ac-

tivated by peripheral insults into an over-reactive phenotype, and produce neurotoxic

compounds. The result is a compromise in neuronal function causing reversible cognitive

and/or neurological deficits. If microglial priming also occurs in the auditory system, it

introduces a similar possibility for dysfunction in the auditory system.

The human outcomes study continued testing the same hypothesised link between sys-

temic inflammatory state and cochlear inflammatory state through the measurement

of auditory performance. The clinical experiment produced statistically significant lin-

ear and multiple regressions between a pro-inflammatory marker in serum (IFNγ ) and

clinical outcome measures in CI (LFHP and BKBn). The regressions were somewhat

expected as there is a significant improvement in LFHP when patients were given intra-

operative topical corticosteroids [194]. Steroids have an anti-inflammatory action and so

it can be inferred that reduction of inflammation in the cochlea had positive effects on

LFHP. However, it was uncertain whether a systemic measure (peripheral bloods) would

reflect this and whether there would be enough variation in inflammatory state amongst

CI patients to observe the regression. The findings from multiple regression analysis and

structural equation modelling (cf. Chapter 5) indicate a causal relationship between the

IFNγ and the outcome measures of LFHP and BKBn. This has implications for clin-

ical practice and also suggests that the hypothesised link between systemic and local

auditory inflammatory state may exist. It is still unknown whether the cochlear inflam-

matory state is the complete driver behind observed changes in hearing performance or

whether systemic inflammatory state is also affecting the local cochlear inflammatory

environment. If, as in animal models, a peripheral inflammatory stimulus results in

repercussions in the brain, then there is a possibility systemic inflammatory state to

have repercussions in cochlear inflammatory state (and not just reflect it).
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The N number of the clinical study was small (cf. Figure 5.20) and the inconsistency

between patients in the time of post-operative PTA measurement for the evaluation

of LFHP further confounds the claim of causality. PTA was collected at 1 week after

surgery for 6 patients, 2 months after for 2 patients, 5 months after for 2 patients, and 8

months after for 1 patient. Percentage change in IFNγ also varied in time of occurrence,

as patients had the largest spike at varied post-operative points. A link between the

patient’s inflammatory state and both hearing preservation and speech in noise outcomes

has however been proven and this merits further investigation.

6.4 Understanding the biological mechanisms of microglial

change in hearing loss

The murine study has implications for cochlear implantation, as the procedure is carried

out on deaf people who may also have different cochlear inflammatory environments to

normal hearing people. It is not yet known how neurons outside the direct chain of

degeneration are involved in this pathology, for how far past the spiral ganglion these

changes are observed, or even if microglia are the only glia that change in hearing loss.

The identification of microglial clusters is further indication that a pro-inflammatory

environment could be developing along with the hearing loss. Confirming their presence

as a feature of the hearing loss would generate a better understanding of ARHL mice at

the very least.

Further murine work could yield information directly transferable to clinical outcomes.

The concept of change in the cochlear inflammatory environment during hearing loss is a

new one requiring more work for it to be established. There is indication (because of the

elevated CD68) that parts of the cochlea are becoming more inflammatory, but it is still

unclear how sensitive the environment is to local insults (such as surgery) or systemic

inflammatory changes. Such knowledge alone could have an impact on the management

of patients with inflammatory conditions.

Further work with anti-IBA1 (a microglial antibody which is independent of microglial

state of activation), anti-CD11c (a microglial pro-inflammatory antibody which to con-

firm CD68) and other mouse strains that develop severe ARHL at earlier ages would

help confirm the observations made in the experiment. It is of particular importance

when considering the progress being made in the design of modern electrode arrays.

Experimental cochlear implants are currently being designed to elute anti-inflammatory

drugs to decrease the host response to the implant, or neurotrophins in order to encour-

age dendritic growth towards the array [195, 196, 197]. This only increases the urgency



Chapter 6. Conclusions 133

for a better understanding of the pathological mechanisms of hearing loss before other

variables are introduced into an already very complex system. Experimental murine

work was ended at this point in order to focus efforts on other planned projects.

A proteomic analysis of cochlear fluids collected in the human experiment (cf. Chapter

5) would help determine whether a link between the local auditory inflammatory en-

vironment and systemic inflammatory state exists. Cochlear perilymph and peripheral

bloods were sampled from all patients during the clinical study. It would therefore be

possible to see whether there are any similarities in inflammatory profile between the

two samples. Unfortunately, only one cochlear fluid sampling is possible during the

time course of a successful CI procedure. A re-implantation study would be necessary

to see whether changes in inflammatory state are mimicked from local to systemic or

vice versa. A better understanding of the peri-lymphatic proteome could also provide

indications for treatment of cochlear inflammation.

6.5 Clinical considerations

The results of the human study raise topics for debate: “Is the evidence strong enough

to warrant the routine use of intra-operative steroids for all CI patients?”, “Should

a round window cochleostomy approach be the first attempt in all surgeries?” and,

“Should insertion depth be reduced when attempting to preserve residual hearing?”

The use of intra-operative steroids has multiple points of discussion. There is a growing

body of evidence which indicates that steroid use limits the host response during the

implantation of a biomaterial and could reduce or slow down the development of fibrosis

and neo-ossification in the scala tympani. The use of steroids could also help reduce

the impact of inflammatory damage from the noise when drilling the cochleostomy or

mechanical damage from insertion trauma. Furthermore, the empirical use of steroids

across multiple implant centres across the world has yet to produce any adverse events

that were recorded between the years 2000 to 2010. On the contrary, multiple outcome

studies report success and this meta-analysis found that 72% of patients receiving intra-

operative steroids had better hearing preservation than the median group where no

steroids were used. The type of steroid used, dosage, method of delivery and duration

of treatment (via the use of slow eluding gels or implants with reservoirs) needs to

be ascertained in order to optimise the treatment. However, after processing a lot of

evidence favouring the use of steroids in cochlear implantation, it seems reasonable to

conclude that continued steroid use and an extension of their use to atraumatic surgical

protocols even where there is little residual hearing could be beneficial. A randomised

controlled trial would be useful in ascertaining the true effect size of the use of steroids in
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the surgery however, it seems highly unlikely, after the meta-analysis and on a theoretical

level, that they would have no effect on CI outcomes.

The use of a round window cochleostomy versus an anterior inferior cochleostomy has

been debated for about two decades; with periods where one approach is favoured and

vice versa. The surgeons consulted in the multicentre trial all favoured the use of a

RWC when possible, and conversations with other surgeons outside the UK indicated

that the RWC is also currently more favourable when possible. Fitzgerald O’Connor &

Fitzgerald O’Connor (2010) [150] found that 55.7% of surgeons feel a RWC is somewhat

or very important, whilst 26.3% of surgeons feel it is somewhat unimportant or not

important at all (ref). RWC’s are favoured by most surgeons because when the RW is

visible, less time is needed for drilling and so there is less acoustic trauma. Also, the

technique avoids drilling a hole in the wall of the scala tympani and there is less risk

of bone dust and blood entering the scala tympani since drilling is stopped earlier. In

the hearing preservation meta-analysis, 84.7% of patients who received a CI via a RWC

had better low frequency hearing preservation than the median of those who had an

AC insertion. The evidence points towards the use of a RWC when possible, but again,

a randomised controlled trial is needed to ascertain the true effect size of the use of a

RWC over an AC.

Reducing insertion depth for gains in preserved hearing comes with larger repercussions

than the aforementioned factors. In the structural equation model built from the hear-

ing preservation meta-analysis, insertion angle has a standard deviation of 68.39 and

low frequency hearing preservation had a standard deviation of 26.3%. The β of the re-

gression was -0.46, so for every standard deviation increase in insertion depth, a 12.1%

reduction in LFHP is expected. When the electrode array is inserted a full turn into the

cochlea, a loss of 63.7% is estimated. However, it is unknown how much functional gain

in electronic hearing will be lost for every degree the electrode array is not inserted. The

benefits of more electrode coverage are discussed in Chapter 5 but no multiple regression

data could be found. The Hybrid 10-mm clinical trial [188] showed the dangers of having

an array which is too short (similar to a very small insertion angle), as people needed to

be re-implanted with longer electrodes in order to benefit from more electrical hearing.

The structural equation model in Chapter 5 adds a layer of complexity when consider-

ing the compromise between hearing preservation and deeper array insertion. It showed

no significant regression between LFHP and other hearing outcome measures; which are

normally considered partly dependent on LFHP. This indicates that the gains from good

electrode array coverage mask some of the repercussions of reduced hearing preservation.

The importance of hearing preservation has been repeatedly highlighted throughout this
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thesis but hearing preservation cannot come at the cost of the main goal of the inter-

vention; which is improved functional hearing performance. If the models in Chapters

4 and 5 could be integrated and expanded, a formula which adequately identifies the

best compromise between the two can be theoretically established. This would help give

surgeons and CI manufacturers guidance on electrode design and ideal insertion depth.

However, the problem is far from simple, as the volume, flexibility and mechanical re-

sistance given by each electrode array varies. It seems likely that some form of in vitro

insertion trauma evaluation needs to be agreed upon first. Therefore, there currently is

not enough information to make an informed decision on ideal insertion depths, but it

will need to involve the patient’s audiogram.

It is difficult to ascertain a central factor behind success in hearing preservation is, or

if one even exists. Yet most attempts at improving hearing preservation rates are fo-

cused on the array or surgical procedure. The lack of covariance between cochleostomy

approach, insertion angle and intra-operative topical steroids, at least for the LFHP

model, is an indication that success in cochlear implantation is multi-factorial. Even so,

a lot of the variance in LFHP remains unexplained. Correlational analysis in Chapter 4

also indicated an effect of: aetiology of hearing loss, progressive vs stable hearing loss,

electrode array type, and steroids (any route); however path analysis suggested that

these were significant due to covariance with the 3 former factors which significantly

regressed with LFHP. There were two variables which did not result as significant in

serial statistical testing but were indicated as possible effectors when using path analy-

sis: implantation centre, and age at implantation. This is possible because variables can

regress significantly without correlating and it is even more possible when directionality

and covariance is considered as in path analysis. The intended aim of Chapter 5 was

to test inflammatory state as an additional variable in the model and consolidate the

variables which already resulted as statistically significant. As the study was observa-

tional, longitudinal and had to be conducted within a limited time-frame, there were

not enough time points or a large enough sample size to do this.

Peripheral bloods are samples which require relatively little expertise to collect and

are commonly analysed in hospital settings. The high accessibility of the biomarkers

warrants frequent collection from willing patients in order to confirm the finding. The

further research into the modulation of cochlear inflammatory state in order to gain in

cochlear implant outcomes would benefit from such samples. Even if no attempt is made

to modulate cochlear inflammatory state, it could be used as a possible explanation of

soft failures. The issue still remains whether the evidence is sufficient that patients

who exhibit a systemic inflammatory spike at this moment in time should receive anti-

inflammatory treatment. In the structural equation model built from clinical study (cf.

Chapter 5), max absolute change in IFNγ has a standard deviation of 218.44% and LFHP
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and BKB in noise scored had standard deviations of 30.69% and 34.53% respectively.

The β of the regression was -0.89, -0.93 respectively so if % change in IFNγ reaches a

100%, a 12.5% reduction in LFHP and 14.7% reduction in BKB in noise is expected.

Such reductions are clinically relevant and therefore warrant considering some form of

anti-inflammatory therapy when patients are experiencing such changes. However, there

are significant repercussions in the use of anti-inflammatories and so a controlled trial

would be necessary. It is also unknown whether treatment once the inflammatory spike

has already occurred could, prevent, stop or reverse some of the inflammatory damage.

In conclusion, this body of work has highlighted the need for much larger multinational

collaborations to effectively consolidate multiple findings in a time-frame which is at an

equal pace with the research and development of these devices. Although more work is

needed, it is clear that links between inflammatory state, hearing, cochlear implantation

and hearing preservation exist and warrant further investigation. Such considerations

are just one way how a stratified approach to cochlear implantation can begin becoming

a reality and produce better results with less variably in cochlear implantation. Doing

so could make the procedure an option available for more people and help alleviate the

societal and individual burdens of unwanted deafness.
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Materials and Apparatus:

• Bone rongeurs

• Sharp 5” straight dissecting scissors

• Dissecting forceps

• Tweezers with curved mouth.

• Falcon tube

• Bijou tube x 4

• Petri dish x 2

• Small plastic beaker x 2

• Dry ice in container

• Rod-shaped object with flat end (flat end surface area slightly larger than sample)

• PBS solution

• Decalcification Solution-Lite (Sigma)

• 30% sucrose solution in PBS

• 30 mL isopentane.

• Aluminium foil.

• Optimal Cutting Temperature (OCT) matrix

Procedure:

1. Manually remove skin from severed murine head and remove surface tissue and

eyes using dissecting scissors.

2. Place head in falcon tube with recommended volume of decalcification solution for

2 hours.

3. Remove head from decalcification solution (keep solution) and place in PBS in

petri dish.

4. Use rongeurs to break maxilla and mandible (stabilise head with forceps) and cut

away snout and lover jaw with scissors. Perform all dissection in PBS to keep the

tissue fresh.

5. Remove superior parts of frontal and parietal bones to expose brain and remove

brain to expose skull base.

6. Divide skull in two along coronal plane and trim away excess bone leaving portion

of mastoid bone containing cochlea.

7. Place halves of skull in bijous and fill with 5 mL of saved decalcification solution

for 4 hours.

8. Remove samples from bijous and rinse well in PBS to quench decalcification.
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9. Place samples in sucrose solution in bijou and refrigerate until the samples float

(which should take a few hours). Samples are now for ready for OCT embedding.

10. Put 15ml 100% isopentane into each of the plastic beakers.

11. Place beakers onto dry ice for 20 minutes.

12. Prepare sample containers by wrapping foil around the bottom part of the rod-

shaped object with flat end. Press the flat end against a hard surface to make the

foil as flat as possible.

13. Gently remove the rod shaped object from inside the foil. The height of the foil

container should be larger than the height of the sample about to be embedded.

14. Remove the samples from the 30% sucrose and gently dry using a non-fibrous

tissue.

15. Place a 2 cm diameter lump of OCT in the centre of the Petri dish - use a bottle

of OCT which has been inverted for at least 30 minutes, so as to reduce bubbles.

16. Place same on OCT in Petri dish and coat sample with more OCT from on top.

17. Roll in OCT ad leave to rest for 1 minute.

18. Label foil container and fill with thin layer of OCT.

19. Place sample inside foil container; with side to be cut facing the bottom and coat

with OCT.

20. Float on top of isopentane using tweezers until white and frozen through. The

freezing should be quick. Adequate time should be given for the alkane to cool

down again between samples. Replenish isopentane and dry ice accordingly.
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Materials and Apparatus:

• Oven

• Tilt mixer

• Slide rack

• Slide jars

• Innunohistochemistry tray

• Clover slips

• Fume hood

• 100% Ethanol and distilled water to make lower concentrations

• PBS solution

• PBS Tween 20 (0.05%)

• Methanol

• Hydrogen peroxide

• Normal rabbit serum

• Anti FA11 primary antibody (anti CD68). 1:500 antibody in PBS solution

• Biotinylated 2◦ antibody (rabbit anti rat). 1:100 2◦ antibody in PBS

• AB complex (Avidin solution and Biotyl enzyme)

• 3,3’-Diaminobenzidine 25 mg/mL concentration x 5 mL

• 0.1M Phosphate Buffer

• Haematoxylin

• 1% acid alcohol mixture (3 mL 37.2% HCl, 397 mL 100% ethanol)

• Xylene

• DPX mountant

Procedure:

1. Incubate sections at 37◦C for 30 mins.

2. Postfix: Place into 100% ethanol for 10 mins.

3. Wash in PBS Tween on tilt mixer for 5 mins.

4. Endogenous peroxidase block: 1% H202 in methanol for 15 mins (100 µL 30%

H202 in 299.9 mL Methanol).

5. Wash in PBS Tween for 5 mins x 2

6. Block sections in 10% Normal rabbit serum or 5% BSA for 40 mins.

7. Wash in PBS Tween for 5 mins x 2

8. Incubate in primary antibody solution overnight.

9. Wash in PBS Tween on tilt mixer for 5 mins x 2

10. Incubate in biotinylated 2◦ antibody (rabbit anti rat) for 1 hour at RT. 1:100

2antibody in PBS.
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11. Make ABC solution: 1 drop A (Avidin Solution), 1 drop B (Biotyl enzyme), 5 mL

PBS. Allow to mix on shaker for 40 mins.

12. Wash in PBS on tilt mixer for 5 mins x 2

13. Put on ABC solution for 30 mins at room temperature.

14. Wash in PBS on tilt mixer for 5 mins x 2

15. Put in DAB solution: 250 mL 0.1M phosphate buffer, 5 mL DAB solution, 125 µL

H202.

16. Check for staining after 30 seconds, then in 10 second intervals.

17. Put into PBS to stop reaction.

18. Wash in PBS on tilt mixer for 5 mins x 2

19. Counter stain with haematoxylin -5 mins in haematoxylin.

20. Tap off excess haematoxylin and place sections into clean tap water to wash off

excess haematoxylin x 4

21. Place sections into 1% acid alcohol for two dips.

22. Place section back into tap water and differentiate the haematoxylin stain by

allowing clean tap water to flow over the sections 2mins.

23. Once haematoxylin stain has turned blue place into 70%, 80%, 95%, 100% I, 100%

ethanol II (clean) for 5 mins.

24. Place into xylene I, II (clean) for 10 mins.

25. Clover slip with DPX mountant.

26. Leave to dry in fume hood.
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Background removal, separation of vectors, selection of haemotoxylin colour,

conversion into mask, filling in holes and saving:

\lstset{basicstyle =\ttfamily , columns=fixed}

dir1 = getDirectory (" Choose Source Directory ");

dir2 = getDirectory (" Choose Destination Directory ");

list = getFileList(dir1);

setBatchMode(true);

for (i=0; i<list.length; i++) {

showProgress(i+1, list.length );

open(dir1+list[i]);

run(" Subtract Background ...", "rolling =50 light ");

imgName=getTitle ();

run(" Colour Deconvolution", "vectors =[H DAB ]");

selectWindow(imgName + "-(Colour_3 )");

close ();

selectWindow(imgName +"-( Colour_1 )");

close ();

selectWindow(imgName + "-(Colour_2 )");

setThreshold (0, 146);

run(" Convert to Mask ");

run("Fill Holes ");

title = getTitle ();

print("title: " + title);

saveAs ("Tiff", dir2+title);

close ();

}

Counting of particles between 30µm–900µm in size and saving outlines:

\lstset{basicstyle =\ttfamily , columns=fixed}

dir1 = getDirectory (" Choose Source Directory ");

dir2 = getDirectory (" Choose Destination Directory ");

list = getFileList(dir1);

setBatchMode(true);

for (i=0; i<list.length; i++) {

showProgress(i+1, list.length );

open(dir1+list[i]);

run("Set Scale ...", "distance =63 known =10 pixel=1 unit=um");

run(" Analyze Particles ...", "size =30.00 -900.00 circularity =0.00 -1.00

show=Outlines summarize ");

title = getTitle ();

print("title: " + title);

saveAs ("Tiff", dir2+title);

close ();

}

*Copying and pasting from pdf could introduce unwanted spacing in the code and ImageJ

would then be unable to recognise commands. This most commonly occurs after the ”

symbol. Please refer back to this page and manually edit pasted text for correct spacing.
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Trends in Cochlear Implant Complications:
Implications for Improving Long-Term Outcomes

*Andrew Causon, *Carl Verschuur, and †Tracey A. Newman

*Institute of Sound and Vibration Research, and ÞClinical Neurosciences, Institute for Life Sciences, Faculty of
Medicine, University of Southampton, Southampton, U.K.

