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Abstract

The human ear is a remarkable sensory organ. A normal healiiman ear is
able to process sounds covering a wide range of frequenuibimeensities, while
distinguishing between different components of complaxsis such as a musical
chord.

In the last four decades, knowledge about the cochlea andnghanisms
involved in its operation has greatly increased, but mangideabout these
mechanisms remain unresolved and disputed.

The cochlea has a vulnerable structure. Consequently,uriegsnd monitoring

its mechanical and electrical activities even with conterapy devices is very
difficult. Modelling can be used to fill gaps between those sneaments that
are feasible and actual cochlear function. Modelling témpies can also help to
simplify complex cochlear operation to a tractable and cahensible level while

still reproducing certain behaviours of interest. Modwjltherefore can play an
essential role in developing a better understanding of dicblea.

The Cochlear Microphonic (CM)is an electrical signal generated inside the
cochlea in response to sound. This electrical signal refleechanical activity
in the cochlea and the excitation processes involved indteation. However,
the difficulty of obtaining this signal and the simplicity ofher methods such as
otoacoustic emissions have discouraged the use of theeavahicrophonic as a
tool for studying cochlear functions.

In this thesis, a model of the cochlea is presented whiclyrates both mechanical
and electrical aspects, enabling the interaction betwieem tto be investigated.
The resulting model is then used to observe the effect of dlalear amplifier
on the CM. The results indicate that while the cochlear afeplsignificantly



amplifies the basilar membrane displacement, the effecthenGM is less
significant. Both of these indications agree with previoliggiological findings.

A novel modelling approach is used to investigate the tudisgrepancy between
basilar membrane and CM tuning curves. The results sudgEgtis discrepancy
is primarily due to transversal phase cancellation in theeobair cell rather

than longitudinal phase cancellation along the basilar brane. In addition, the
results of the model suggest that spontaneous cochleapphicnic should exist
in the cochlea. The existence of this spontaneous elelctigraal has not yet been
reported.
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Chapter 1
Introduction

Despite great advances in hearing research, many detatife dfearing mecha-
nism still remain unclear. In mammals, sounds pass throtftgrent parts of the

auditory system to reach a snail-shaped, fluid-filled orgaowih as the cochlea
(Rhode 1984 Robles and Rugger@001; Kandelet al,, 2012 Chapter 30). The
cochlea is the central part of the auditory system which edswibrations to

a form comprehensible to the brain. The cochlea not only €dtle sound

into neural impulses but it also carries out the first tierlgsia of the sound

and classifies sound to different frequency bands and thethsssorresponding
information to the brainNloller, 2006 Chapter 1).

The cochlea has a very sophisticated, complex and vulreesthlcture. Con-
sequently, measuring and monitoring its mechanical anciredal activities even
with contemporary devices is very difficult and sometimegassible. In addition,
the results of these measurements even with our presentvttdgrstanding of
cochlear function are hard to interprg&Yi{son, 2009.

The cochleaincludes electrical and mechanical parts whiehact bidirectionally
to convert vibrations to neural stimulation. These intdoars produce both
acoustical and electrical behaviours which can be measwrdt appropriate
instrumentation. The focus of this thesis is on behaviourigklvcan be observed
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electrically.

There are many neural activities in the auditory nerves araingtem, but
the cochlea itself also produces electrical signals. Wihencbchlea operates,
in addition to action potentials of neural activities insithe cochlea, other
bioelectric potentials can be observed by placing an eldetanywhere near (e.g.,
a convenient place for placing electrode near the cochléammans is the round
window), on the surface or in the cochlea; one of these pialent called the
cochlear microphonic.

In the next chapter, it is shown that the cochlear microph@ia reflection of
cochlear mechanical activities, and hence can play a pika&in understanding
cochlear function.

In general, electrical models of the cochlea can providéuligeformation and
further our current knowledge of physiological and mecbalhprocesses in the
cochlea.