Objectives: To review worldwide data on cochlear implant ad-
verse events, test for significant trends over a 10-year period and
discuss possible reasons behind such trends. To evaluate the
suitability of the Manufacturer and User Facility Device Experi-
ence (MAUDE) database for analysis of trends in cochlear implant
adverse events.
Study Design: Retrospective analysis of cochlear implant ad-
verse events reported to the U.S. Food and Drug Administra-
tion (FDA) as recorded on the MAUDE database. Data for each
adverse event reported in the years 2000 (n = 237), 2005 (n =
1089), and 2010 (n = 2543) were evaluated and assigned to one
of 14 categories according to report content. Incidence data were
compared across the 3 sampling points to determine trends.
Hypothesis: Improvements in cochlear implant manufacturing
processes and surgical techniques would result in a decrease in

the proportion of CI adverse events because of primary device
failure or surgical factors, relative to those with complex, multi-
factorial or idiopathic origins, over the 10 year sampling period.
Results and Conclusion: Statistical analyses showed a signif-
icant increase over time in the proportion of CI adverse events
that had multiple or unknown causes, particularly cases of gra-
dual idiopathic loss of performance, as compared with those
with a clearly defined underlying device-related or medical cause.
Conclusions: Findings suggest that there is an urgent need to
undertake further research to investigate causes for idiopathic
and gradual CI adverse events to continue the overall improve-
ment in CI outcomes. Key Words: Adverse eventsVCochlear
implantsVComplicationsVU.S. Food and Drug Administration
dataVInflammationVSurgical outcomes.
Otol Neurotol 34:259Y265, 2013.

Cochlear implantation is a highly effective treatment
for severe-to-profound deafness, with around 219, 000 co-
chlear implant (CI) recipients across the world (1). A small
but significant minority of CI users will experience some
form of adverse event or complication, ranging from ab-
normal auditory or physical sensations to complete device
failure (2). The cumulative effect of such adverse events
has a substantial economic and emotional impact on co-
chlear implant recipients, health-care providers, and man-
ufacturers. A child receiving a cochlear implant is likely
to need a number of reimplantations during their lifetime.
As a consequence, improving our understanding of the
cause of cochlear implant adverse events is critical in pre-
venting or at least minimizing the economic, emotional,
and financial costs of these events. Adverse events are clas-
sified as hardware failures, medical failures, or soft failures
(2,3). Hard failures are cases of implant device malfunction,

which can be definitively measured through device tele-
metry. Medical failures are those in which a specific med-
ical cause, such as skin flap infection, can be identified.
Soft failures are adverse events in which a specific source
of failure has not been identified (4), but explantation
and reimplantation is indicated. Although these broad cat-
egories are now widely accepted in both the medical lit-
erature and manufacturer reports, it may also be desirable
to interrogate more specific categories of adverse events
and trends in such events. In the present study, we used
the Manufacturer and User Facility Device Experience
(MAUDE) database to determine detailed trends.

We first sought to establish the incidence and pattern
of cause for adverse events from recent published studies,
particularly where these were available since the recent
consensus statement on soft failures in 2005 (4). Studies
were identified via search terms (cochlear implant*) AND
(reimplantation OR revision OR retrospective OR failure*
OR adverse event*). The database used was Web of Sci-
ence, and the search was limited to articles published from
2005 onward. The search yielded 15 retrospective studies
that report reimplantation, revision surgery, and cochlear
implant failure rates and remedial actions taken (3,5Y18).
Data gathered from the 15 studies are shown in Table 1.

Address correspondence and reprint requests to Carl Verschuur, Ph.D.,
Institute of Sound and Vibration Research, Faculty of Engineering and the
Environment, Highfield, Southampton SO17 1BJ, U.K.; E-mail: cav@
isvr.soton.ac.uk
The work was made possible via a PhD studentship grant funded by

MED-EL Corporation and the University of Southampton. Dr. Verschuur
and Dr. Newman are employees of the University of Southampton.
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34:259Y265 � 2013, Otology & Neurotology, Inc.
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Estimates of incidence are given for 3 groups: child (e17 yr
of age), adult or mixed children and adults; adverse events
are given as an absolute number and proportion for each
group. Where separate data on revision surgery, rather than
reimplantation, were available, these are indicated sepa-
rately. Total percentage of adverse events defined as hard
and soft failures are also indicated, where available. From
this review, we estimated the average rate of RCI surge-
ries for children to be 10.7% (7.9%Y12.9%); these include
electrode repositioning, skin flap corrections, CI explan-
tations, and CI reimplantations. The mixed rate of 8.9%
(7.5%Y10.2%) for adults and children is almost 2% lower.
This is mirrored in CI reimplantation rates, which were
6.9% for children, 4.5% for adults, and 6.2% for adults
and children. A number of studies state the duration that a
CI remains functional before the complication occurs. Aver-
aging all the time estimations from 6 studies gave a mean
duration to failure of 51 months. However, there are var-
iations in this interval, with some reports identifying sig-
nificant differences between children and adults (17) and
others stating no difference (10). Table 1 shows a mean
overall rate of 44% hard failures and 15% soft failures
among studies where classification between the 2 failure
types are available.

Although these data give some idea about incidence
and cause, there is large variation between estimates, as
indicated by ranges shown in Table 1, reflecting the fact
that studies are generally confined to a single center. More-
over, it is not possible to determine more detailed cause
from most studies. At the same time, data provided by CI
manufacturers is also limited as a source to define overall
trends as data are limited to specific device types, and the
basis for reporting varies somewhat between manufacturers,
and may exclude cases where primary device malfunction
is not defined as the main cause. Based on these limitations
of the available published evidence, we elected to access
data from the MAUDE database. This provides a useful
source of evidence for wider adverse event trends (2) and
allows characterization in terms of fairly detailed adverse
event cause.

MAUDE is a medical device database maintained by
the U.S. Food and Drug Administration (FDA), which
comprises data from reports of adverse events involving
medical devices. It is updated on a weekly basis. The data
consist of all voluntary reports since June 1993, mandatory
user facility reports since 1991, distributor reports since
1993, and mandatory manufacturer reports since August
1996. Manufacturers are required to submit reports within
30 days of becoming aware of the event, whereas implant
centers (user facilities) have a 10-day limit to do so. Im-
portantly, adverse event reports to MAUDE come not
only from the United States but also from Australia and
Asia (as indicated by the country codes in the reports).

We sought to review data from the MAUDE database
across 3 periods (2000, 2005, and 2010) to evaluate trends
in cochlear implant adverse event patterns. It should be
noted that data on reimplantation or other revision sur-
gery were not available from the MAUDE data set, so it
was not possible to estimate the hard versus soft failure

distinction directly in the data we interrogated. Moreover,
a more detailed characterization of adverse event typology
may also be useful in understanding trends. We defined a
modified classification scheme for adverse events with 14
possible categories of adverse event (Table 2), which ex-
tended a previous classification system based on MAUDE
data (2) The classification scheme was developed to pro-
vide as fine-grained detail as possible in characterizing
adverse events from entries in the MAUDE database while
still allowing for appropriate statistical analysis of trends.
Further details on classification methodology are given in
the method section.

We considered what underlying factors might drive
trends in adverse events. The 3 major CI manufacturers
have claimed increased reliability with each new genera-
tion of CI device (19Y21). If this is the case, it would be
anticipated that the proportion of adverse events because
of device malfunction would have decreased over the last
decade. It might also be anticipated that increasing ex-
perience and specialist expertise in surgical techniques
with increased worldwide numbers of CI surgeries might
have yielded a reduction in surgery-related adverse events.
Of particular interest was the possible role of inflamma-
tory processes in driving CI adverse events. Chung et al.
(3) found that half of those experiencing soft failures had
an inflammatory condition (meningitis, head trauma, and
asthma), raising the possibility that the immune system
and inflammation has an important role in some device
failures or other adverse events. A proportion of those ex-
periencing device failure have gradual loss of aided hear-
ing function, which would be consistent with a prolonged
underlying pathophysiologic process (1,22), in particu-
larly inflammation. Given this, we also hypothesized that
the proportion of gradually developing or idiopathic events
(here deemed ‘‘complex’’) would have increased relative
to adverse events with a specific device or clearly defined
medical cause over the same period, given the lack of any
factors we are aware that would have led to a reduction in
biological factors such as inflammation driving adverse
outcomes.

METHOD

All MAUDE device reports for the years 2000, 2005, and
2010 were downloaded as raw text files and then filtered for
the ‘‘MCM’’ device code tag, which is for CI-specific reports.
Additionally, narrative reports were downloaded as raw text files
and associated with the device reports using a MATLAB algo-
rithm, via the unique MDR report key, which was common to
both types of report. A mean of 2 narrative descriptions per ad-
verse event was calculated (median value is also 2).
Adverse events were classified according to the primary moti-

vation for filing the report. The event classification system used
by Tambyraja et al. (2) was adopted based on the need to cate-
gorize MAUDE report data. However, after initial querying of
the data set, this approach was extended to include some types
of events that were not previously noted by the authors of that
paper, who analyzed data from pre-1998 up to 2002. This may
be the reason why their classification did not include ‘‘idio-
pathic gradual performance decrement,’’ ‘‘idiopathic hearing
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performance issues,’’ ‘‘gradual device malfunctions,’’ and ‘‘idio-
pathic loss of lock.’’ These adverse events were a very small sub-
group of reports at the time and could have easily been classified
as ‘‘nonverifiable patient complaints.’’ While examining the
data, we identified sufficiently clear trends in reports of these
types of event. Based on qualitative analysis, it was also deemed
appropriate to distinguish between confirmed spontaneous de-
vice malfunctions of the receiver/stimulator and other parts of
the device. Intrarater reliability was evaluated by having the same
person who rated the reports originally reassess a randomly se-
lected quotient of 10% of the reports 4 months after they were
originally rated, with no access to original classifications. This
showed an intrarater reliability of 93%.

RESULTS

A total of 3,869 reports, of which, the majority were
submitted by manufacturers, were reviewed. Reports dated
from the 1st of January to the 31st of December for the
years 2000 (n = 237), 2005 (n = 1089), and 2010 (n = 2543)
were evaluated. Seventeen reports were excluded either
because the device in question was not specified or be-
cause the incidents were related to device batteries or ex-
ternal equipment. Less than 0.1% of reports failed to give
narrative descriptions of the adverse event. Figure 1 displays
the percentage distribution for each group across each
sampling period. The figure also highlights the adverse
events that may be considered more complex, for exam-
ple, without a single clearly identified cause, for exam-
ple, idiopathic gradual performance decrement, idiopathic
hearing performance issues, gradual devicemalfunction, and
idiopathic loss of lock.

Chi-squared tests were performed to test whether the
rates of different adverse event types changed across the
sampling period (Fig. 2). The figures show the categories
of adverse events that were associated with significant
changes in frequency across 1 or more of the 3 intervals.
Certain patterns could be explained by improvements in

device quality and implantation method, for example, the
number of cases of electrode migrations significantly de-
creased between the years 2000 (7%) and 2005 (3%) and
did not change significantly from 2005 to 2010 (4%). Con-
firmed spontaneous device malfunctions of the electrode or
receiver stimulator greatly decreased over the 10-year sam-
pling period with significant changes from 2000 (54%) to
2010 (32%) and also from 2005 (46%) to 2010. Trauma-
induced device malfunctions decreased significantly over
the 10-year sampling period, with percentage distributions
in 2000 (11%) decreasing to 6% in 2010. (This could be
attributed to the devices being more resistant to impacts.)
Reported electrode migrations also decreased significantly
over the 10 years, with percentage distributions in 2000
(7%) decreasing to 3% in 2005 and no significant change
between 2005 and 2010 (4%) distributions. Confirmed
spontaneous device malfunctions of other parts of the im-
plant (excluding the electrode or receiver stimulator, see
Fig. 2b) significantly decreased between 2000 (1%) to
2005 (0%) and then increased again between 2005 and
2010 (1%). This might be a statistical anomaly because
of low incidences of this type of event. In general, no
significant changes were found over the 10-year period.

Idiopathic hearing performance issues were the sub-
group of adverse events that grew most over the 10-year
sampling period. There was a significant increase from
the year 2000 (5%) to 2005 (7.5%) and also from 2000 to
2010 (11%). Gradual device malfunctions followed the
same pattern: there was a significant increase from the
year 2000 (1%), to 2005 (3%) and also from 2000 to 2010
(5%). Idiopathic gradual performance decrement also dis-
played a pattern of growth across the sampling period.
Adverse events significantly increased from the year 2000
(0%) to 2005 (1%) and a relatively large and significant
increase between the years 2005 to 2010 (5%). Reports
of idiopathic loss of lock increased markedly from 2005
(0.3%) to 2010 (6%), although no reports in this category
were given in 2000. The numbers of nonverifiable patient

TABLE 2. Numbers and percentages of cochleare implant adverse events of different types over time

Adverse event category Examples

Surgical technical complication Perilymph leak/fistula/gusher, extracochlear/ partial electrode placement, electrode doubling over,
CSF gusher, device damage during corrective surgery

Electrode migration Full/ partial electrode migration
CSDMaVelectrode/ receiver stimulator Electrostatic discharge, intermittencies due to malfunction, broken hermetic seal, receiver-stimulator

malfunction, open circuits, sudden high impedances
CSDMaVother Processor malfunction, internal magnet problems
Trauma-induced device malfunction Device ceases to function after hitting head
Idiopathic gradual performance decrement Device functioning normally however a gradual audiologic performance decrement is noted
Idiopathic hearing performance issues Lack of benefit with device, sound quality issues, overly loud sounds, extraneous sounds,

loss of sound
Gradual device malfunction Impedance worsening over time, ossification of the cochlea, fluctuations in impedance,

electrode rejection
Idiopathic loss of lock Complete loss of lock, intermittent loss of lock
Flap problem Necrosis, infection, dehiscence, extrusion, thick flap, retention issues
Nonverifiable patient complaint Dizziness, vertigo, unpleasant sensations, vibrotactile sensations, discomfort
Infection Meningitis, otitis, site not specified
Other Facial nerve involvement, allergic reaction, mental health, cholesteatoma, tech upgrade
Uncharacterizable No information given, too vague to categorize

a Confirmed spontaneous device malfunction.
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complaints also significantly increased across all of the
sampling periods, from no reports in 2000 to 3% in 2005 to
5% in 2010. Infections reported also increased across the
10-year sampling period from 1% in 2000 to 4% in 2010.

DISCUSSION

Analysis of FDA-recorded data via the MAUDE data-
base has revealed important trends in cochlear implant
adverse events. The proportion of such events, which could
be considered as having a specific external cause, for ex-
ample, electrode migration and receiver-stimulator failure,

went down markedly in the decade covered by the 3 re-
porting years. The proportion of receiver-stimulator failures
went down particularly rapidly, although this still repre-
sents the most common category of adverse events re-
ported in 2010. Over the same period, adverse events
without a specifically defined external cause, in particular
idiopathic performance decrement or hearing performance
issues and idiopathic loss of lock showed similar increases
during the same period. It was not possible to double-check
all categories against the hard versus soft versus medical
terminology as data on reimplantation were not available.
However, it seems likely that the majority of these complex

FIG. 1. Percentage distribution of different specific adverse event types reported in 2000 (a), 2005 (b), and 2010 (c). Adverse events are
grouped into the following: ‘Complex’ adverse events versus other adverse events. CSDM indicates confirmed spontaneous device mal-
function; NVPC, nonverifiable patient complaint.
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event categories would not be deemed hard failures. The
proportion of complex adverse events increased from
6.3% to 26.9% at the most recent reporting period (2010).

This study provides further evidence that the MAUDE
database is a useful resource for analysis of cochlear im-
plant adverse events (2), despite limitations in the data set
provided. Details, such as age at implantation and duration
of implantation, presence of an underlying anatomical ab-
normality, and whether reimplantation has been performed,
are not available from the database (2), with consequent
limitations in classification methodology that could be used.
We note that the recent, highly comprehensive, classifica-
tion typology developed by Battmer et al. (23) could not
be used consistently in the present study because of these
limitations in available MAUDE data. Researchers have
commented on ambiguous statements used by cochlear im-
plant companies upon assessment of the device that need
to be eliminated so as to confidently classify incidents (3).
However, Tambyraja et al. (2) concluded that, even in its
current format, MAUDE may be useful for trend analyses.
The database is regularly updated and well maintained,
with cochlear implant manufacturers being by far the major
contributors of incident reports, and reports reflect data
from a number of countries.

Some caution needs to be applied to interpretation as
the total number of reported events differs across years. One
possible explanation for apparent trends might be that
the low number of total reported cases led to an inaccurate
picture of adverse event typology. However, the trends

noted cut across each 5-year reporting gap, and data from
2005 were based on a much larger sample of adverse
events than 2000. There is no specific reason to suppose that
changes in particular bias occurred across the 3 sampling
periods. Interestingly, there were no significant changes in
the numbers of surgical technical complications in any
comparisons over time and also a significant decrease in the
proportion of electrode migrations. This would be consis-
tent with improved surgical techniques and provides some
evidence for the overall validity of the data set. The sig-
nificant reduction in the proportion of receiver-stimulator
failures is notable, suggesting better manufacturing pro-
cesses, although the reason for the increased proportion of
confirmed spontaneous device malfunction is less clear.

The most striking finding is the relatively high, and ap-
parently growing, incidence of complex adverse events
affecting hearing performance, for example, those asso-
ciated with gradual and idiopathic performance decrement.
We suggest that a possible explanation for cases of gradual
performance decrement would lie in the domain of inflam-
mation, which has been identified as being an important
causal factor in soft failures (3). Gradual hearing decrement;
poor sound quality; impedance changes and electrode re-
jection; and other complex, idiopathic or gradual adverse
events could be consistent with the development of inflam-
matory processes and accumulation of inflammatory dam-
age at the interface between the electrode array and residual
auditory system. Gradual loss of hearing function would
be consistent with inflammatory changes either within or

FIG. 2. Adverse events that experienced significant changes in frequency across 1 or more of the 3 intervals as determined by W2 testing.
*p G 0.05, **p G 0.01, ***p G 0.001.
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external to the cochlea and may parallel findings in other
compartments of the central nervous system (24) where
inflammation has been shown to drive neurodegenerative
change. Although research and engineering efforts are
rightly focused on improving electrode array design and
surgical techniques, our findings also indicate that research
is needed to better understand the contribution of inflam-
mation to CI adverse events and into other possible indi-
vidual biological causes of gradual or idiopathic device
failure. We also note, in this context, that the proportion
of adverse events related to infection was found to be high
in the data set. We suggest that further improvements
in outcomes will be significantly limited without a better
understanding of how inflammatory changes drive CI
adverse events.
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Table E.1: Descriptive statistics for scale data

LFA Insertion Insertion Contacts Channels Duration of Age at

depth angle inserted active deafness implant

(mm) (years) (years)

Mean 0.61 21.79 367.53 16.49 10.36 17.57 44.52

Median 0.63 20.50 376.50 17.00 10.00 15.00 46.00

Std. Dev. 0.30 3.87 68.39 2.18 1.22 12.77 21.81

Minimum 0.00 16.00 180.00 12.00 7.00 1.00 3.00

Maximum 1.00 31.30 540.00 19.00 12.00 51.00 87.00

CI (95.0%) 0.06 1.27 21.87 0.67 0.47 4.26 4.40
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Table E.2: Descriptive statistics for ordinal data

Factor Subcategory
LFHP

Median Mean Std. dev. N (%)

Pre-operative Yes 85.42 73.60 21.67 13 (11.8%)

IV steroids No 59.97 58.92 30.07 97 (88.2%)

Intra-operative Yes 57.24 51.48 31.09 29 (26.4%)

IV steroids No 68.74 63.94 28.41 81 (73.6%)

Intra-operative Yes 75.72 66.43 26.64 75 (68.2%)

topical steroids No 57.00 48.27 31.87 35 (31.8%)

Post-operative Yes 62.18 60.39 32.85 11 (10.0%)

steroids No 64.02 60.68 29.30 99 (90.0%)

Steroids Yes 67.55 64.68 26.95 81 (73.6%)

(any route/ timing) No 50.72 49.41 33.72 29 (26.4%)

Intra-operative Yes 61.08 61.64 29.08 28 (25.5%)

IV antibiotics No 64.50 60.32 29.83 82 (74.5%)

Post-operative Yes 65.61 64.65 26.99 33 (30.0%)

antibiotics No 61.49 58.94 30.54 77 (70.0%)

Antibiotics Yes 59.97 61.22 27.87 43 (39.1%)

(any route/ timing) No 64.98 60.29 30.72 67 (60.9%)

Hearing loss Stable 76.10 63.70 30.68 45 (40.9%)

progressive Progressive 53.09 44.19 29.70 17 (15.5%)

vs stable Unreported 65.30 63.64 26.87 48 (43.6%)

Ototoxic 98.22 98.22 2.51 2 (1.8%)

Idiopathic 57.49 61.58 26.98 16 (14.5%)

Congenital 76.10 71.70 21.83 11 (10.0%)

Hearing loss Autoimmune 86.36 86.36 NA 1 (0.9%)

(aetiological Genetic 67.85 67.85 11.14 2 (1.8%)

detail) Acquired 34.86 33.47 28.26 5 (4.5%)

Meningitis 27.52 27.52 27.72 2 (1.8%)

Meniere’s disease 19.83 19.83 NA 1 (0.9%)

NIHL 0.00 0.00 NA 1 (0.9%)

Unreported 64.98 61.41 29.44 69 (62.7%)

Combi 40+ 62.18 61.78 32.51 27 (24.5%)

Receiver Sonata 79.47 71.74 23.00 20 (18.2%)

stimulator Pulsar 77.22 75.51 14.13 10 (9.1%)

type Nucleus 43.00 40.62 26.17 11 (10.0%)

Unreported 57.49 56.36 30.79 42 (38.2%)

NIHL = Noise Induced Hearing Loss
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Table E.3: Descriptive statistics for ordinal data, Part II

Factor Subcategory
LFHP

Median Mean Std. dev. N (%)

Med-el standard 65.46 66.43 27.44 10 (9.1%)

Med-el FLEXSOFT 58.69 52.00 32.30 18 (16.4%)

Electrode Med-el FLEX24 (EAS) 78.66 67.63 25.13 47 (42.7%)

array Med-el Medium 75.70 53.98 42.11 9 (8.2%)

type Cochlear Contour Advance 48.05 41.66 25.21 12 (10.9%)

Med-el Custom 1.43 1.43 - 1 (0.9%)

Unreported 67.48 69.68 24.00 13 (11.8%)

Insertion RWC 76.44 70.86 22.06 59 (53.6%)

approach AC 53.09 48.85 32.70 51 (46.4%)

MAIC 64.02 58.42 30.79 11 (10.0%)

UUH 87.55 75.44 28.13 16 (14.5%)

JWG 64.52 59.97 30.71 22 (20.0%)

IPPH 80.88 72.37 26.30 11 (10.0%)

Implant Fremantle hospital 96.45 96.45 - 1 (0.9%)

centre* GT 63.29 62.79 23.43 8 (7.3%)

UNICAMP 62.18 56.22 28.47 7 (6.4%)

University of Wuerzburg 58.31 48.07 27.08 11 (10.0%)

Hôpital Purpan 59.58 55.27 29.27 18 (16.4%)

MUV 56.67 44.85 38.88 3 (2.7%)

UNC 28.17 28.17 39.84 2 (1.8%)

Female 75.91 61.19 32.85 38 (34.5%)

Gender Male 59.07 57.73 27.69 39 (35.5%)

Unreported 62.18 63.50 28.09 33 (30.0%)

Side Right 65.46 62.58 25.70 30 (27.5%)

of Left 64.98 59.66 32.24 51 (46.8%)

implant Unreported 57.83 59.48 29.13 28 (25.7%)

* If not stated, the name of the institution that the first author belonged to at the time was used.

RWC = Round Window Cochleostomy

AC = Anterior Cochleostomy

MAIC = Manchester Auditory Implant Centre

UUH = Uppsala University Hospital

JWG = Johann Wolfgang Goethe University, Frankfurt

IPPH = Institute of Physics & Pathology of Hearing, Poland

GT = Guy’s and St. Thomas’ NHS Hospital Trust, London

MUV = Medical University of Vienna

JWG = University of North Carolina
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Table F.1: 40 papers excluded after full text appraisal

REASON FOR EXCLUSION, authors, ‘article title’, publishing journal, (year)

NO PTA GIVEN: Gantz, Turner & Gfeller ‘Acoustic plus Electric Speech Processing:

Preliminary Results of a Multicenter Clinical Trial of the Iowa/ Nucleus Hybrid Implant’

Audiol Neurootol (2006). Turner ‘Integration of Acoustic and Electrical Hearing’ J Rehabil

Res Dev (2008). Tsukada, Moteki, Fukuoka, et al. ‘Effects of EAS Cochlear Implantation

Surgery on Vestibular Function’ Acta Otolaryngol (2013). Kim, Abbas, Brown, et al. ‘The

Relationship between Electrically Evoked Compound Action Potential and Speech Percep-

tion: A Study in Cochlear Implant Users with Short Electrode Array’ Otol Neurotol (2010).

Adunka, Buss, Clark, et al. ‘Effect of Preoperative Residual Hearing on Speech Perception

after Cochlear Implantation’ Laryngoscope (2008).

CHANGES IN PTA GIVEN: Nguyen, Mosnier, Borel, et al. ‘Evolution of Electrode

Array Diameter for Hearing Preservation in Cochlear Implantation’ Acta Otolaryngol (2013).

MEDIAN CHANGE IN PTA GIVEN: Verhaegen, Snik, Beynon, et al. ‘Preservation

of Low-Frequency Residual Hearing after Cochlear Implantation. Is Soft Surgery Effective?’

Int Adv Otol (2010).

MEAN CHANGE IN PTA GIVEN: Prentiss, Sykes & Staecker ‘Partial Deafness

Cochlear Implantation at the University of Kansas: Techniques and Outcomes’ J Am Acad

Audiol (2010).

MEAN POST-OPERATIVE PTA GIVEN: Wilson ‘Partial Deafness Cochlear Im-

plantation (PDCI) and Electric-Acoustic Stimulation (EAS)’ Cochlear Implant Int (2010).

AVERAGED AUDIOGRAMS GIVEN: Tamir, Ferrary, Borel, et al. ‘Hearing Preser-

vation after Cochlear Implantation Using Deeply Inserted Flex Atraumatic Electrode Ar-

rays’ Audiol Neurootol (2012).Skarzyski, Lorens, Matusiak, et al. ‘Partial Deafness Treat-

ment with the Nucleus Straight Research Array Cochlear Implant’ Audiol Neurootol

(2012). Skarzyski, Lorens, Zgoda, et al. ‘Atraumatic Round Window Deep Insertion of

Cochlear Electrodes’ Acta Otolaryngol (2011). Skarzyski, Lorens, Piotrowska & Podskarbi-

Fayette ‘Results of Partial Deafness Cochlear Implantation Using Various Electrode De-

signs’ Audiol Neurootol (2009). Skarzyski, Lorens, Piotrowska & Anderson ‘Partial Deaf-

ness Cochlear Implantation Provides Benefit to a New Population of Individuals with

Hearing Loss’ Acta Otolaryngol (2006). Lorens, Polak, Piotrowska, et al. ‘Outcomes of

Treatment of Partial Deafness with Cochlear Implantation: A DUET Study’ Laryn-

goscope (2008). Lenarz, James, Cuda, et al. ‘European Multi-Centre Study of the Nu-

cleus Hybrid L24 Cochlear Implant’ Int J Audiol (2013). Lenarz, Stver, Buechner, et al.

‘Hearing Conservation Surgery Using the Hybrid-L Electrode. Results from the

First Clinical Trial at the Medical University of Hannover‘ Audiol Neurootol (2009).

Helbig, Van de Heyning, Kiefer, et al. ‘Combined Electric Acoustic Stimulation with the

PULSAR CI100 Implant System Using the FLEXEAS Electrode Array‘ Acta Otolaryngol

(2011). Gstoettner, van de Heyning, OConnor, et al. ‘Electric Acoustic Stimulation of the

Auditory System: Results of a Multi-Centre Investigation’ Acta Otolaryngol (2008).
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Table F.2: 40 papers excluded after full text appraisal, Part II

REASON FOR EXCLUSION, authors, ‘article title’, publishing journal, (year)

AVERAGED AUDIOGRAMS GIVEN: Gifford, Dorman, Skarzyski, et al. ‘Cochlear

Implantation with Hearing Preservation Yields Significant Benefit for Speech Recognition

in Complex Listening Environments’ Ear Hear (2013).Gantz, Turner, Gfeller, et al. ‘Preser-

vation of Hearing in Cochlear Implant Surgery: Advantages of Combined Electrical and

Acoustical Speech Processing’ Laryngoscope (2005). Bchner, Schssler, Battmer, et al. ‘Im-

pact of Low-Frequency Hearing’ Audiol Neurootol (2009). Adunka, Pillsbury, Adunka, et al.

‘Is Electric Acoustic Stimulation Better than Conventional Cochlear Implantation for Speech

Perception in Quiet?’ Otol Neurotol (2010).

MEDIAN AUDIOGRAMS GIVEN: Rader, Fastl & Baumann ‘Speech Perception with

Combined Electric-Acoustic Stimulation and Bilateral Cochlear Implants in a Multisource

Noise Field’ Ear Hear (2013).

PREOP-TO-POSTOP THRESHOLD DIFFERENCES GIVEN: Skarzyski &

Lorens ‘Partial Deafness Treatment’ Cochlear Implant Int (2010).

PERCENTAGE HEARING PRESERVATION GIVEN: Santa Maria, Domville-

Lewis, Sucher, et al. ‘Hearing Preservation Surgery for Cochlear Implantation-Hearing and

Quality of Life after 2 Years’ Otol Neurotol (2013)

PTA AVERAGE 125-750HZ GIVEN: Rajan, Kuthubutheen, Hedne, et al. ‘The Role

of Preoperative, Intratympanic Glucocorticoids for Hearing Preservation in Cochlear Im-

plantation: A Prospective Clinical Study’ Laryngoscope (2012).

PTA AVERAGE 125-1000HZ GIVEN: Gantz, Hansen, Turner, et al. ‘Hybrid 10 Clin-

ical Trial: Preliminary Results’ Audiol Neurootol (2009).

PTA AVERAGE 250-1000HZ GIVEN: Luetje, Thedinger, Buckler, et al. ‘Hybrid

Cochlear Implantation: Clinical Results and Critical Review in 13 Cases’ Otol Neurotol

(2007). Berrettini, Forli & Passetti, ‘Preservation of Residual Hearing Following Cochlear

Implantation: Comparison between Three Surgical Techniques’ J Laryngol Otol (2008).

SYSTEMATIC REVIEW: Mlynski & Plontke ‘Cochlear Implant Treatment in Children

and Adolescents’ HNO (2013).

TEMPORAL BONE STUDY: Adunka, Kiefer, Unkelbach, et al. ‘Development and

Evaluation of an Improved Cochlear Implant Electrode Design for Electric Acoustic Stimu-

lation’ Laryngoscope (2004). Driscoll, Carlson, Fama, et al. ‘Evaluation of the Hybrid-L24

Electrode Using Microcomputed Tomography’ Laryngoscope (2011).

ANIMAL STUDY: Adunka, Mlot, Suberman, et al. ‘Intracochlear Recordings of Electro-

physiologic Parameters Indicating Cochlear Damage’ Otol Neurotol (2011).

LETTER: Fitzgerald, Sagi, Jackson, et al. ‘Reimplantation of Hybrid Cochlear Implant

Users with a Full-Length Electrode after Loss of Residual Hearing’ Otol Neurotol (2008).
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Introduction
Preservation of residual hearing after cochlear implant
surgery remains variable across individual recipients
despite advances in surgical techniques and the devel-
opment of new electrode arrays that are less traumatic
to the cochlea. A key factor influencing loss of residual
hearing is the inflammatory response in the auditory
system to electrode insertion, which in turn may be
related to the degree of pre-implant inflammation.
Inflammation may also be related to some cases of
medical cochlear implant failure or other adverse
event, particularly ‘soft failures’ (Chung et al., 2010).
We previously reported an analysis of international
data from the U.S. Food and Drug Administration
showing a trend for an increasing proportion of
cochlear implant adverse events world-wide to be
due to complex or potentially biological causes
(Causon et al., 2013). This finding is consistent with
a possible role for individually variable immune
system factors impacting on outcomes.
Our aim is to understand the role of inflammatory

changes in the auditory system and how these might
affect hearing and cochlear structure preservation
after cochlear implant surgery.
Here we report two current studies designed to

evaluate what factors predict hearing preservation
outcomes. The first study is a meta-analysis of pub-
lished studies, the aim of which is to determine
which predictive variables determine hearing preser-
vation; preliminary findings are reported here. The
second is an on-going study of inflammatory
markers in cochlear implant recipients, including
those measured via cochlear fluid sampling; results
are not available at time of writing but the study
methods are reported with a view to clarifying the
overall context.

Method
For the meta-analysis, Web of Knowledge was used to
search for the following items: electric/electro acoustic
stimulation, hybrid cochlear implants, hearing preser-
vation surgery, Flex24, FlexEAS, Flex20, Hybrid-L24,
EAS. Two hundred and eighty-four hits were obtained
and studies between the years 2000 and 2013 where
electrode array type was named and where the pure
tone audiogram was available at one point before
and one point after surgery. Audiometric data was
then collected, along with surgical, electrode array,
and patient variables. For the audiometric data, fre-
quencies between octaves (750, 1500, 3000, and
6000 Hz) were interpolated when not reported. When
two or more consecutive thresholds were established
as outside the limits of the audiometer, the remaining
unreported frequencies were ‘extrapolated’ as upper
output limit+5 dBHL. Table 1 indicates additional
parameters that were retrieved where possible.

Our intention is to undertake both univariate and
multivariate associations with the above variables as
predictive variables and audiometric thresholds as
outcome measures. For the purposes of the present
interim analysis, we focused on exploring two key
questions that are relevant to the role of inflammation
in hearing preservation: first, what is the extent of
hearing preservation among surgery recipients using
the same or similar device when data is pooled
across studies; second, is there any evidence to
support the use of steroids or antibiotics in optimizing
hearing preservation outcomes.

Results
Fig. 1 shows the pre-operative and post-operative
average audiogram for patients implanted with
MED-EL electrodes (N= 106), collated from 12 pub-
lished studies, all of which employed some form of
‘hearing preservation’ approach, e.g. including soft
surgery and in some cases steroid application. Mean
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post-operative hearing loss was between 20 and 25 dB
for low frequencies and between 2 and 10 dB for
higher frequencies (where residual hearing is poorer).

Although these data are supportive of the overall
success of hearing preservation, they do show that,
even with electrode arrays and surgical technique
designed to preserve hearing, there is hearing loss
across frequencies and also substantial variability in
performance.
From the published studies, seven studies with a

total subject number of 58 reported details of steroid
or antibiotic use. For the purposes of the analysis,
we derived simple composite variables for ‘any
steroid use’ (e.g. whether pre-operative, intra-operative
or post-operative) or ‘any antibiotic use’ (again con-
flating intra-operative or post-operative) and used
these as the bases for inter-subject comparisons of
post-operative hearing preservation (e.g. change in
air-conduction hearing thresholds) at octave frequen-
cies from 125 to 1000 Hz. No significant between-
group differences in hearing preservation (as measured
as a simple before-after comparison for low-frequency
audiometric thresholds). However, there was some

Figure 1 Average pre-operative audiogram (left) with 2 standard deviations shown and average post-operative audiogram (right)
with 2 standard deviations shown for 106 patients implanted with Med-El Flex 24 (EAS) or Mel-El Medium electrodes.

Figure 2 Mean loss of residual hearing (measured by air conduction) post-implantation as a function of audiometric frequency
for subjects where steroid use had been ascertained from (seven) published studies (N = 58).

Table 1 Predictive factors obtained frommeta-analysis data

Device/surgical
variables Medical variables

Individual
variables

Device type/
manufacturer

Pre-operative IV
steroids

Duration of
deafness

Electrode array type Intra-operative IV
steroids

Age at
implant

Insertion depth (mm) Intra-operative topical
(round window)
steroids

Aetiology

Insertion angle Post-operative
steroids

Gender

Contacts inserted Intra-operative
antibiotics

Surgical notes Post-operative
antibiotics

Cochleostomy vs. round
window approach

Cochlear implant centre

Verschuur et al. Role of the immune system in hearing preservation after cochlear implantation
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difference in hearing preservation with steroid use, as
shown in Fig. 2. This shows an apparent benefit for
hearing preservation of between 5 and 10 dB across
three of the four low-frequency thresholds measured;
however, only 1000 Hz threshold showed a significant
effect (P< 0.0125) of steroid application. Some
caution needs to be applied to this finding given the
possible role of confounding variables. However, it
should be noted that all 58 subjects had MED-EL
implants and all but six had round window approach
rather than cochleostomy.

Discussion
Interim results of our meta-analysis confirms signifi-
cant inter-subject variability in hearing preservation
across published studies even when only a single man-
ufacturer/device is considered in the analysis, with a
mean loss of hearing around 20 dB in low frequencies.
Data also suggest that steroid but not antibiotic use
may be a positive predictor of hearing preservation
outcomes. One aspect of the meta-analysis is the diffi-
culty in comparing different studies where different
ways of reporting audiometry are used or when differ-
ent aspects of surgical intervention are reported,

e.g. whether steroid application has been used and
how. This suggests that authors should consider
means of achieving better comparability between
studies when reporting outcomes of hearing preser-
vation surgery for cochlear implantation.

Better understanding of the inter-relationship
between systemic inflammation, cochlear inflam-
mation, and hearing loss will lead to better prediction
of hearing preservation outcomes and better methods
of reducing the chances of poor outcomes for patients
who might benefit from electro-acoustic stimulation.
We will report in future on the full meta-analysis and
on data from blood and cochlear fluid analysis for
current implant recipients to further define the role
of inflammation and its management in driving
hearing preservation outcomes.
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Introduction: Preservation of residual hearing is essential to
perceive acoustic stimulation from hybrid cochlear implants
(CI). Preservation is a good marker of atraumatic surgery and
residual hearing may be exploited further or enhanced in future
therapies, making complete hearing preservation a desirable
goal for all current CI surgeries. There is large variability in the
amount of hearing preserved and the timeframe over which it is
lost after CI. The increase in numbers of patients with high
levels of residual hearing at implantation means that under-
standing the variables affecting its preservation is more impor-
tant than ever.
Data Sources:An English search term with generic and specific
items concerning hearing preservation and cochlear implanta-
tion was searched on the Web of Science service. The search
timeframe was limited to 2000 to 2014, with no language lim-
itations on results.
Study Selection: Hearing preservation, retrospective CI out-
come studies which reported pre- and post-surgical pure-tone
audiometry (PTA) were identified and selected.

Data Extraction: PTA thresholds were extracted from audio-
grams or tables and converted into a low-frequency hearing
preservation (LFHP) score. Data for 21 factors associated with
hearing preservation were collected from studies.
Data Synthesis: Factors were included in a hearing preservation
model if they had both a significant bivariate correlation with
LFHP and a significant Kruskal-Wallis H test result (for ordinal
data) or a significant multiple regression analysis result (for
scale data).
Conclusions: Seven factors were found to have a significant effect
on hearing preservation: insertion site, progressive versus stable
hearing loss, insertion angle of electrode, use of intraoperative
topical steroids, use of steroids (via any route/timing), hearing eti-
ology, and electrode array type. The best hearing preservation
options are given. Key Words: AuditionVCochleaVCochlear
implantsVCochleostomyVCorticosteroidsVElectro-acoustic
stimulationVEASVHybrid implantsVHearing preservationV
Insertion angleVOutcomesVResidual hearingVSystematic review.
Otol Neurotol 00:00Y00, 2015.