1.1 Modelling

The spectacular performance of the human cochlea whichasseg even the
performance of the human visual systeDuke, 2002 clearly indicates that the
cochlea is the most complex sensory organ in the human bdadyidr, 2006
Chapter 1). Modelling techniques can help to simplify ceelnloperation to
a tractable and comprehensible level while still reprodgdhe behaviours of
interest. The resulting model can be used to understandat@nad abnormal
function and test different hypotheses related to the &achlAn acceptable
biomedical model of an organ should agree with and explartaicerelevant
observations and behaviours. In addition, the model shalllnv specific
predictions about that organ, which can be validated oflicieed by experiments
or future observations.

Modelling has always been an inseparable and integral paditory research.
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From the time von Helmholtz described the ear as like a piaitio an array of
resonators each of which oscillates at a different frequemnttil now, modelling
has been gradually growing in importance to hearing rekeéiduke, 2002
Meddis and Lopez-Poved2010. In recent years numerous auditory models
have been suggested, revised, and discarded and some dthetill the subject
of debate. Some of these models are reviewed in the folloahagters. By using
modelling techniques, hearing modellers try to classifglimny measurements
and observations. They also try to explain phenomena whiemat directly
measurable and devise experiments to validate their model.

Researchers use models to improve the understanding obtidea from differ-

ent perspectives. Electrical activities in mammalian ¢esé are a significant part
of the auditory sensing process. For investigating the ¢ntags and effects of
these electrical activities, the cochlea can be considasezh electrical network
of biological resistances, capacitances, voltage ancectigources or simply
an electrical model. Even though purely mechanical modeteecochlea can

provide much information about the cochlea function anthier our knowledge

about this astonishing organ, incorporating a detailedtetal model of the

cochlea can further our understanding of the cochlea ceredudly.

1.2 Cochlear Microphonic

One important but little appreciated electrical signaldueced by the cochlea is
the cochlear microphoni€heathanet al,, 2011). The discovery of this electrical
signal by Wever and Bray(19303 and then the interpretation of it bidrian
(193] provided a starting point for understanding electricdivéttes inside the
cochlea Ramsden2013. The cochlear microphonic is an important outcome
of electrical activities in the cochlea which can be emptbyeclinical practice
and auditory researctZfiang 2013. However, in spite of the importance of
the CM, the difficulty of obtaining this very small signal amehcertainty in

its interpretation have meant that it is rarely used as aitatidn of cochlear
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performance, even after more than eighty years since itodisy (Teal et al.,
2011, Cheathanret al, 2011). Several limited research and clinical applications
of the CM are reviewed in the next chapter. These includesassgthe mechano-
electrical transduction (MET) current of outer hair cePa{uzzi and Moleirinho
1998 Patuzziet al,, 1989 Patuzzi and O’'Beirnel999, checking the biological
effects of infrasound on the human auditory systedali and Hullay 2010
Chen and Narins2012, diagnosing Méniere’s diseasBidrmanet al, 1997,
diagnosis of auditory neuropathy spectrum disor&eush 2008 and examining
the functionality of the ear objectively(Poch-Brotoet al., 2009 Chertoffet al,
2012.

In clinical practice the cochlear microphonic is traditidly recorded invasively

by transtympanic electrocochleography through elecsquaced on the round
window or promontory of the cochle&{cherson and Stood2012 Chapter 12);
(He and Ren2013. Improvements in measurement techniques have also
permitted the reliable non-invasive recording of this sig@Poch-Brotoet al.,
2009 Masoodet al,, 2012. In animal experiments, the CM can also be recorded
by placing electrodes inside or on the surface of the codqiearubia and Ward
1968 Libermanet al,, 2002 Russel] 2008.

Modelling the generation of the cochlear microphonic calp e classify and
examine current beliefs about the generation procedur@®signal and help to
answer ambiguities about the interpretation of this bitepbal (Russel] 2008
Cheathanet al,, 2011).