Cochlear implantation (CI) is a successful and widely
used method to restore functional hearing to individuals
with severe to profound deafness. Preservation of residual
acoustic hearing after surgery is a predictor of successful
outcome as the combination of electrical and acoustic
hearing in the same ear (electro-acoustic hearing, EAS)
typically yields better performance outcomes than elec-
trical hearing on its own (1). Low-frequency acoustic
cues important for speech perception and other auditory

skills are transmitted more effectively via acoustic than
electric information provided there is sufficient residual
hearing (2Y6). EAS users show significantly better pitch
perception with combined EAS compared to electric-only
stimulation (7). Acoustic access to low-frequency sounds
allows EAS implantees to utilize the fundamental fre-
quency (8) and first formant of speech (9), timing cues
(10), and spectral information (11) more effectively than
via electric hearing. This additional acoustic information
can compensate for the limitations associated with elec-
trical hearing, particularly the reduction in the number of
functional channels and poor pitch perception in CI
(12,13) which lead to severe difficulty when listening in
competing voice situations (temporally fluctuating noise),
even for cochlear implant users who achieve high levels
of speech recognition in quiet (14,15). Full preservation of
residual hearing, hearing preservation (HP), is therefore
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a clinical goal of cochlear implant surgery and the focus
of recent research. However, the incidence of immediate
loss of residual hearing is estimated at 37% (7) and
longer-term hearing loss is also possible.

Postoperative loss of residual hearing is linked to the
direct physical trauma caused by insertion of the electrode
and the associated acute inflammatory response. Longer-
term postoperative hearing loss may be linked to chronic
inflammation and the development of fibrotic tissue within
the cochlea (16Y19). A number of surgical and medical
variables may affect outcomes, including electrode array
length and design (20Y22), insertion technique and po-
sitioning (23Y25), the force used to insert the array (26),
the use of automated tools for array insertion (27,28), and
the site of electrode array insertion (23,29), which can be
achieved directly via the round window (RW) or via a
separate cochleostomy (AC), typically anterior and infe-
rior to the round window. The RW approach requires a
shorter drilling time (30) which may result in less acoustic
trauma. One systematic review of 16 studies comparing
the RW and cochleostomy approaches to electrode array
insertion concluded that both insertion approaches resulted
in comparable hearing preservation (31). Other surgical
events may also alter cochlear functioning during or after
surgery, among which contamination of the perilymph
with blood seems to play a modest but significant role
(32). Steroid usage is common in HP protocols to decrease
any incidental loss of hearing caused by inflammation.
Studies have reported intravenous, systemic delivery of
corticosteroids pre- or intraoperatively (29,30,33Y35) that
in some cases is continued postoperatively (30). Certain
protocols utilize only postoperative dosing (36) whereas
in other studies, there is more localized delivery through
the use of gauze or gel permeated with corticosteroids
(Triamcinolon, Volon A or Kennalog) placed at the end-
osteum (round window). Solutions of diluted glucosteroids
can be used to irrigate the mastoid cavity (37Y39). Finally,
steroids have been administered trans-tympanically pre-,
peri-, and post-hearing preservation surgery (33), includ-
ing in cases undergoing cochlear re-implantation (40).

Use of pure-tone audiometry (PTA) for the assessment
of hearing pre- and post-surgery is consistently used as
the main outcome measure across hearing preservation
studies. However, the interpretation and reporting of PTA
thresholds is inconsistent. Studies that report audiograms
on a per-patient basis only present low-frequency average
PTA that is often the mean of three to five measurements
over the low-frequency part of the audiogram (41Y46),
whereas others may average the entire frequency range
for a patient (47). Many studies report the entire audio-
gram for each patient, but there are some inconsistencies
even between these studies as some report a threshold
of 120 dB instead of the maximum output of the audi-
ometer. Some implantation teams adopt a pooled report-
ing approach where an audiogram per cohort is calculated
(48Y50), whereas others pool the audiogram and then ex-
amine threshold differences on a per-frequency basis (51).
This discrepancy in data makes the comparison of hearing
outcomes between studies more difficult.

OBJECTIVE

The aim of the current study was to determine the
relative contribution of factors likely to contribute to hear-
ing preservation outcomes after cochlear implant surgery
by analyzing data pooled across published studies in this
area. We pooled data from studies published between
January 2000 and December 2013. Of particular interest
was the relative contribution of different pre- or peri-
operative factors relating to device, surgical or medical
factors, and individual characteristics that might predict
success or failure of hearing preservation. We applied the
HEARRING consensus statement formula for calculating
the degree of hearing preservation after cochlear implant
surgery (52) to provide an effective cross-study comparison
and overcome some of the inconsistency in PTA reporting.

DATA SOURCES

The Web of Knowledge search engine was used to
conduct the journal article search for retrospective clinical
outcome studies to include in the analysis. The search
items of interest were identified as electric/electro-acoustic
stimulation, hybrid cochlear implants, hearing preservation
surgery, Flex24, FlexEAS, Flex20, Hybrid-L24, and EAS,
and a search term was generated:

‘‘elect* acoustic stimulation OR hybrid cochlear im-
plant* OR hearing preservation surgery OR hybrid l-24
OR CI422 OR flex 24 OR flex EAS OR flex 20’’

STUDY SELECTION

A search was conducted for papers published between the
years 2000 and 2013 to capture clinical studies since around
the time of introduction of EAS devices as a clinical tool
(53). Two hundred eighty-four hits were obtained. The
streaming process was divided into two sweeps (Fig. 1).
Sweep one analyzed titles and abstracts to exclude patents,
books, or articles that were not clinical outcome studies and
to remove duplicates. The second sweep analyzed the full
text of the papers and excluded papers that did not include
PTA in the audiometric data and articles that were not
clinical outcome studies (Supplemental Digital Content 1,
http://links.lww.com/MAO/A298). Twelve papers with pre-
and postoperative PTA met the search criteria and were
accepted, and data were then extracted (Table 1).

DATA EXTRACTION

The HEARRING group HP classification system (60)
was used to create the scale measure of hearing preser-
vation in our predictive model. This classification system
is effective because it can be used with all implant users.
Pre- and postoperative audiometric thresholds and knowl-
edge of the audiometer maximum measurable threshold
are required (Equation 1).
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S ¼ 1j
PTApostjPTApre

PTAmaxjPTApre

� �
*100 ½Equation1�

Where
S is the preservation on a numerical scale (%),
PTApost is the postoperative hearing threshold,
PTApre is the preoperative hearing threshold,
and PTAmax is the maximum measurable threshold.
The formula calculates a percentage of hearing pres-

ervation at a specific frequency band. This result is scaled
to the preoperative audiogram (by dividing the change
in hearing by the difference between the PTApre and
PTAmax), thereby normalizing the effect of initial hearing
for all patients. We followed the approach of Skarzynski
et al. (2013), who linearly interpolated between octaves
(750, 1500, 3000, and 6000 Hz) in cases with missing data,
and averaged eleven 125 to 8000 Hz hearing level mea-
sures to produce one HP score. The score can be further
categorized into complete, partial, or minimal HP.

Skarzynski et al. (2013) used the maximum detect-
able hearing (mdh) level of audiometers as the PTAmax
value when calculating HP. We have modified this to
cater for those frequencies where thresholds are worse than
the audiometer floor. As in Kiefer et al. (1998), Verhaegen
et al. (2010), and Balkany et al. (2006), auditory thresh-
olds beyond the upper output limit of the audiometer were
defined as this upper output limit+5 dBHL. Therefore, in
this analysis, PTAmax is mdh+5 dB.

Audiometric data for 200 patients were collected from
12 studies. Many patients had missing data points, par-
ticularly from the high frequencies. To reduce the elimi-
nation of patients from the analysis, we extrapolated
missing thresholds by assigning the mdh +5 dBHL for
that specific frequency when two or more consecutive

FIG. 1. Journal article streaming process. The top box displays the search terms entered intoWeb of Knowledge. Two hundred eighty-four
hits were retrieved from the search service and submitted to title/abstract appraisal (right). Remaining papers were submitted to a full text
appraisal (bottom left). Twelve final papers were included in the analysis.

TABLE 1. The 12 final papers which were approved for the
analysis after full text appraisal

Authors (year) PTA LFHP

Arnoldner et al. (2011) (37) 5 2
James et al. (2005) (35) 12 12
Skarzynski et al. (2007a) (54) 10 10
Skarzynski et al. (2007b) (36) 4 4
Gstoettner et al. (2006) (55) 23 13
Radeloff et al. (2012) (56) 6 6
Bruce et al. (2011) (39) 13 13
de Carvalho et al. (2013) (57) 6 6
Lee et al. (2010) (58) 10 9
Erixon et al. (2012) (59) 21 20
Gstoettner et al. (2009) (38) 9 7
Kuthubutheen et al. (2012) (33) 5 4

Authors and position in the reference list are given on the left column.
Numbers of patients with preoperative and postoperative pure-tone au-
diometry (PTA) measures are displayed in the center column. Numbers
of patients who had sufficient audiometry data points to calculate low-
frequency hearing preservation scores (LFHP) are displayed in the right
column.
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previous thresholds were established as outside the limits
of the audiometer (greater than the mdh). For example, if
1000 and 2000 Hz had thresholds greater than the mdh
(9120 dB), they were given the threshold of 125 dB. The
threshold for 1500 Hz can be linearly interpolated to be
125 dB, and because both 1000 and 2000 Hz have
thresholds greater than the mdh, 3000 to 8000 Hz can be
extrapolated to their respective mdh+5 dB; in this case,
the ‘‘extrapolated frequencies’’ have no hearing as the
value is equal to PTAmax.

Most retrospective clinical outcome reports do con-
tain insufficient data to produce 11 audiogram mea-
surements from which to derive an overall audiometric
average. The issue of missing data can be overcome by
determining low-frequency average hearing preserva-
tion (125Y1000 Hz) and high-frequency average hearing
preservation (1500Y8000 Hz), respectively. Having two
discrete measures of hearing function may highlight
effects that are caused by specific regions of the cochlea
that would otherwise be invisible in the full HP calcu-
lation. A criterion was established that four out of five
hearing preservation scores for specific frequencies (125,
250, 500, 750, and 1000 Hz) were needed to create the
average low-frequency HP value. When this was applied
to the data collected from the 12 studies analyzed, 110
low-frequency HP scores were created. By contrast, use of
the classical HP method resulted in only 16 scores (from
200 patients). The criterion for high-frequency HP is sim-
ilar in that at least five out of six hearing preservation
scores for specific frequencies (1500, 2000, 3000, 4000,
6000, and 8000 Hz) were needed to create the average
high-frequency HP value. However, only 24 high-
frequency HP scores (from 200 patients) could be calcu-
lated from the data set. Given these data limitations, the
remainder of the study focuses on low-frequency HP,
which is the primary focus of clinical and research work in
this area.

All scale and nominal values that could influence the
preservation of residual hearing, and that were reported in
the studies, were extracted from the final 12 papers. A
total of 21 factors were identified. Table 2 lists the factors
and notes how many times each was reported. We have
categorized the factors into two main groups: those that
could be established or decided upon pre- and intraop-
eratively. The majority are self-explanatory. However, it
should be noted that ‘‘insertion angle’’ was derived from
studies reporting this variable from postoperative x-ray
data, whereas ‘‘insertion depth’’ was reported eitherwithout
explanation in a number of studies or based on a number of
extra-cochlear electrodes reported during surgery. Seven of
the 21 factors identified consisted of scale data whereas the
remaining factors consisted of ordinal data.

DATA SYNTHESIS

Using the hearing preservation formula given in Equa-
tion 1, the degree of low-frequency hearing preserva-
tion (125Y1000 Hz) was calculated for the 110 patients

who had their audiograms reported in 12 retrospective
clinical outcomes studies of hearing preservation after
cochlear implantation. The low-frequency hearing pres-
ervation score (LFHP) for each patient was calculated by
averaging at least four out of five of the frequency-
specific preservation scores. Supplemental Digital Content 2
(http://links.lww.com/MAO/A299) gives preservation
scores for each frequency and LFHP scores.

Bivariate correlations were performed between LFHP
and the 21 factors extracted from the reviewed studies as
the data were not robust enough to create a single multiple
linear regression model containing 21 factors and multi-
ple missing data points. To reduce the risk of Type I er-
rors, nonparametric testing (Kruskal-Wallis H tests) was
conducted on ordinal data that showed significant corre-
lation with LFHP. Table 3 displays the correlations in
order of effect size. Six factors were further confirmed by
significant differences in LFHP between groups. How-
ever, the ‘‘implant center’’ factor was eliminated because
it had an asymptotic significance greater than 0.05.
Kruskal-Wallis H tests produce a W2 value which can be
used to calculate the effect size (G2) (61). The same
process was used on scale data. A multiple linear re-
gression was conducted on all the scale data that showed
significant correlation with LFHP (Table 4). In this case,
one correlation was further confirmed but the ‘‘age at
implantation’’ and ‘‘insertion depth’’ factors were elimi-
nated because correlations were not significant.

In summary, 10 out of 21 factors included in the ret-
rospective analysis showed significant bivariate correla-
tions with LFHP, and seven of these were supported by

TABLE 2. Factors implicated in hearing preservation,
presented in alphabetical order

When Features extracted N Type

Pre-op Etiological detail 41 O
Age at implantation 97 S
AntibioticsVany 110a O

Electrode array type 97 O
Duration of deafness 37 S

Gender 78 O
Implant center 110 O

Intraoperative IV antibiotics 110a O
Intraoperative IV steroids 110a O

Intraoperative topical steroids 110a O
Postoperative antibiotics 110a O
Postoperative steroids 110a O
Preoperative IV steroids 110a O

Progressive vs. stable hearing loss 62 O
Receiver stimulator 68 O
Side of implantation 81 O

Steroids any 110a O
Peri-/post-op Cochleostomy method 110 O

Contacts inserted 43 S
Insertion angle 40 S
Insertion depth 72 S

The left column describes when the factor can be ascertained. The
‘‘N’’column lists the number of cases (out of a total 110 patients) where
the factor was described. The column on the right describes if the data is
ordinal (O) or scale (S).

aIf the use of steroids or antibiotics was not mentioned, it was as-
sumed that none were given.
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additional statistical testing. Figure 2 displays box plots
or regression lines for the seven factors that produced
significant results on both statistical tests. Round window
insertion (Fig. 2A) resulted in significantly better LPHP
than insertion via cochleostomy. Individuals identified as
having non-progressive hearing loss were likely to have sig-
nificantly better hearing preservation outcomes (Fig. 2B).
An inverse correlation was found between LFHP and in-
sertion angle (Fig. 2C). The use of steroids via any route
and timing, along with intraoperative topical steroid ap-
plication specifically, provided better hearing preserva-
tion outcomes than other steroid (or no steroid) regimens
(Fig. 2, D and E). The etiology of hearing loss and choice
of electrode arrays, respectively, also influenced the
preservation of low-frequency residual hearing (Fig. 2,
F and G).

DISCUSSION

The aim of this study was to analyze data pooled from
published studies of hearing preservation after cochlear

implant surgery to determine which factors predict hear-
ing preservation outcomes. Based on strict criteria, we
identified a relatively modest number of studies in which
adequate reporting of both post- and preoperative au-
diometric results and details on surgical, medical, and
individual patient variables were reported. Analysis of
data combined across these studies showed a high degree
of variability in preservation of residual low-frequency
hearing after cochlear implant surgery. Hearing preser-
vation outcomes were found to be worse with increasing
audiometric frequency, with a median loss of 62% across
frequencies up to 1000 Hz, but with a range from total
loss to total preservation. Seven pre- and perioperative
factors (out of 21 identified) were found to have a significant
effect on the preservation of low-frequency residual hearing.
It was not possible to determine the extent to which the
contribution of these factors co-varied (and therefore the
extent of independent contribution), given the analysis
limitations imposed by data availability and consistency. It
is likely that factors other than those identified from the
available literature contribute to outcomes. Nevertheless, we

TABLE 3. Statistical testing of ordinal values: each factor was correlated with LFHP and those with significant correlations were
then tested using a Kruskal-Wallis H test

Factor Investigated

Bivariate Correlation Results Kruskal-Wallis H Test Results

Pearson Correlation Sig. (2-tailed) W
2 df Effect Size,% Asymptotic Significance

Etiological detail j0.550 0.000*** 17.503 8 17.160 0.025*
Electrode array type j0.200 0.050* 11.749 5 11.190 0.038*
Cochleostomy method j0.374 0.000*** 12.068 1 11.072 0.001***
Intraoperative topical steroids j0.288 0.002*** 8.084 1 7.417 0.004***
Progressive vs. stable hearing loss j0.279 0.028* 4.848 1 4.448 0.028*
Steroids (any route) j0.229 0.016* 4.282 1 3.928 0.039*
Implant center j0.226 0.018** NS
Gender NS
Side NS
Receiver stimulator type NS
Preoperative IV steroids NS
Intraoperative IV steroids NS
Postoperative steroids NS
Intraoperative IV antibiotics NS
Postoperative antibiotics NS
Antibiotics (any route/timing) NS

Correlation or W2 values, p values, and effect sizes are given. Variables are ordered according to descending effect size. *Correlation is significant at
the 0.05 level (2-tailed), **0.01 level, ***0.005 level. NS, not significant.

TABLE 4. Statistical testing of scale values: each factor was correlated with LFHP and those with significant correlations were then
tested using a multiple regression analysis

Factor Investigated

Bivariate Correlation Results Multiple Regression Results

Pearson Correlation Sig. (2-tailed) Unstandardized Beta R2 Linear Effect size,% Sig. (2-tailed)

Insertion angle j0.378 0.016* j0.253 0.150 17.70 0.021*
Age at implantation j0.362 0.026* j0.344 NS
Insertion depth, mm j0.269 0.008 2.539 NS
Contacts inserted NS
Channels active NS
Duration of deafness, yr NS
Age at implant, yr NS

Correlation values, p values, and effect sizes are given. Variables are ordered according to descending effect size. *Correlation is significant at the 0.05
level (2-tailed). NS, not significant.
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identified seven factors which had a significant effect on
hearing preservation outcomes, with some of these at least
partly under the control of the clinicians/surgeons via can-
didacy selection, medical management, and choice of sur-
gical techniques and electrode array types. The effect size of
all seven significant factors is shown in Supplemental Digital
Content 3 (http://links.lww.com/MAO/A300).

The surgical choices shown to have a significant effect
on hearing preservation were insertion angle, electrode

array type, and cochleostomy method. Insertion angle had
the largest overall effect on LFHP (cf. SDC2). This variable
was defined from postoperative x-ray reports, whereas
‘‘insertion depth,’’ defined by the number of extra-cochlear
electrodes, was not a predictor of hearing preservation. This
could be because depth (mm) is not as accurately measured
or reported, or a combination of both. In addition to insertion
angle, electrode array type predicted some of the variance in
hearing preservation. Co-variation between insertion angle

FIG. 2. The variables significantly affecting low-frequency hearing preservation (LFHP). LFHP is the percentage of hearing, used to detect
pure tones between 125 and 1000 Hz, which is preserved after cochlear implantation. LFHP was significantly affected by (a) the use of a
round window (RW) cochleostomy versus an anterior, inferior cochleostomy (AC) for electrode array insertion; (b) whether the patient had a
stable or progressive hearing loss; (c) the depth of array insertion, measured in degrees; (d) the use of corticosteroids at the round window or
irrigated into the mastoid cavity; (e) the use of any steroids via any route or at any time point; (f) various etiologies of hearing loss; and (g)
various electrode arrays. Whiskers on box plots represent interquartile ranges around the median line.
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and electrode array type is likely because different electrode
array depths have different maximum insertion depths. The
MED-EL FLEX (24), which is the shortest electrode in this
meta-analysis, had the best median LFHP scores. However,
the worst hearing preservation outcomes did not belong to
the longest or largest electrode, but rather to the only pre-
curved electrode (Cochlear Contour Advance). The finding
must be approached with caution because the only one study
utilized that electrode and it is not possible to disentangle
electrode array length, curvature, flexibility, or other vari-
ables. Additionally, no conclusions could be drawn on the
effect of other Cochlear electrodes on LFHP, as the corre-
sponding papers were excluded from this analysis on the
basis of insufficient or inadequate data reporting (cf. SDC
1). Insertion site was the other surgical choice with a sig-
nificant effect on hearing preservation (cf. Fig. 2) as we
identified a significant benefit of reported round window
insertion, in contrast to an earlier retrospective report (39).
Studies using window insertion showed better hearing
preservation outcomes (about 20% higher) than those where
an anterior cochleostomy was reported. Moreover, 84.7% of
patients undergoing round window insertions performed
better than the median for AC insertion. Again, there is
likely to be co-variance with other factors, and in practice
the surgical distinction may be less clear-cut as indicated
from published studies, although it is worth noting that there
was a mixture of people who did and did not receive steroids
in both groups.

We found that intraoperative topical steroid use, as
opposed to no steroid use (or no reported steroid use),
had a positive effect on hearing preservation outcomes.
There was a smaller but significant effect comparing
any reported steroid use (any route) versus no steroid use
(or no reported steroid use). The evidence base regarding
the take-up of steroid in the cochlea via different loci or
time courses of application is highly limited. Seventy-
two percent of patients receiving intraoperative steroids
performed better than the median for when no steroids
were used. Our findings support the need for further
controlled research to investigate the optimal methods of
steroid application and may indicate better take-up
through topical application to the middle ear. It should
be noted that antibiotics were not found to have an effect
on hearing preservation. Antibiotics are typically admin-
istered in CI for the prevention of meningitis. A survey
found that, in the U.K., all CI centers used prophylactic
antibiotics; however, the protocols varied from center to
center (62).

Hearing loss etiology had a significant overall effect
on hearing preservation, although age at implantation did
not have an effect. Caution is needed with interpretation
of this finding as some of the etiological groups had very
small numbers. Those identified as having a congenital
hearing loss had better hearing preservation outcomes
than those identified as having acquired or idiopathic
hearing loss. This could be because people with con-
genital hearing loss have more stable auditory systems
that can tolerate the CI procedure better, or that acquired
loss is more likely to be associated with degenerative or

inflammatory changes that predispose the cochlea to
further damage. Meningitis, Ménière’s disease, and NIHL
were associated with worse hearing preservation out-
comes, although these subgroups had very small subject
numbers. A more robust finding was that those with a
progressive hearing loss showed significantly worse hearing
preservation than those with non-progressive loss. More-
over, 71.1% of patients with stable losses performed better
than the median of the progressive hearing loss group. It is
possible that patients with progressive hearing loss could
suffer a small decease in performance solely resulting from
the progressive nature of their loss immediately after im-
plantation and are likely to continue seeing decreases in
performance because of their hearing loss etiology. Long-
term hearing preservation needs to be measured to deter-
mine the long-term implications of implanting those with
progressive loss.

The role of inflammation must be considered in the
context of the findings, as this is likely to play a role
across a range of identified factors. Supplemental Digi-
tal Content 2 (http://links.lww.com/MAO/A299) shows
that full hearing preservation is not achieved at 125 and
250 Hz. However, direct damage through insertion trau-
ma to this region of the cochlea is unlikely to have been
the result of direct contact by of any of the electrodes used
in the studies reviewed because they are not long enough
to reach depths of over 28 mm. Topical steroid applica-
tion was shown to be associated with better hearing
preservation outcomes, presumably through dampening
down the acute phase response induced by electrode in-
sertion. A long-term loss of residual hearing after cochlear
implant surgery is also consistent with the inflammatory
changes seen in chronic conditions affecting sensory sys-
tems such as age-related macular degeneration (63).

The findings have implications for the design of future
studies and the reporting of hearing preservation data
across studies. The chief weakness of our model is that it
cannot account for the co-variance between the factors
identified and therefore the extent of independent asso-
ciation with hearing preservation outcomes. Also, the
number of studies identified as fitting full reporting
criteria was relatively small, certainly compared to the
total number of studies published in the area to date.
Reporting complete, and exact, pre- and postoperative
PTA is critical. PTA reporting across even the selected
studies was inconsistent. If complete data had been
presented, an N of 200 would have been possible instead
of 110. Equally, control of surgical and medical variables
likely to impact on hearing preservation outcomes is
needed and should be clearly reported across studies.
Agreed guidelines for reporting EAS studies are neces-
sary and should include fuller reporting of etiology, detail
on steroid application and surgical techniques, consistent
reporting of pure-tone audiometric results, and a consis-
tent approach to time scales for reporting postoperative
hearing. Ideally, a large multicenter trial could help to
control for these variables to enable better control of inter-
related variables likely to have an effect on postoperative
hearing preservation.
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1. Summary 
The aim of the proposed project is to determine the link between inflammatory status and loss 

of hearing. We intend to investigate this link among individuals undergoing cochlear 

implantation surgery; for whom the preservation of residual hearing is important. Our 

hypothesis is that the inflammatory profile of an individual (expression pattern and time-course 

of inflammatory markers) can predict the likelihood of hearing deterioration in delayed onset 

hearing loss occurring after cochlear implantation. We also predict a link between inflammatory 

profile and other audiological outcomes such as speech performance in noise testing.  

 

We firstly plan to test the correlation of inflammatory markers in the blood with those in the 

cochlea by retrieving a sample of cochlear fluid during cochlear implant surgery. The cochlear 

fluid would have otherwise overflowed upon insertion of the device. Once the correlation is 

established we shall monitor the same patients' inflammatory markers by taking venous blood 

samples at intervals during the patients' regular visits to the audiological clinic, for a follow up 

over a 1 year period after cochlear implantation. We shall match their inflammation patters 

with their audiological progress by comparing to the regular outcome measures that are taken 

by the audiologists in the cochlear implant centre. 

 

Our intention is therefore to undertake a longitudinal study in the human population to 

characterize the link between inflammatory profile and hearing status, so as to start developing 

a broader research programme in this area. 

 

 

2. Summary of Management Arrangements 
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2.1 Site specific breakdown according to surgical site   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study Site 

University Hospital Southampton (UHS) NHS Foundation 

Trust, Tremona Road, Southampton, Hampshire, United 

Kingdom, SO16 6YD 

Principal Investigator Mr William Hellier 

Employer UHS  NHS Foundation Trust 

Investigator Ms Julie Brinton 

Employer 

South of England Cochlear Implant Centre (SOECIC), Institute of 

Sound and Vibration Research, University of Southampton, 

Southampton SO17 1BJ 

Patient Recruitment SOECIC 

Number of Participants 

to be recruited at the 

Site 

10 – 15 

Number of samples to 

be provided by each 

site 

UHS: 

1 set of bloods from 10 – 15 patients = 20 – 30 blood samples 

10 – 15 cochlear fluid samples  

SOECIC: 

5 sets of bloods from 10 – 15 patients = 100 – 150 blood samples 

Total = 130 – 195 tissue samples 

Number of records to 

be provided by the Site 
6 sets (audiological/ surgical) from 10 – 15 patients = 60 – 90 

Study Start/End Dates 01/10/2012 – 01/06/2015   

Tasks for the Sites 

UHS: 

Cochlear Fluid Sampling 

Blood Sampling 

SOECIC: 

Recruitment and consenting of patients 

Audiological Measurements 

Blood Sampling  
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Study Site 
Nuffield Health Wessex Hospital (NHW),  Winchester Road 

Chandlers Ford, Eastleigh, SO53 2DW.   

Principal Investigator Mr Tim Mitchell 

Employer UHS  NHS Foundation Trust 

Patient Recruitment SOECIC 

Number of Participants 

to be recruited at the 

Site 

0 – 5 

Number of samples to 

be provided by each 

site 

NHW: 

1 set of bloods from 0 – 5 patients = 0 – 10 blood samples 

0 – 5 cochlear fluid samples  

SOECIC: 

5 sets of bloods from 0 – 5 patients = 0 – 50 blood samples 

Total = 0 – 60 tissue samples 

Number of records to 

be provided by the Site 
6 sets (audiological/ surgical) from 0 – 5 patients = 0 – 30 

Study Start/End Dates 01/10/2012 – 01/06/2015   

Tasks for the Sites 

SSH: 

Cochlear Fluid Sampling 

Blood Sampling  

Study Site 
Queen Alexandra Hospital (QAH) , Southwick Hill Road, 

Cosham, PO6 3LY 

Principal Investigator Mr Mike Pringle 

Employer Portsmouth Hospitals NHS Trust 

Patient Recruitment SOECIC 

Number of Participants 

to be recruited at the 

Site 

10 – 15 

Number of samples to 

be provided by each 

site 

QAH: 

1 set of bloods from 10 – 15 patients = 20 – 30 blood samples 

10 – 15 cochlear fluid samples  

SOECIC: 

5 sets of bloods from 10 – 15 patients = 100 – 150 blood samples 

Total = 130 – 195 tissue samples 

Number of records to 

be provided by the Site 
6 sets (audiological/ surgical) from 10 – 15 patients = 90 

Study Start/End Dates 01/10/2012 – 01/06/2015   

Tasks for the Sites 

QAH: 

Cochlear Fluid Sampling 

Blood Sampling  
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Study Site 
Spire Portsmouth Hospital (SPH), Bartons Road  Havant, 

Hampshire PO9 5NP 

Principal Investigator Mr Mike Pringle 

Employer Portsmouth Hospitals NHS Trust 

Patient Recruitment SOECIC 

Number of Participants 

to be recruited at the 

Site 

0 – 5 

Number of samples to 

be provided by each 

site 

SPH: 

1 set of bloods from 0 – 5 patients = 0 – 10 blood samples 

0 – 5 cochlear fluid samples  

SOECIC: 

5 sets of bloods from 0 – 5 patients = 0 – 50 blood samples 

Total = 0 – 60 tissue samples 

Number of records to 

be provided by the Site 
6 sets (audiological/ surgical) from 0 – 5 patients = 0 – 30 

Study Start/End Dates 01/10/2012 – 01/06/2015   

Tasks for the Sites 

SPH: 

Cochlear Fluid Sampling 

Blood Sampling 
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Study Site 
Manchester Royal Infirmary (MRI), Oxford Road, Manchester, 

M13 9WL 

Principal Investigator Mr Kevin Green 

Principal Investigator Mr Iain Bruce 

Investigator Ms Deborah Mawman 

Investigator Mr Ian McLean 

Employer Central Manchester University Hospitals NHS Foundation Trust 

Patient Recruitment 
Manchester Auditory Implant Centre (MAIC),  Manchester Royal 

Infirmary, Oxford Road, Manchester, M13 9WL 

Number of Participants 

to be recruited at the 

Site 

25 – 30   

Number of samples to 

be provided by each 

site 

MRI: 

1 set of bloods from 30 patients = 60 blood samples 

30 cochlear fluid samples  

MAIC: 

5 sets of bloods from 30 patients = 300 blood samples 

Total = 390 tissue samples 

Number of records to 

be provided by the Site 
6 sets (audiological/ surgical) from 30 patients = 180 

Study Start/End Dates 01/10/2012 – 01/06/2015   

Tasks for the Sites 

MRI: 

Cochlear Fluid Sampling 

Blood Sampling 

MAIC: 

Recruitment and consenting of patients 

Audiological Measurements 

Blood Sampling 
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3. Background and Purpose 
The purpose of this research is to evaluate the link between inflammatory status and loss of 

hearing. We plan to do this by taking repeated measures of inflammatory markers paired with 

audiometric measures in patients (through venous blood samples), before and after cochlear 

implantation. The sampling period would be approximately one year per patient, and the 

collected data shall be tested for correlations. 

 

There are about 140,000 severe to profoundly deaf individuals in the UK that get little benefit 

from a conventional hearing aid and as such could benefit from a cochlear implant. Currently 

only about 219,000 people worldwide have one. One contributing factor for such low 

implantation number is the conventional belief that residual hearing (the limited hearing 

capacity that a deaf person has before implantation) must be lost due to the process. The 

consensus is that the insertion of an electrode carrier into the cochlea causes mechanical 

damage, thus destroying the residual hearing. This issue is being addressed by cochlear implant 

manufacturers and, as such, multiple much smaller and more flexible electrode carriers have 

been developed. The issue becomes even more prominent when discussing recent Electro 

Acoustic Stimulation (EAS) cochlear implants; that are designed for people with significantly 

more residual hearing than the profoundly deaf. 

 

The ‘mechanical damage’ hypothesis as the sole reason for insertion-related hearing loss has 

multiple shortcomings; primarily that loss of residual hearing does not always occur, and that in 

other times it may be delayed over years. Had the loss of residual hearing been solely due to 

mechanical damage, the process would be less variable and would always present much quicker. 

We hypothesise that chronic or sub-acute inflammation in addition to the insertion of an 

electrode carrier may be causing the unexplainable variance. 

 

There are a number of reasons to propose that inflammation may impact on hearing in humans. 

This research is directly building on the following knowledge: 

 

 Clinically, it is known that fibrosis, ossification and concomitant hearing loss after meningitis 

can be very delayed, in some cases over a period of years. This indicates long-drawn 

inflammatory mechanisms are in place. 

 Links between vascular pathology, immune function and deterioration in the stria vascularis 

have been determined through animal models. Also, immune status has been implicated in 

spiral ganglion cell loss in mice. Finally, oxidative stress (which is related to inflammation 

and immune responses) is a causative factor of presbyacusis. 

 Since hair cells in the vestibular organs of the inner ear produce proinflammatory cytokines, 

it is likely that the hair cells within the cochlea also do this. The binding of these cytokines to 

the hair cells will lead to alterations in the functioning of the cells, and even apoptosis; as 

supported by studies that observed the occurrence of hair cell death after exposure to noise 

at damaging levels. There is also evidence of cytokine production by fibrocytes, in the stria 

vascularis and the spiral ganglion. 

 A recent study undertaken by the academic supervisor in collaboration with the MRC 

Lifecourse Epidemiology Unit (Southampton University Hospitals NHS Trust) has shown a 

significant association between chronically raised levels of inflammatory markers in the 
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blood stream of older adults and their degree of hearing loss. Crucially, the study has shown 

that inflammatory markers measured via blood analysis may predict inflammatory status in 

the cochlea in living human beings. 

 

The aforementioned links strongly suggest a contributory inflammatory mechanism manifesting, 

in the case of CI patients, alongside mechanical damage. The measurement of inflammatory 

status in patients undergoing cochlear implant surgery might therefore lead to better 

predictions of who might lose residual hearing after surgery. If it is possible to characterize the 

inflammatory status of those more likely to lose hearing, this research would therefore be 

beneficial to clinicians, manufacturers and researchers by providing guidance on target 

interventions, improving timing of surgery, and taking preventive measures to optimize the 

chances of hearing preservation. 

 

We propose that a model derived from research into the effect of inflammation on neurological 

function can be applied to the domain of hearing: Hugh Perry and his team at the University of 

Southampton have looked at the effect of inflammation on cognitive function in Alzheimer’s 

patients. This work showed that the combination of baseline high inflammatory status (common 

among many older people) and acute inflammation due to infections led to long-term decreases 

in cognitive function and we hypothesise that a similar effect will be found in the domain of 

hearing, in both the post-CI and older populations. 

 

The project is designed to address the following specific aims: 

 To determine the strength of correlation in inflammatory markers between blood samples 

and cochlear fluid samples. 

 To determine whether inflammatory profile predicts likelihood of loss of residual hearing. 

 To determine which inflammatory markers are most predictive of hearing loss (and 

consequently what interventions should be used to target the inflammatory response in this 

context). 

 To determine the relationship between the time course of changes in inflammatory markers 

and changes in hearing status. 

 To determine any link between postoperative longer term inflammatory status and cochlear 

implant function in more generic terms. We suspect inflammation to have an impact not only 

on residual hearing, but possible also on device health. 

 

The researcher has close links with the clinical staff at the South of England Cochlear Implant 

Centre (SOECIC), due to SOECIC being part of the ISVR. The academic supervisors and 

researcher are also in continuous contact with the cochlear implant team at the Manchester 

Auditory Implant Centre (MAIC). As such, any clinical issues that arise during testing can be 

discussed with a member of clinical staff as necessary, and if a participant indicates any 

problems, these would be attended to. The development of the project has involved the 

supervisory team, who have a range of multidisciplinary skills and experience; it closely 

involves clinicians from SOECIC and MAIC, and benefits from advice from the Nanoneuroscience 

research group from the University of Southampton – headed by the co-supervisor of this 

project; Dr. Tracey Newman. 
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4. Materials 

 10.0 mL BD Vacutainer® glass serum tube (Red closure - No additive, silicone coated).  

 7.0 mL BD Vacutainer® glass whole blood tube (Lavender closure. K3EDTA 15% solution).  

 22 G BD Eclipse™ blood collection needle with luer adapter (Black hub, thin wall needle with 

pre attached holder) 

 Heinz Herenz Alcohol Swabs 

 Disposable sterile latex or nitrile surgical gloves 

 Surgical mask 

 Sterile 2 ml cryovials 

 Liquid nitrogen in appropriate LN2 transport carrier 

 Safety glasses or face shield 

 Freezer gloves 

 Laboratory coat 

 Protective shoes 

 Rack for vials 

 Marking pen 

 Chipped ice 

 Flat container or tray for chipped ice, such as an autoclavable Pyrex cake dish 

 

5. Participants 
The sample size (60 people) calculated is the maximum estimated numbers of patients expected 

to be available during the time of the study. A formal sample size calculation cannot be 

calculated, as we still do not know which inflammatory markers are likely to affect hearing and 

we cannot know the intrasubject variability of measures being correlated. 

 

5.1 Inclusion Criteria:  

Candidates must have been selected by the Southampton and Manchester Cochlear Implant 

Centres (SOECIC and MAIC) as candidates for cochlear implantation, according to their internal 

candidacy criteria. 

Candidates are required to be 16 years of age or older, so as to be able to give informed consent 

and complete the routine audiometric measures for adolescents/ adults. (Consent will also be 

needed from the parents of anyone below the age of 18). 

 

5.2 Exclusion Criteria:  

Anyone who is unable to complete the pre- or postsurgical routine audiometric measures. 

Ex: Limiting cognitive or physical impairments. Patients who know that they will leave the 

country for a long period of time within a year after surgery. 

 

5.3 Experiment 1 Participants:   

SOECIC patients being implanted in various hospitals within the University Hospital 

Southampton NHS Foundation Trust. Opportunity recruitment of patients who shall undergo 

‘traditional’, non ‘hearing preservation’ cochlear implantation surgery. 
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5.4 Experiment 2 Participants:  

MAIC patients being implanted in various hospitals within the Central Manchester Foundation 

Trust. Opportunity recruitment of patients who shall undergo hearing preservation CI surgery 

that utilises EAS devices. 

 

6. Procedure 
6.1 Experimental Design 

The project shall consist of two experiments, both involving six collections of blood over a one 

year period (two preoperative collections, and a minimum of four postoperative collections). 