1.3 Contributions and Thesis Overview

The main goal of this doctoral work is to model the generabbthe cochlear
microphonic. This model is then used to explain several mamb characteristics

1The CM is useful particularly when screening the hearingrofrdant or any person who
cannot cooperate during behavioural (subjective) testindbehavioural testing, the person will
be told to raise his or her hand or push a button when they heaurad.
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of the cochlear microphonic, and facilitate opportunitescrease understanding
of mechanical and electrical interactions.

The next chapter provides the necessary background forebésarch. The major
contributions of this research are presented in Chaptess. The contributions
are clearly highlighted at the end of each chapter. In thioahg, a brief
overview of each chapter is given:

Chapter 2: Background

In this chapter, the physiology and anatomy of the humanleacind hair cells
are outlined. Cochlear interactions and relevant physicatepts are discussed.
A historical review of the early works pertinent to this rassh is presented, and
several applications of the CM are addressed.

Chapter 3: Modelling

This chapter begins with a comprehensive and informatiegdiure review of
cochlear mechanics and cochlear electrical modellings i&then followed by a
presentation of the proposed cochlear model for modelleggeneration of the
cochlear microphonic; theroposed Cochlear microphonic Model (PCM)

Chapter 4. Methods of Solution and Model Validation

This chapter introduces the state-space formulism andpdication to the
PCM formalism and presents methods of implementing the inadkiding an

equivalent circuit representation. The validity of the rabid then verified using
the results of both frequency domain and time domain anslgsel comparing
them with available experimental data. The effect of théhé=ar amplifier on the
CM is also assessed using the results of the model in thigehap
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Chapter 5: Cochlear Microphonic Broad Tuning Curves

An important phenomenon related to the CM that requires nrrestigation
is the broadness of CM tuning curves. The CM measurementslifierent
frequency and intensity stimuli show that unlike the shanpirig curves of the
Basilar Membrane (BM)the CM exhibits broad tuning curvesi¢nrubia and
Ward 1968 Dalloset al, 2005 Patuzzj 1987 He et al,, 20123 Gelfand 201Q
Chapter 4). This question is thoroughly investigated is thapter and original
results are presented.

Chapter 6: Spontaneous Cochlear Microphonic

By using a sensitive microphone inside the ear cakainp (1979 observed
that human ear can emit spontaneous acoustic signals whechoav referred
to as Spontaneous Otacoustic Emissions (SOAfEspbstet al, 1991). We
postulate the possibility of the existence of spontaneaahlear microphonic.
In this chapter we use the approachHfiott et al. (2007, to demonstrate the
model is capable of producing SOAEs. Consequently we préuioexistence of
measurable spontaneous cochlear microphonic. The ezéstérthe spontaneous
CM has not been previously reported.

Chapter 7. Summary, Conclusions and Suggestions for Further
Work

In the last chapter, the findings of the current work are suns@d. Some of
the possible directions of future research are presenteche®pen problems in
current understanding of cochlea function are outlineddture studies.
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Appendix A: State space formulation

The details of the matrices of the state-space represemtate reported in this
appendix.

Appendix B: Using Circuit Analogies for Analysis of Cochlear
Models

The procedure for converting the entire model (mechanioal electrical) to
equivalent circuits is reported in this appendix. This gdare can be used as
a framework to converting any one-dimensional cochlear ehtal equivalent
electrical circuits.

Appendix C: Parameter selection and Calibration

Parameter selections and calibrations are presentedsiappendix.

1.4 Publications

From the material and results of the thesis, seven indepénelgearch papers and
one review paper have been produced (see Tallle. They have been either
published or accepted for publication before completiorthaf thesis or will
be submitted afterwards. | am the first author of the resepagers with my
supervisors Dr Paul Teal and Dr Mark McGuinness. Dr Grantchdiald, of the
University of Auckland, is a co-author for the paper from @tea5. | am a co-
author on the review paper with Dr Stephen J. Elliott and Dagjian Ni, of
Institute of Sound and Vibration, University of Southamptonited Kingdom.
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Table 1.1: Manuscripts published, accepted or in preparation for ss&ion from the materials
and the results of these research.