The times of blood collections shall depend on when they are scheduled by the implant centre to 

go for follow-ups:  

 

Experiment 1: SOECIC 
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Initial 

assessment 
Variable (x)   ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Pre cochlear 

implantation 
3-2 weeks (-21) ✓  ✓ ✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓ 

Implantation Surgery (0) ✓ ✓           

Post cochlear 

implantation 
1 week (+7) ✓            

Activation 1 month (+30)             

Post activation 

1 week (+37) ✓            

1 month (+67) ✓    ✓ ✓ ✓ ✓ ✓  ✓  

3 months (+120)             

6 months (+210) ✓  ✓    ✓ ✓ ✓    

9 months (+300)             

1 year (+330)     ✓ ✓ ✓ ✓  ✓  ✓ 

Notes:  

Bone conduction audiometry is only repeated if there are responses at the initial assessment 

BKB sentences in fixed noise - tested only if the BKB sentences in quiet score is between 50-70% 

BKB sentences in adaptive noise - tested only if the BKB sentences in quiet score is ≥ 70% 

CUNY sentences with sounds - tested binaurally. Separate ears are tested if BKB sentences in quiet score is ≤10% 

AB words is tested only if the BKB sentences in quiet score is ≥ 50% 
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A cochlear fluid sample shall be collected by the surgeon during each CI surgery. This fluid 

would have otherwise overflowed when the cochlear implant is inserted in the cochlea. None of 

the experiments are intervention based; there will therefore be no modification of the surgical, 

medical, or paramedical methods that the implant centres or the hospitals would be currently 

employing. Additionally, all audiometric testing that is routinely performed by specialised 

clinicians, is standardised and evidence based. The two experiments, in combination, are 

targeted to give a longitudinal view of inflammatory status and its correlation with auditory 

performance measures across the two general types of CIs currently used; conventional CIs and 

EAS devices. 

 

6.2 Methodology  

The methodology is the same for both experiments 1 and 2. The difference between the 

experiments would solely be in the types of surgeries the patients would be undergoing (the 

choice of which is not influenced by the researchers) and the locations where patients are being 

recruited from. 

 

Patients and possibly their parents (for 16-18 year olds) will be approached by their 

audiologists with an invitation letter (Appendix 1 & 2 for SOECIC patients), (Appendix 3 & 4 for 

MAIC patients). They will be given a brief description of the experiment and asked if they are 

interested for more information. Those patients are interested in receiving more information 

can give the ‘Opt-in Slip’ that can be thorn off from the Invitation letter to the clinician who 

approached them.  

Experiment 2: MAIC 

Sample        
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Initial 

assessment 
Variable (x)   ✓ ✓ ✓ ✓  

Pre cochlear 

implantation 
3-2 weeks (-21) ✓  ✓ ✓ ✓ ✓  

Implantation Surgery (0) ✓ ✓      

Post cochlear 

implantation 
1 week (+7) ✓       

Activation 1 month (+30)        

Post 

activation 

1 week (+37) ✓  ✓ ✓ ✓ ✓ ✓ 

3 months (+120) ✓  ✓ ✓ ✓ ✓ ✓ 

6 months (+210)        

9 months (+300) ✓  ✓ ✓ ✓ ✓ ✓ 
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Participants that return the Opt-in Slip would then be given an envelope containing a patient 

information sheet (Appendix 5 & 6 for SOECIC patients), (Appendix 7 & 8 for MAIC patients), 

describing in full detail what the research is about, why they have been chosen, what will be 

expected from them, the risks involved, confidentiality issues, withdrawing participation, and 

contact details for further information. The envelope will also contain a consent form (Appendix 

9 & 10), and asked to read it. They would be asked take the forms home, read them and once 

ready indicate on the form whether they would like to participate, to sign it and hand it back to 

the recruiter at the next audiology session. Once participants would have agreed to take part in 

the study, a letter will be sent to their general practitioner (Appendix 11), informing them of the 

decision.  

 

17ml of blood will be collected at each sampling interval by a trained venepuncturist. A trained 

person shall process, store the blood appropriately and anonymously. Collection of cochlear 

fluid will be performed by the surgeon, who will then give the sample to a sample collector who 

would be trained to store it appropriately and anonymously. Cochlear fluid will be collected 

using the capillary action of a 2µl microcapillary tube placed at the resected round window 

opening.  

 

Throughout the project, before each sample collection, the patients would be reminded of their 

right to stop participation and that they would be able to receive additional information from 

the principal investigator. 

 

7. Statistical analysis 
The primary outcome measures for experiment 1 are the BKB sentence scores. 

The primary outcome measures for experiment 2 are the Unaided Hearing Thresholds 

established during Pure Tone Audiometry. 

 

7.1 Statistical Tests:  

Correlational analysis of inflammatory markers and hearing thresholds 

Descriptive statistics regarding means and ranges 

Qualitative analysis for clinical results 

 

8. Ethical issues 
Feeling obliged to participate: 

It is emphasised in the information sheet that participation is voluntary.  

 

Minors being pressured to participate in study by parents: 

Recruiters are trained to ensure that the patient participation is truly voluntary and to keep in 

mind the best interest of their patients.  

 

8.1 Data protection and anonymity 

Extensive measures shall be taken to ensure that confidential information (including patronage) 

is restricted to staff who normally have access, and to sample collectors who require 
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identification of the patient prior to sample collection. Any documents containing personal or 

identifying information shall be assigned a patient ID. Duplicates of assessment reports (soft or 

hard copies) shall be assigned a patient ID and made anonymous immediately. No more than 

one copy shall be made of any test results. Only one permanent document shall exist that 

connects the patient name with the patient ID and this shall be kept in possession of the head 

researcher in a locked drawer, and shall be destroyed at the completion of the clinical phase of 

the experiment. 

 

Patient health shall always be prioritised, and hence any patients with contraindications for 

venepuncture shall be omitted from the study. This includes needle-averse people who may 

avoid clinical appointments so as to avoid having blood drawn.  
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Appendix 1 

 

USAIS Participant invitation letter [V2] 

 

15/10/2012
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Audiology 

ISVR 

University of Southampton 

Highfield 

Southampton  

SO17 1BJ 

___ / ___ / 2014 

Dear ________________________________________: 

 

Dr Carl Verschuur, Director of the University of Southampton Auditory Implant Service (USAIS), 

has suggested I contact you to ask if you would be willing to take part in a research project, as 

you will soon be receiving a cochlear implant. The Institute of Sound and Vibration Research 

(ISVR) at the University of Southampton is investigating links between inflammation and hearing 

ability. People receiving cochlear implants offer a unique opportunity to help researchers further 

this field as surgeons have access to their cochlea (inner ear), during surgery.  

I would be very grateful if you would participate in my research study. The knowledge gained 

may then guide further research projects and developments aimed at understanding and 

supporting people with cochlear implants. 

If you agree to volunteer for the study, we would take blood samples during your routine visits to 

the clinic, and the surgeon will take a sample of your cochlear fluid during surgery. Much more 

detail is given in the information sheet attached to this letter. If you would like any more 

information please do not hesitate to contact me. 

I would very much appreciate it if you would read through the enclosed information sheet and 

consent form. If have any questions about this study, please contact me directly by email 

(a.e.causon@soton.ac.uk), or message (07583760914), letting me know whether you might be 

prepared to volunteer to take part in our study.  

I do hope you will be able to help us in this study. 

 

Yours sincerely, 

 

Andrew Causon  

Postgraduate Research student at ISVR, University of Southampton 



Opt–in Slip 

I am interested in participating in this study.  
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USAIS Parent invitation letter [V2] 

 

15/10/2012 
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Audiology 

ISVR 

University of Southampton 

Highfield 

Southampton  

SO17 1BJ 

___ / ___ / 2013 

Dear ________________________________________: 

 

Ms Julie Brinton, Director of the University of Southampton Auditory Implant Service (USAIS), has 

suggested I contact your son/daughter to ask if they would be willing to take part in a research project, as 

they will soon be receiving a cochlear implant. The Institute of Sound and Vibration Research (ISVR) at 

the University of Southampton is investigating links between inflammation and hearing ability. Since 

people in need of cochlear implants routinely undergo long-term monitoring at the clinic, and since 

surgeons have access to their cochlea (inner ear), people receiving cochlear implants offer a unique 

opportunity to help researchers explore this question. 

I would be grateful if they would participate in my research study. The knowledge gained may then guide 

further research projects and developments aimed at understanding and supporting people with cochlear 

implants. 

If your son/daughter agrees to volunteer for the study, we would take blood samples during their routine 

visits to the clinic, and the surgeon will take a sample of their cochlear fluid during surgery. Much more 

detail is given in the information sheet attached to this letter. If you would like any more information, as 

any aspects of the study explained, please do not hesitate to contact me. 

I would very much appreciate it if you would read through the enclosed information sheet and consent 

form. If have any questions about this study, please contact me directly by email (a.e.causon@soton.ac.uk), 

or message (07583760914), letting me know whether you might be prepared to volunteer to take part in 

our study.  

I do hope you will be able to help us in this study. 

 

Yours sincerely, 

 

Andrew Causon  

Postgraduate Research student at ISVR, University of Southampton 



Opt–in Slip 

I am interested in participating in this study.  
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MAIC Participant invitation letter [V2] 

 

15/10/2012 
  

Appendix I. InflamEar study protocol 196



 
 

[IRAS Reference 12/SC/0364]  

Audiology 

ISVR 

University of Southampton 

Highfield 

Southampton  

SO17 1BJ 

___ / ___ / 2013 

Dear ________________________________________: 

 

Miss Deborah Mawman. Coordinator of the Adult Implant Team at the Manchester Auditory Implant 

Clinic (MAIC), has suggested I contact you to ask if you would be willing to take part in a research project, 

as you will soon be receiving a cochlear implant. The Institute of Sound and Vibration Research (ISVR) at 

the University of Southampton is investigating links between inflammation and hearing ability. Since 

people in need of cochlear implants routinely undergo long-term monitoring at the clinic, and since 

surgeons have access to their cochlea (inner ear), people receiving cochlear implants offer a unique 

opportunity to help researchers further this field.  

I would be very grateful if you would participate in my research study. The knowledge gained may then 

guide further research projects and developments aimed at understanding and supporting people with 

cochlear implants. 

If you agree to volunteer for the study, we would take blood samples during your routine visits to the 

clinic, and the surgeon will take a sample of your cochlear fluid during surgery. Much more detail is given 

in the information sheet attached to this letter. If you would like any more information please do not 

hesitate to contact me. 

I would very much appreciate it if you would read through the enclosed information sheet and consent 

form. If have any questions about this study, please contact me directly by email (a.e.causon@soton.ac.uk), 

or message (07583760914), letting me know whether you might be prepared to volunteer to take part in 

our study.  

I do hope you will be able to help us in this study. 

 

Yours sincerely, 

 

Andrew Causon  

Postgraduate Research student at ISVR, University of Southampton 



Opt–in Slip 

I am interested in participating in this study.  
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Audiology 

ISVR 

University of Southampton 

Highfield 

Southampton  

SO17 1BJ 

___ / ___ / 2013 

Dear ________________________________________: 

 

Miss Deborah Mawman. Coordinator of the Adult Implant Team at the Manchester Auditory Implant 

Centre (MAIC), has suggested I contact your son/daughter to ask if they would be willing to take part in a 

research project, as they will soon be receiving a cochlear implant. The Institute of Sound and Vibration 

Research (ISVR) at the University of Southampton is investigating links between inflammation and 

hearing ability. Since people in need of cochlear implants routinely undergo long-term monitoring at the 

clinic, and since surgeons have access to their cochlea (inner ear), people receiving cochlear implants 

offer a unique opportunity to help researchers further this field.  

I would be very grateful if they would participate in my research study. The knowledge gained may then 

guide further research projects and developments aimed at understanding and supporting people with 

cochlear implants. 

If your son/daughter agrees to volunteer for the study, we would take blood samples during their routine 

visits to the clinic, and the surgeon will take a sample of their cochlear fluid during surgery. Much more 

detail is given in the information sheet attached to this letter. If you would like any more information 

please do not hesitate to contact me. 

I would very much appreciate it if you would read through the enclosed information sheet and consent 

form. If have any questions about this study, please contact me directly by email (a.e.causon@soton.ac.uk), 

or message (07583760914), letting me know whether you might be prepared to volunteer to take part in 

our study.  

I do hope you will be able to help us in this study. 

 

Yours sincerely, 

 

Andrew Causon  

Postgraduate Research student at ISVR, University of Southampton 



Opt–in Slip 

I am interested in participating in this study.  
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USAIS Participant Information Sheet 

Study Title: Inflammation as a predictor of hearing loss   

Chief Investigator: Andrew Causon  NHS REC reference: 12/SC/0364 

Contact: 02380 594870, a.e.causon@soton.ac.uk 

You are being invited to participate in a study run by the Institute of Sound and Vibration 

Research at the University of Southampton. Please read this information carefully before 

deciding whether or not to take part in this study. If you are happy to participate, you will 

be asked to sign a Consent Form. Please ask us if there is anything that is not clear or if 

you would like more information.   

 

What is the research about? 

I am a postgraduate research student conducting a study as part of a PhD thesis. The project will 

investigate possible links between inflammation and hearing ability. Inflammation is an 

essential healthy response to insults (such as infections, or cuts). However, there is now 

evidence that inappropriate inflammation may contribute to the development of other diseases 

or disabilities. We believe that inflammation may be partly responsible for the loss of residual 

hearing (the limited ‘non-aided’ hearing a deaf person has) that occasionally occurs after a 

person receives a cochlear implant. 

There are recognised ways of measuring inflammation and of using drugs (such as aspirin) to 

control it. Measuring inflammation in people undergoing cochlear implant surgery and 

monitoring their hearing after receiving the implant could therefore lead to better predictions 

of who will have better outcomes after surgery.  If inflammation affects hearing performance, 

this research could help to improve the outcomes of people receiving implants by careful timing 

of surgery, and taking preventive measures to maximise the chances of hearing preservation 

and ensuring people do as well as possible with their cochlear implants.     

Participation in this study will generate data for researchers at the University of Southampton. 

They are working with the University of Southampton Auditory Implant Service (USAIS) and the 

Manchester Auditory Implant Centre (MAIC), in multiple hospitals across the UK. This research 

is partly funded by MED-EL; a cochlear implant manufacturer that is committed to improving 

the service currently provided to people in need of cochlear implants.  

 

Why have I been chosen? 

Since people in need of cochlear implants routinely undergo long-term monitoring at the clinic, 

and since surgeons have access to their cochlea (inner ear), people receiving cochlear implants 

you are in the unique position to provide us with all that we need to test the theory.  Joining the 
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study will not change the number of visits to the clinic, it will however increase the length of 

each of your visits by about 15 minutes.    

 

Do I have to take part? 

Participation in this study is voluntary do not feel obliged to participate if you are 

uncomfortable with the idea. Should you change your mind at any time before, or during, the 

study you can withdraw from the study. The health care you receive will in no way be affected. 

We will remove, and destroy, any data that has been collected from you during the study.  

 

What will happen to me if I take part? 

Firstly, the surgeon will take a minute sample of your cochlear fluid during the implantation 

surgery; this tiny quantity (2 microliters) is the amount that is displaced when the cochlear 

implant is inserted. The sample is about the same volume as one red blood cell, or a large grain 

of sand. This sample will help us understand whether there is inflammation in the cochlea at the 

time the implant is inserted, and whether it is the same at the inflammation in the blood.    

The remainder of the study will involve some routine blood tests and audiometric measures 

(these hearing tests will be the same you would receive even if not in the study). A total of 6 

blood samples would be collected. One collection will be during the pre-operative check-up, one 

during surgery, and one at the post-operative check-up. Three further samples will be taken 

your audiology appointments. We aim to collect 17ml (about one tablespoon) of blood at each 

sampling via a routine blood-sampling procedure.  

 

Are there any benefits in my taking part? 

By taking part in this study you will be helping researchers in a study that could potentially 

change the way care is provided to people who need cochlear implants. 

 

Are there any risks involved? 

Cochlear fluid is not normally sampled during cochlear implant surgery. The cochlear implant 

will displace more fluid than we intend to collect. We believe that there will be the same amount 

of fluid in the cochlea at the end of the surgery, regardless of whether or not the sample is taken. 

We therefore do not envisage the procedure to have any impact on your health or audiological 

outcomes.     

When blood samples are being taken, there is a minimal risk of needle stick (sharps) injuries. 

Such an injury could result in soreness, or bruising, in the area where the blood was sampled. As 

with all blood samples, there is a very slight risk of peripheral nerve damage due to needle 

insertion, tenderness of the area, and the person feeling faint/ fainting. The training a 

phlebotomist (person taking the blood) receives in correct blood sampling procedure greatly 

reduces these risks. The professionals know how to identify people who can safely give blood, 
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select the appropriate sampling site and apply gentle pressure to site after the sample is taken. 

The phlebotomist will ensure that you are happy to donate blood and would not proceed should 

you become uncomfortable at any time during procedure.  

You should be aware that in the very unlikely event of a serious medical emergency at the USAIS, 

the centre is not equipped to manage it. We would immediately perform first aid and contact 

emergency medical services which would take the person to the Southampton University 

Hospital. 

 

Will my participation be confidential? 

There will be no disclosure of research information except to other authorised persons working 

on the project. Confidential information will only be shared with other people if you provide 

explicit consent. 

Your data will be coded so that you cannot be identified by researchers. This is called linked 

anonymity, and it helps ensure that only your regular clinicians know the data that is associated 

with you as an individual.   

 

What happens if something goes wrong? 

In the unlikely case of concern or complaint, you may call Dr Martina Prude, Head of Research 

Governance on 02380 595058, or email at mad4@soton.ac.uk.  

 

Who has reviewed this study? 

The study has been reviewed and approved by Southampton B REC. The REC reference is: 

12/SC/0364.  

 

Where can I get more information? 

You may call Andrew Causon on 02380 594870, or email at a.e.causon@soton.ac.uk, who can 

hopefully answer any questions regarding information on this sheet, or queries about the study.  
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USAIS Parent Information Sheet 

Study Title: Inflammation as a predictor of hearing loss   

Chief Investigator: Andrew Causon  NHS REC reference: 12/SC/0364 

Contact: 02380 594870, a.e.causon@soton.ac.uk 

Your son/daughter is being invited to participate in a study run by the Institute of Sound 

and Vibration Research at the University of Southampton. Please read this information 

carefully before deciding whether or not to take part in this study. If you are happy for 

your son/daughter to participate, you will be asked to sign a Parental Consent Form. 

Please ask us if there is anything that is not clear or if you would like more information.   

 

What is the research about? 

I am a postgraduate research student conducting a study as part of a PhD thesis. The project will 

investigate possible links between inflammation and hearing ability. Inflammation is an 

essential healthy response to insults (such as infections, or cuts). However, there is now 

evidence that inappropriate inflammation may contribute to the development of other diseases 

or disabilities. We believe that inflammation may be partly responsible for the loss of residual 

hearing (the limited ‘non-aided’ hearing a deaf person has) that occasionally occurs after a 

person receives a cochlear implant. 

There are recognised ways of measuring inflammation and of using drugs (such as aspirin) to 

control it. Measuring inflammation in people undergoing cochlear implant surgery and 

monitoring their hearing after receiving the implant could therefore lead to better predictions 

of who will have better outcomes after surgery.  If inflammation affects hearing performance, 

this research could help to improve the outcomes of people receiving implants by careful timing 

of surgery, and taking preventive measures to maximise the chances of hearing preservation 

and ensuring people do as well as possible with their cochlear implants.     

Participation in this study will generate data for researchers at the University of Southampton. 

They are working with the University of Southampton Auditory Implant Service (USAIS) and the 

Manchester Auditory Implant Centre (MAIC), in multiple hospitals across the UK. This research 

is partly funded by MED-EL; a cochlear implant manufacturer that is committed to improving 

the service currently provided to people in need of cochlear implants.  

 

Why has your son/daughter been chosen? 

Since people in need of cochlear implants routinely undergo long-term monitoring at the clinic, 

and since surgeons have access to their cochlea (inner ear), people receiving cochlear implants 

offer a unique opportunity to help researchers further this field. As a cochlear implantee you are 
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in the unique position to provide us with all that we need to test the theory. Joining the study 

will not change the number of visits to the clinic, it will however increase the length of each of 

your visits by about 15 minutes. 

 

Does your son/daughter have to take part? 

Participation in this study is voluntary,  do not feel obliged to have your daughter/son 

participate if you or they are uncomfortable with the idea. Should you or your son/daughter 

change their mind at any time before, or during, the study they can withdraw from the study. 

The health care they receive will in no way be affected. We will remove, and destroy, any data 

that has been collected from them during the study. 

 

What will happen to your son/daughter if they take part? 

Firstly, the surgeon will take a minute sample of their cochlear fluid during the implantation 

surgery; this tiny quantity (2 microliters) is the amount that is displaced when the cochlear 

implant is inserted. The sample is about the same volume as one red blood cell, or a large grain 

of sand. This sample will help us understand whether there is inflammation in the cochlea at the 

time the implant is inserted, and whether it is the same at the inflammation in the blood.    

The remainder of the study will involve some routine blood tests and audiometric measures 

(these hearing tests will be the same they would receive even if not in the study). A total of 6 

blood samples would be collected. One collection will be during the pre-operative check-up, one 

during surgery, and one at the post-operative check-up. Three further samples will be taken 

during your son/daughter’s audiology appointments. We aim to collect 17ml (about one 

tablespoon) of blood at each sampling via a routine blood-sampling procedure.  

 

Are there any benefits in your son/daughter taking part? 

By taking part in this study they will be helping researchers in a study that could potentially 

change the way care is provided to people who need cochlear implants. 

 

Are there any risks involved? 

Cochlear fluid is not normally sampled during cochlear implant surgery. The cochlear implant 

will displace more fluid than we intend to collect. We believe that there will be the same amount 

of fluid in the cochlea at the end of the surgery, regardless of whether or not the sample is taken. 

We therefore do not envisage the procedure to have any impact on your son/ daughter’s health 

or audiological outcomes.     

When blood samples are being taken, there is a minimal risk of needle stick (sharps) injuries. 

Such an injury could result in soreness, or bruising, in the area where the blood was sampled. As 

with all blood samples, there is a very slight risk of peripheral nerve damage due to needle 

insertion, tenderness of the area, and the person feeling faint/ fainting. The training a 
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phlebotomist (person taking the blood) receives in correct blood sampling procedure greatly 

reduces these risks. The professionals know how to identify people who can safely give blood, 

select the appropriate sampling site and apply gentle pressure to site after the sample is taken. 

The phlebotomist will ensure that your son/daughter are happy to donate blood and would not 

proceed should you become uncomfortable at any time during procedure.  

You should be aware that in the very unlikely event of a serious medical emergency at the 

SOECIC, the centre is not equipped to manage it. We would immediately perform first aid and 

contact emergency medical services which would take the person to the Southampton 

University Hospital. 

 

Will your son/daughter’s participation be confidential? 

There will be no disclosure of research information except to other authorised persons working 

on the project. Confidential information will only be shared with other people if they provide 

explicit consent. 

Your son/daughter’s data will be coded so that they cannot be identified by researchers. This is 

called linked anonymity, and it helps ensure that only your son/daughter’s regular clinicians 

know the data that is associated with them as an individual.   

 

What happens if something goes wrong? 

In the unlikely case of concern or complaint, you may call Dr Martina Prude, Head of Research 

Governance on 02380 595058, or email at mad4@soton.ac.uk.  

 

Who has reviewed this study? 

The study has been reviewed and approved by Southampton B REC. The REC reference is: 

12/SC/0364.  

 

Where can I get more information? 

You may call Andrew Causon on 02380 594870, or email at a.e.causon@soton.ac.uk, who can 

hopefully answer any questions regarding information on this sheet, or queries about the study.  
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MAIC Participant Information Sheet 

Study Title: Inflammation as a predictor of hearing loss 

Chief Investigator: Andrew Causon  NHS REC reference: 12/SC/0364 

Contact: 02380 592850, a.e.causon@soton.ac.uk 

You are being invited to participate in a study run by the Institute of Sound and Vibration 

Research at the University of Southampton. Please read this information carefully before 

deciding whether or not to take part in this study. If you are happy to participate, you will 

be asked to sign a Consent Form. Please ask us if there is anything that is not clear or if 

you would like more information.   

 

What is the research about? 

I am a postgraduate research student conducting a study as part of a PhD thesis. The project will 

investigate possible links between inflammation and hearing ability. Inflammation is an 

essential healthy response to insults (such as infections, or cuts). However, there is now 

evidence that inappropriate inflammation may contribute to the development of other diseases 

or disabilities. We believe that inflammation may be partly responsible for the loss of residual 

hearing (the limited ‘non-aided’ hearing a deaf person has) that occasionally occurs after a 

person receives a cochlear implant. 

There are recognised ways of measuring inflammation and of using drugs (such as aspirin) to 

control it. Measuring inflammation in people undergoing cochlear implant surgery and 

monitoring their hearing after receiving the implant could therefore lead to better predictions 

of who might be at risk of losing their residual hearing after surgery.  If inflammation at the time 

of surgery makes people are more likely to lose their residual hearing, this research could help 

to improve the outcomes of people receiving implants, by careful timing of surgery, and taking 

preventive measures to maximise the chances of hearing preservation and ensuring people do 

as well as possible with their cochlear implants.     

Participation in this study will generate data for researchers at the University of Southampton. 

They are working with the Manchester Auditory Implant Centre (MAIC) and the South of 

England Cochlear Implant Centre (SOECIC) in multiple hospitals across the UK. This research is 

partly funded by MED-EL; a cochlear implant manufacturer that is committed to improving the 

service currently provided to people in need of cochlear implants.  

 

Why have I been chosen? 

Since people in need of cochlear implants routinely undergo long-term monitoring at the clinic, 

and since surgeons have access to their cochlea (inner ear), people receiving cochlear implants 
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you are in the unique position to provide us with all that we need to test the theory.  Joining the 

study will not change the number of visits to the clinic, it will however increase the length of 

each of your visits by about 15 minutes.    

Do I have to take part? 

Participation in this study is voluntary do not feel obliged to participate if you are 

uncomfortable with the idea. Should you change your mind at any time before, or during, the 

study you can withdraw from the study. The health care you receive will in no way be affected. 

We will remove, and destroy, any data that has been collected from you during the study.  

What will happen to me if I take part? 

Firstly, the surgeon will take a minute sample of your cochlear fluid during the implantation 

surgery; this tiny quantity (2 microliters) is the amount that is displaced when the cochlear 

implant is inserted. The sample is about the same volume as one red blood cell, or a large grain 

of sand. This sample will help us understand whether there is inflammation in the cochlea at the 

time the implant is inserted, and whether it is the same at the inflammation in the blood.    

The remainder of the study will involve some routine blood tests and audiometric measures 

(these hearing tests will be the same you would receive even if not in the study). A total of 6 

blood samples would be collected. One collection will be during the pre-operative check-up, one 

during surgery, and one at the post-operative check-up. Three further samples will be taken 

your audiology appointments. We aim to collect 17ml (about one tablespoon) of blood at each 

sampling via a routine blood-sampling procedure.  

 

Are there any benefits in my taking part? 

By taking part in this study you will be helping researchers in a study that could potentially 

change the way care is provided to people who need cochlear implants. 

 

Are there any risks involved? 

Cochlear fluid is not normally sampled during cochlear implant surgery. The cochlear implant 

will displace more fluid than we intend to collect. We believe that there will be the same amount 

of fluid in the cochlea at the end of the surgery, regardless of whether or not the sample is taken. 

We therefore do not envisage the procedure to have any impact on your health or audiological 

outcomes.     

When blood samples are being taken, there is a minimal risk of needle stick (sharps) injuries. 

Such an injury could result in soreness, or bruising, in the area where the blood was sampled. As 

with all blood samples, there is a very slight risk of peripheral nerve damage due to needle 

insertion, tenderness of the area, and the person feeling faint/ fainting. The training a 

phlebotomist (person taking the blood) receives in correct blood sampling procedure greatly 

reduces these risks. The professionals know how to identify people who can safely give blood, 

select the appropriate sampling site and apply gentle pressure to site after the sample is taken. 
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The phlebotomist will ensure that you are happy to donate blood and would not proceed should 

you become uncomfortable at any time during procedure.  

Audiology clinics that are situated inside hospitals have access to staff and equipment to handle 

a very unlikely serious medical emergency.  

 

Will my participation be confidential? 

There will be no disclosure of research information except to other authorised persons working 

on the project. Confidential information will only be shared with other people if you provide 

explicit consent. 

Your data will be coded so that you cannot be identified by researchers. This is called linked 

anonymity, and it helps ensure that only your regular clinicians know the data that is associated 

with you as an individual.   

 

What happens if something goes wrong? 

In the unlikely case of concern or complaint, you may call Dr Martina Prude, Head of Research 

Governance on 02380 595058, or email at mad4@soton.ac.uk.  

 

Who has reviewed this study? 

The study has been reviewed and approved by Southampton B REC. The REC reference is: 

12/SC/0364.  

 

Where can I get more information? 

You may call Andrew Causon on 02380 592850, or email at a.e.causon@soton.ac.uk, who can 

hopefully answer any questions regarding information on this sheet, or queries about the study.  
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MAIC Parent Information Sheet 

Study Title: Inflammation as a predictor of hearing loss 

Chief Investigator: Andrew Causon  NHS REC reference: 12/SC/0364 

Contact: 02380 592850, a.e.causon@soton.ac.uk 

Your son/daughter is being invited to participate in a study run by the Institute of Sound 

and Vibration Research at the University of Southampton. Please read this information 

carefully before deciding whether or not to take part in this study. If you are happy for 

your son/daughter to participate, you will be asked to sign a Parental Consent Form. 

Please ask us if there is anything that is not clear or if you would like more information.   

 

What is the research about? 

I am a postgraduate research student conducting a study as part of a PhD thesis. The project will 

investigate possible links between inflammation and hearing ability. Inflammation is an 

essential healthy response to insults (such as infections, or cuts). However, there is now 

evidence that inappropriate inflammation may contribute to the development of other diseases 

or disabilities. We believe that inflammation may be partly responsible for the loss of residual 

hearing (the limited ‘non-aided’ hearing a deaf person has) that occasionally occurs after a 

person receives a cochlear implant. 

There are recognised ways of measuring inflammation and of using drugs (such as aspirin) to 

control it. Measuring inflammation in people undergoing cochlear implant surgery and 

monitoring their hearing after receiving the implant could therefore lead to better predictions 

of who might be at risk of losing their residual hearing after surgery.  If inflammation at the time 

of surgery makes people are more likely to lose their residual hearing, this research could help 

to improve the outcomes of people receiving implants, by careful timing of surgery, and taking 

preventive measures to maximise the chances of hearing preservation and ensuring people do 

as well as possible with their cochlear implants.     

Participation in this study will generate data for researchers at the University of Southampton. 

They are working with the Manchester Auditory Implant Centre (MAIC) and the South of 

England Cochlear Implant Centre (SOECIC) in multiple hospitals across the UK. This research is 

partly funded by MED-EL; a cochlear implant manufacturer that is committed to improving the 

service currently provided to people in need of cochlear implants.  

 

Why has your son/daughter been chosen? 

Since people in need of cochlear implants routinely undergo long-term monitoring at the clinic, 

and since surgeons have access to their cochlea (inner ear), people receiving cochlear implants 
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your son/daughter are in the unique position to provide us with all that we need to test the 

theory.  Joining the study will not change the number of visits to the clinic, it will however 

increase the length of each of your visits by about 15 minutes. 

 

Does your son/daughter have to take part? 

Participation in this study is voluntary. Do not feel obliged to have your daughter/son 

participate if you or they are uncomfortable with the idea. Should you or your son/daughter 

change their mind at any time before, or during, the study they can withdraw from the study. 

The health care they receive will in no way be affected. We will remove, and destroy, any data 

that has been collected from them during the study.  

 

What will happen to your son/daughter if they take part? 

Firstly, the surgeon will take a minute sample of their cochlear fluid during the implantation 

surgery; this tiny quantity (2 microliters) is the amount that is displaced when the cochlear 

implant is inserted. The sample is about the same volume as one red blood cell, or a large grain 

of sand. This sample will help us understand whether there is inflammation in the cochlea at the 

time the implant is inserted, and whether it is the same at the inflammation in the blood.    

The remainder of the study will involve some routine blood tests and audiometric measures 

(these hearing tests will be the same they would receive even if not in the study). A total of 6 

blood samples would be collected. One collection will be during the pre-operative check-up, one 

during surgery, and one at the post-operative check-up. Three further samples will be taken 

during your son/daughter’s audiology appointments. We aim to collect 17ml (about one 

tablespoon) of blood at each sampling via a routine blood-sampling procedure.  

 

Are there any benefits in your son/daughter taking part? 

By taking part in this study they will be helping researchers in a study that could potentially 

change the way care is provided to people who need cochlear implants. 

 

Are there any risks involved? 

Cochlear fluid is not normally sampled during cochlear implant surgery. The cochlear implant 

will displace more fluid than we intend to collect. We believe that there will be the same amount 

of fluid in the cochlea at the end of the surgery, regardless of whether or not the sample is taken. 

We therefore do not envisage the procedure to have any impact on your son/ daughter’s health 

or audiological outcomes.     

When blood samples are being taken, there is a minimal risk of needle stick (sharps) injuries. 

Such an injury could result in soreness, or bruising, in the area where the blood was sampled. As 

with all blood samples, there is a very slight risk of peripheral nerve damage due to needle 

insertion, tenderness of the area, and the person feeling faint/ fainting. The training a 
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phlebotomist (person taking the blood) receives in correct blood sampling procedure greatly 

reduces these risks. The professionals know how to identify people who can safely give blood, 

select the appropriate sampling site and apply gentle pressure to site after the sample is taken. 

The phlebotomist will ensure that your son/daughter are happy to donate blood and would not 

proceed should you become uncomfortable at any time during procedure.  

Audiology clinics that are situated inside hospitals have access to staff and equipment to handle 

a very unlikely serious medical emergency.  

 

Will your son/daughter’s participation be confidential? 

There will be no disclosure of research information except to other authorised persons working 

on the project. Confidential information will only be shared with other people if they provide 

explicit consent. 

Your son/daughter’s data will be coded so that they cannot be identified by researchers. This is 

called linked anonymity, and it helps ensure that only your son/daughter’s regular clinicians 

know that data that is associated with them as an individual.   

 

What happens if something goes wrong? 

In the unlikely case of concern or complaint, you may call Dr Martina Prude, Head of Research 

Governance on 02380 595058, or email at mad4@soton.ac.uk.  

 

Who has reviewed this study? 

The study has been reviewed and approved by Southampton B REC. The REC reference is: 

12/SC/0364.  

 

Where can I get more information? 

You may call Andrew Causon on 02380 592850, or email at a.e.causon@soton.ac.uk, who can 

hopefully answer any questions regarding information on this sheet, or queries about the study. 
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SECOND COCHLEAR FLUID SAMPLING CONSENT FORM 

Study title: Inflammation as a predictor of hearing loss 

Chief Investigator: Andrew Causon  NHS REC reference: 12/SC/0364          

Contact: 02380 594870, a.e.causon@soton.ac.uk 

Please initial the box(es) if you agree with the statement(s): Initials 

5.

 

Name of participant ……………………………………          Name of clinician ………………………………………… 

Signature ……………………………………                              Signature ……………………………………   

Date ……………………………………   
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PARENTAL CONSENT FORM 

Study title: Inflammation as a predictor of hearing loss 

Chief Investigator: Andrew Causon  NHS REC reference: 12/SC/0364          

Contact: 02380 592850, a.e.causon@soton.ac.uk 

Initials 

 

Name of participant ………………………………………        Date ……………………………………   

Name of participant’s parent ………………………………………   Name of clinician …………………………………………… 

Signature ……………………………………                                            Signature ……………………………………   
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Mr Andrew Causon 
Room 4077, Tizard building (13) 
Institute of Sound and Vibration Research 
University of Southampton,  
SO17 1BJ, UK 
 

<recipient name> (Overtype blue placeholders - press F11 to move to next) 
"<recipient address>"  

<Date> 

Dr "<physician name>"  

This communication concerns your patient; "<patient name>" .  They have agreed to participate 
in an NHS approved study that forms part of a PhD thesis at the University of Southampton. 
Study title: Inflammation as a predictor of hearing loss. NHS REC reference: 12/SC/0364.  
 
The project aims to investigate possible links between inflammation and hearing ability. We 
believe that inflammation may be partly responsible for the loss of residual hearing that 
occasionally occurs after a person receives a cochlear implant. As your patient is due to receive 
a cochlear implant, they have been asked to participate in this study.   
 
By monitoring inflammation and the hearing status, we aim to test the strength of the link 
between hearing and inflammation. Firstly, the surgeon will take a 2µl sample of the patients’ 
cochlear fluid during the implantation surgery; this is half the amount normally displaced when 
the cochlear implant is inserted. The remainder of the study will involve a series of blood tests 
and routine audiometric measures (that the patient would undergo even if they do not 
participate in this study). The samples will help us correlate inflammation in the cochlea with 
that in the blood and also inflammation with residual hearing and cochlear health in general 
over a one year period. 
 
Should you have any questions, suggestions or concerns related to your patient participating in 
this experiment, please contact us. Tel: 02380592850, Email: a.e.causon@soton.ac.uk.    

 
Yours sincerely 
 
 
 
 
 
 
Andrew Causon 
Postgraduate Researcher 
Hearing and Balance Centre 
University of Southampton
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IE001 has had a familial progressive hearing loss for 11 years. The hearing loss was 100% stable between

pre-op appointments however was diagnosed as progressive in the long term (Figure K.1). He was

implanted at the MAIC with a MEDEL Concerto Flex24 electrode array in his right ear and uses a Duet

processor. Aided CUNY scores from the implanted ear improved from 85% pre-op to 100% at 9 months

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 26% pre-op to 100%

at 3 months after switch-on. IE001 has an average sound field audiometry threshold of 35.63dB HL

between 0.25-4kHz, measured 9 months after switch-on. He has a low frequency hearing preservation

score of 42.72% between his pre-op and 3 months after switch-on sessions. IE001’s systemic inflammatory

state was monitored between surgery and 4 months after surgery. The patient experienced the maximum

absolute deviation in IFNγ of 264.44% between immediate post-op and 1 month post-op.

Figure K.1: Summary of results from patient IE001
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IE002 has had an idiopathic progressive hearing loss for 29 years. The stability of the hearing loss between

pre-operative sessions could not be calculated as only data from one session was available (Figure K.2).

However, the patient was diagnosed as progressive in the long term. She was implanted at the MAIC with

a MEDEL Concerto Flex28 electrode array in her right ear and uses an Opus 2 processor. Aided CUNY

scores from the implanted ear improved from 44% pre-op to 100% at 9 months after switch-on. Aided

BKB in quiet scores from the implanted ear were only measured post-operatively and were at 86% at 9

months after switch-on. IE002 has an average sound field audiometry threshold of 32.81dB HL between

0.25-4kHz, measured 9 months after switch-on. She has a low frequency hearing preservation score of

68% between her pre-op and 9 months after switch-on sessions. IE002’s systemic inflammatory state

was monitored between surgery and 10 months after surgery. The patient experienced the maximum

absolute deviation in IFNγ of 161.99% between immediate post-op and 4 months post-op.

Figure K.2: Summary of results from patient IE002
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IE003 has had an idiopathic progressive hearing loss for 42 years. The hearing loss was 69.3% stable

between pre-op appointments and was diagnosed as progressive in the long term (Figure K.3). She was

implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in her left ear and uses a Duet

processor. Aided CUNY scores from the implanted ear improved from 91% pre-op to 93% at 1 week

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 60% pre-op to 98%

at 3 months after switch-on. IE003 has an average sound field audiometry threshold of 32.81dB HL

between 0.25-4kHz, measured 9 months after switch-on. She has a low frequency hearing preservation

score of 68% between her pre-op and 3 months after switch-on sessions. IE003’s systemic inflammatory

state was monitored between surgery and 1 month after surgery. The patient experienced the maximum

absolute deviation in IFNγ of 72.6% between surgery and immediate post-op.

Figure K.3: Summary of results from patient IE003
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IE004 has had a familial progressive hearing loss for 14 years. The hearing loss was 96% stable between

pre-op appointments however was diagnosed as progressive in the long term (Figure K.4). He was

implanted at the MAIC with a MEDEL Concerto Flex24 electrode array in his right ear and uses an

Opus 2 processor. Aided CUNY scores from the implanted ear were at 100% at pre-op and remained

so at 9 months after switch-on. Aided BKB in quiet scores from the implanted ear improved from 62%

pre-op to 90% at 9 months after switch-on. IE004 has an average sound field audiometry threshold of

29.69dB HL between 0.25-4kHz, measured 9 months after switch-on. He has a low frequency hearing

preservation score of 21.55% between his pre-op and 1 week after switch-on sessions. IE004’s systemic

inflammatory state was monitored between 2 weeks before surgery and 4 months after surgery. The

patient experienced the maximum absolute deviation in IFNγ of 100% between 1 month post-op and 4

months post-op.

Figure K.4: Summary of results from patient IE004



Appendix K. Patients 232

IE005 has had a wide vestibular aqueduct and associated hearing loss since birth. The hearing loss

was 95.5% stable between pre-op appointments however was diagnosed as progressive in the long term

(Figure K.5). He was implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in his left

ear and uses an Opus 2 processor. Aided CUNY scores from the implanted ear improved from 79% pre-op

to 100% at 9 months after switch-on. Aided BKB in quiet scores from the implanted ear improved from

18% pre-op to 98% at 9 months after switch-on. IE005 has an average sound field audiometry threshold

of 33.13dB HL between 0.25-4kHz, measured 9 months after switch-on. He has a low frequency hearing

preservation score of 14.6% between his pre-op and 1 week after switch-on sessions. IE005’s systemic

inflammatory state was monitored between 2 weeks before surgery and 10 months after surgery. The

patient experienced the maximum absolute deviation in IFNγ of 73.79% between surgery and immediate

post-op.

Figure K.5: Summary of results from patient IE005
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IE006 has had an idiopathic hearing loss for 24 years. The hearing loss was 72% stable between pre-

op appointments and was diagnosed as progressive in the long term (Figure K.6). She was implanted

at the MAIC with a MEDEL Concerto Flex28 electrode array in her right ear and uses an Opus 2

processor. Aided CUNY scores from the implanted ear improved from 31% pre-op to 99% at 9 months

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 100% at

9 months after switch-on. IE006 has an average sound field audiometry threshold of 35.63dB HL between

0.25-4kHz, measured 9 months after switch-on. She has a low frequency hearing preservation score of

14.6% between her pre-op and 1 week after switch-on sessions. IE006’s systemic inflammatory state was

monitored between 2 weeks before surgery and 10 months after surgery. The patient experienced the

maximum absolute deviation in IFNγ of 217.39% between surgery and immediate post-op.

Figure K.6: Summary of results from patient IE006
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IE007 has had an idiopathic hearing loss for 24 years. The hearing loss was 80% stable between pre-op

appointments and was diagnosed as progressive in the long term (Figure K.7). He was implanted at the

MAIC with a MEDEL Concerto Flex28 electrode array in his left ear and uses an Opus 2 processor. Aided

CUNY scores from the implanted ear improved from 25% pre-op to 98% at 9 months after switch-on.

Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 76% at 9 months after

switch-on. IE007 has an average sound field audiometry threshold of 36.25dB HL between 0.25-4kHz,

measured 9 months after switch-on. He has a low frequency hearing preservation score of 4% between his

pre-op and 1 week after switch-on sessions. IE007’s systemic inflammatory state was monitored between

2 weeks before surgery and 4 months after surgery. The patient experienced the maximum absolute

deviation in IFNγ of 377.28% between 1 month and 4 months after surgery.

Figure K.7: Summary of results from patient IE007
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IE008 has had an idiopathic hearing loss for 21 years. The hearing loss was 100% stable between pre-op

appointments and had not changed significantly since initial assessment either (Figure K.8). He was

implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in his left ear and uses an Opus

2 processor. Aided CUNY scores from the implanted ear improved from 52% pre-op to 100% at 3 months

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 98% at 9

months after switch-on. IE008 has an average sound field audiometry threshold of 34.06dB HL between

0.25-4kHz, measured 9 months after switch-on. He has a low frequency hearing preservation score of

85.13% between his pre-op and 1 week after switch-on sessions. IE008’s systemic inflammatory state

was monitored between 2 weeks before surgery and 10 months after surgery. The patient experienced

the maximum absolute deviation in IFNγ of 47.81% between surgery and immediate post-op.

Figure K.8: Summary of results from patient IE008
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IE010 has had an idiopathic hearing loss for 44 years. The hearing loss was 88.46% stable between

pre-op appointments and had not changed significantly since initial assessment either (Figure K.9). She

was implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in her right ear and uses

an Opus 2 processor. Aided CUNY scores from the implanted ear improved from 37% pre-op to 100%

at 3 months after switch-on. Aided BKB in quiet scores from the implanted ear improved from 0%

pre-op to 78% at 9 months after switch-on. IE010 has an average sound field audiometry threshold of

28.75dB HL between 0.25-4kHz, measured 9 months after switch-on. She has a low frequency hearing

preservation score of 5.71% between her pre-op and 1 week after switch-on sessions. IE010’s systemic

inflammatory state was monitored between 2 weeks before surgery and 10 months after surgery. The

patient experienced the maximum absolute deviation in IFNγ of 371.28% between 1 month and 3 months

after surgery.

Figure K.9: Summary of results from patient IE010
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IE011 has had an idiopathic hearing loss for 26 years. The stability of the hearing loss between pre-

operative sessions could not be calculated as only data from one session was available (Figure K.10).

However, the patient was diagnosed as progressive in the long term. She was implanted at the MAIC

with a MEDEL Concerto Flex28 electrode array in her left ear and uses an Opus 2 processor. Aided

CUNY scores from the implanted ear changed from 18% pre-op to 97% at 3 months and then to 60%

at 9 months after switch-on. Aided BKB in quiet scores from the implanted ear changed from 0%

pre-op to 78% at 3 months and then to 50% at 9 months after switch-on. IE011 has an average sound

field audiometry threshold of 38.75dB HL between 0.25-4kHz, measured 3 months after switch-on. She

has a low frequency hearing preservation score of 24.44% between her pre-op and 1 week after switch-

on sessions. IE011’s systemic inflammatory state was monitored between 2 weeks before surgery and

4 months after surgery. The patient experienced the maximum absolute deviation in IFNγ of 100%

between 1 month and 4 months after surgery.

Figure K.10: Summary of results from patient IE011
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IE012 has had a familial progressive hearing loss for 21 years. The hearing loss was 93.74% stable

between pre-op appointments however was diagnosed as progressive in the long term (Figure K.11). She

was implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in her right ear and uses an

Opus 2 processor. Aided CUNY scores from the implanted ear improved from 36% pre-op to 93% at 3

months after switch-on. Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to

90% at 3 months after switch-on. IE012 has an average sound field audiometry threshold of 34.69dB HL

between 0.25-4kHz, measured 3 months after switch-on. She has a low frequency hearing preservation

score of 55.24% between her pre-op and switch-on session. IE012’s systemic inflammatory state was

monitored between surgery and 1 week after switch-on. The patient experienced the maximum absolute

deviation in IFNγ of 17.68% between surgery and immediate post-op.

Figure K.11: Summary of results from patient IE012
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IE013 has had a familial progressive hearing loss for 61 years. The hearing loss was 83.06% stable

between pre-op appointments and was diagnosed as progressive in the long term (Figure K.12). She

was implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in her right ear and uses

an Opus 2 processor. Aided CUNY scores from the implanted ear improved from 71% pre-op to 95%

at 9 months after switch-on. Aided BKB in quiet scores from the implanted ear improved from 20%

pre-op to 52% at 9 months after switch-on. IE013 has an average sound field audiometry threshold of

48.75dB HL between 0.25-4kHz, measured 9 months after switch-on. She has a low frequency hearing

preservation score of 55.12% between her pre-op and 1 week after switch-on session. IE013’s systemic

inflammatory state was monitored between surgery and 4 months after surgery. The patient experienced

the maximum absolute deviation in IFNγ of 43.26% between surgery and immediate post-op.

Figure K.12: Summary of results from patient IE013
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IE101 has hearing loss from a failed stapedectomy performed 44 years ago. Hearing loss stability was not

calculated because two or more PTA thresholds were within 10dB of the maximum limits audiometer.

The hearing loss was diagnosed as progressive in the long term (Figure K.13). IE101 was implanted at

UAIS with a MEDEL Concerto Flex28 electrode array in his right ear and uses an Opus 2 processor.

Aided CUNY scores from the implanted ear improved from 62% pre-op to 91% at 4 weeks after switch-on.

Aided BKB in quiet scores from the implanted ear improved from 20% pre-op to 98% at 9 months after

switch-on. IE013 has an average sound field audiometry threshold of 38.1dB HL between 0.25-4kHz,

measured 6 months after switch-on. A hearing preservation score could not be calculated because two or

more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op. IE101’s systemic

inflammatory state was monitored between surgery and 8 months after surgery. The patient experienced

the maximum absolute deviation in IFNγ of 145.41% between immediate post-op and 8 months after

surgery.

Figure K.13: Summary of results from patient IE101
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IE102 has hearing loss from meningitis 35 years ago. The hearing loss was 91.67% stable between pre-op

appointments and was diagnosed as stable in the long term (Figure K.14). IE102 was implanted at

UAIS with a Cochlear Contour Advance CI24RE electrode array in his left ear and uses a Freedom

processor. Aided CUNY scores from the implanted ear were measured at 61% pre-op and were not

measured post-operatively as the patient repeatedly did not attend sessions. Aided BKB in quiet scores

from the implanted ear were measured at 0% pre-op and were not measured post-operatively. IE013 has

an average sound field audiometry threshold of 37.5dB HL between 0.25-4kHz, measured 6 months after

switch-on. A hearing preservation score could not be calculated because post-operative PTA thresholds

were not measured. IE102’s systemic inflammatory state was monitored between surgery and 8 months

after surgery. The patient experienced the maximum absolute deviation in IFNγ of 34.09% between

surgery and immediate post-op.

Figure K.14: Summary of results from patient IE102
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IE103 has hearing loss from a failed stapedectomy performed 25 years ago. Hearing loss stability was not

calculated because two or more PTA thresholds were within 10dB of the maximum limits audiometer.

The hearing loss was diagnosed as progressive in the long term (Figure K.15). IE103 was implanted

at UAIS with a Cochlear Contour Advance CI24RE electrode array in her left ear and uses a Freedom

processor. Aided CUNY scores from the implanted ear improved from 0% pre-op to 87% at 11 months

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 65% at

11 months after switch-on. IE103 has an average sound field audiometry threshold of 29.4dB HL between

0.25-4kHz, measured 11 months after switch-on. A hearing preservation score could not be calculated

because two or more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op.

IE103’s systemic inflammatory state was monitored between surgery and 8 months after surgery. The

patient experienced the maximum absolute deviation in IFNγ of 255.96% between 1 and 5 months after

surgery.

Figure K.15: Summary of results from patient IE103
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IE104 has had an idiopathic hearing loss for 15 years. Hearing loss stability was not calculated because

two or more PTA thresholds were within 10dB of the maximum limits audiometer. The hearing loss

was diagnosed as progressive in the long term (Figure K.16). IE104 was implanted at UAIS with an

Advanced Bionics HiFocusTM 1j electrode array in her left ear and uses a Naida CIQ70 processor. Aided

CUNY scores from the implanted ear improved from 0% pre-op to 58% at 4 weeks after switch-on.

Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 97% at 9 months after

switch-on. IE104 has an average sound field audiometry threshold of 34.7dB HL between 0.25-4kHz,

measured 6 months after switch-on. A hearing preservation score could not be calculated because two or

more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op. IE104’s systemic

inflammatory state was monitored between surgery and 8 months after surgery. She experienced the

maximum absolute deviation in IFNγ of 939.61% between surgery and immediate post-op.

Figure K.16: Summary of results from patient IE104
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IE105 has had a hearing loss from maternal rubella since birth. Hearing loss stability was not calculated

because two or more PTA thresholds were within 10dB of the maximum limits audiometer. The hearing

loss was diagnosed as progressive in the long term (Figure K.17). IE105 was implanted at UAIS with an

Advanced Bionics HiFocusTM 1j electrode array in her left ear and uses a Naida CIQ70 processor. Aided

CUNY scores from the implanted ear improved from 80% pre-op to 98% at 6 months after switch-on.

Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 55% at 6 months after

switch-on. IE105 has an average sound field audiometry threshold of 33.1dB HL between 0.25-4kHz,

measured 12 months after switch-on. A hearing preservation score could not be calculated because

two or more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op. IE105’s

systemic inflammatory state was monitored between 2 weeks before surgery and 8 months after surgery.

She experienced the maximum absolute deviation in IFNγ of 58.96% between pre-op and surgery. She

is the only patient who exhibited max IFNγ deviation before surgery.

Figure K.17: Summary of results from patient IE105
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IE106 has had an idiopathic hearing loss for 31 years. The hearing loss was 100% stable between pre-op

appointments and was diagnosed as stable in the long term (Figure K.18). IE106 was implanted at

UAIS with an Advanced Bionics HiFocusTM 1j electrode array in her left ear and uses a Naida CIQ70

processor. Aided CUNY scores from the implanted ear improved from 32% pre-op to 98% at 4 weeks

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 42% pre-op to 94% at

6 months after switch-on. IE106 has an average sound field audiometry threshold of 33.8dB HL between

0.25-4kHz, measured 6 months after switch-on. She has a low frequency hearing preservation score

of 0% between her pre-op and 6 months after switch-on session. IE106’s systemic inflammatory state

was monitored between surgery and 8 months after surgery. She experienced the maximum absolute

deviation in IFNγ of 242.04% between 5 and 8 months after surgery.

Figure K.18: Summary of results from patient IE106
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IE107 has had an idiopathic hearing loss for 44 years. Hearing loss stability was not calculated because

two or more PTA thresholds were within 10dB of the maximum limits audiometer. The hearing loss

was diagnosed as progressive in the long term (Figure K.19). IE107 was implanted at UAIS with a

Cochlear Contour Advance CI24RE electrode array in his left ear and uses a Freedom processor. Aided

CUNY scores from the implanted ear improved from 3% pre-op to 71% at 4 weeks after switch-on.

Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 88% at 6 months

after switch-on. IE107 has an average sound field audiometry threshold of 26.6dB HL between 0.25-

4kHz, measured 6 months after switch-on. A hearing preservation score could not be calculated because

two or more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op. IE107’s

systemic inflammatory state was monitored between 2 weeks before surgery and 8 months after surgery.

He experienced the maximum absolute deviation in IFNγ of 630.05% between surgery and immediate

post-op.

Figure K.19: Summary of results from patient IE107
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IE108 developed a hearing loss as a reaction to anaesthetic 31 years ago. Hearing loss stability was not

calculated because two or more PTA thresholds were within 10dB of the maximum limits audiometer.

The hearing loss was diagnosed as progressive in the long term (Figure K.20). IE108 was implanted at

UAIS with an Advanced Bionics HiFocusTM 1j electrode array in her right ear and uses a Naida CIQ70

processor. Aided CUNY scores from the implanted ear improved from 4% pre-op to 96% at 3 months

after switch-on. Aided BKB in quiet scores from the implanted ear improved from 5% pre-op to 71% at

3 months after switch-on. IE108 has an average sound field audiometry threshold of 36.6dB HL between

0.25-4kHz, measured 3 months after switch-on. A hearing preservation score could not be calculated

because two or more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op.

IE108’s systemic inflammatory state was monitored between 2 weeks before surgery and 8 months after

surgery. She experienced the maximum absolute deviation in IFNγ of 113.90% between 2 and 3 months

after surgery.

Figure K.20: Summary of results from patient IE108
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IE109 has had a hearing loss from maternal rubella since birth. Hearing loss stability was not calculated

because two or more PTA thresholds were within 10dB of the maximum limits audiometer. The hearing

loss was diagnosed as progressive in the long term (Figure K.21). IE109 was implanted at UAIS with

an Advanced Bionics HiFocusTM 1j electrode array in her right ear and uses a Naida CIQ70 processor.

Aided CUNY scores from the implanted ear remained constant at 71% pre-op and 70% at 4 weeks after

switch-on. Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 49% at 9

months after switch-on. IE105 has an average sound field audiometry threshold of 33.1dB HL between

0.25-4kHz, measured 12 months after switch-on. A hearing preservation score could not be calculated

because two or more PTA thresholds were within 10dB of the maximum limits audiometer at pre-op.

IE105’s systemic inflammatory state was monitored between 2 weeks before surgery and 8 months after

surgery. She experienced the maximum absolute deviation in IFNγ of 29.42% between 2 and 5 months

after surgery.

Figure K.21: Summary of results from patient IE109
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IE110 has had a hearing loss from a wide vestibular aqueduct since birth. Hearing loss stability was not

calculated because two or more PTA thresholds were within 10dB of the maximum limits audiometer.

The hearing loss was diagnosed as stable in the long term (Figure K.22). IE110 was implanted at UAIS

with an Cochlear Contour Advance CI24RE in her left ear and uses a Freedom processor. Aided CUNY

scores from the implanted ear improved from 31% pre-op to 48% at 6 months after switch-on. Aided BKB

in quiet scores from the implanted ear were at 0% pre-op and were not recorded after switch-on. IE110

has an average sound field audiometry threshold of 40dB HL between 0.25-4kHz, measured 6 months after

switch-on. A hearing preservation score could not be calculated because two or more PTA thresholds

were within 10dB of the maximum limits audiometer at pre-op. IE110’s systemic inflammatory state was

monitored between 2 weeks before surgery and 8 months after surgery. She experienced the maximum

absolute deviation in IFNγ of 38.64% between immediate post-op and 2 months after surgery.

Figure K.22: Summary of results from patient IE110
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IE111 has had a pregnancy-related hearing loss for 30 years. The hearing loss stability could not be

calculated as unaided PTA was recorded in only one pre-operative appointment (Figure K.23). She was

implanted at the MAIC with a MEDEL Concerto Flex28 electrode array in her left ear and uses an Opus

2 processor. Aided CUNY scores from the implanted ear were 24% pre-op and were not recorded after

switch-on. Aided BKB in quiet scores from the implanted ear improved from 0% pre-op to 88% at 6

months after switch-on. IE111 has an average sound field audiometry threshold of 36.6dB HL between

0.25-4kHz, measured 6 months after switch-on. She has a low frequency hearing preservation score of

52.17% between her pre-op and 6 months after switch-on sessions. IE111’s systemic inflammatory state

was monitored between 2 weeks before surgery and 5 months after surgery. The patient experienced the

maximum absolute deviation in IFNγ of 183.14% between surgery and immediate post-op.

Figure K.23: Summary of results from patient IE111
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Figure L.1: ELISA Plate 1 *2BE3VA0194%*
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Figure L.2: ELISA Plate 2 *2BE3VAP167O*
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Figure L.3: ELISA Plate 3 *2BE3VAW213N*
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Figure M.1: Bivariate correlation testing of max absolute changes in IFNγ against
various outcomes. The bivariate correlation line is shown in black and 95% confidence
level intervals for the correlation are depicted as thin dotted lines below and above the
correlation line.
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Figure M.2: Bivariate correlation testing of various factors vs various outcomes.
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Figure N.1: Scatter box plot of LFHP (%) grouped according to various independent
variable ordinal groups. The figures highlight the small N number in each group and
why further statistical testing was not performed.
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