Title Chapter(s) Journal/ Status
Conference
Modelling the generation of the based on| EMBC2013 Published,
cochlear microphonicAyat and Teal| Chapters 3 | IEEE Proceeding| July 2013
20133 and4
Using Circuit Analogies for Analysis Based on Ap-{ Biomedical Published,
of Cochlear Models Ayat and Teal| pendixB Engineering Dec 2013
2013H Letters (BMEL)
Cochlear microphonic broad tuningBased on| Mechanics Accepted
curves fyatet al) Chapters of Hearing
Proceeding
Model based prediction of the ex-Based on| Mechanics Accepted
istence of the spontaneous cochleaChapterc of Hearing
microphonic fyat and Ted| Proceeding
Modelling Cochlear Mechanics (a re-Based on| BioMed Published,
view) (Ni et al, 2014 Chapters 3 | Research July 2014
and4 International
Journal
An Integrated Model for the CochlegrBased on| Biocybernetics Published,
Microphonic @yatet al., 2014 Chapters3, 4 | and Biomedical| July 2014
and Appendix| Engineering
C Journal
Spontaneous Cochlear Microphonic | Based on| To be decided In preparation
Chapters$
Broadness of the cochlear microphoni®ased on| To be decided In preparation
tuning curves Chapters




Chapter 2
Background

The main goal of this thesis is to propose a model for the geitoerof the cochlear
microphonic. In doing so, an introduction to the basic amgt@nd physiology
of the human ear will be needed. It is the function of this ¢bapo provide this
introduction.

2.1 Anatomy and Physiology of the Human Ear

The human ear can be divided into three functional partsexbternal (outer) ear

the middle earand theinner ear The pinna (auricle)and ear canal (external
auditory meatusomprise the external ear. The middle ear is made up of the
eardrum (tympanic membranefhe tympanic cavity the ossicular chainwith

its associated muscles, tendons, and ligaments; ane@ubk&chian (auditory)
tube. There are three small bones (ossicles) in the ossiclidan, themalleus
incus andstapes The inner ear is composed of thestibule the cochlea and

the vestibular apparatugvestibular system)Gelfand 201Q Chapter 2); Kandel

et al, 2012 Chapter 30). Fig2.1 shows the different parts of the human ear.

Sound waves pass through the external auditory meatus,ilarades/the eardrum.
The ossicular chain in the middle ear conducts the energyilwétions of the
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eardrum to the oval window of the cochlea in the inner ear. dbehlea is a
fluid-filled organ and sound reaches the ear by the way ofrearefore the middle
ear can be considered as an impedance-matching transfoviigiout this, the
impedance mismatch between air and the cochlear fluids veawise much of the
energy to reflect back rather than being transmitted thrdabglcochlear fluids.
The remarkable configuration of the middle ear efficientgnsfers the sound
energy to the cochlea over all audible frequenciesgt{place and Hackneg006.
Without the middle ear only about% of the sound energy would be transmitted
to the cochleaGelfand 201Q Chapter 2).

Oval Window

Pinna Semicircular Canals
Stapes

Cochlear Nerve

I3
S
§2 — Temporal Bone
5§ *
¥
ISP
§ &
& Round Window

External Auditory Meatus
(Ear Canal)

External Ear Middle Ear Inner Ear

Figure 2.1: Cross-section of the human external, middle and inner edise middle ear is
separated by the tympanic membrane from the external eabwnide oval window from the
inner ear. Adapted from/fatts 1993 with the author’s permission.

10
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2.1.1 The Human Cochlea

The cochlea converts mechanical energy of pressure tangmbi@ntial which can
be interpreted by the nervous system.

Anatomy

The outer human cochlear wall is about 39 to 46mm in lengthraakes a spiral
with about 2.6 turnsErixon et al, 2009. Fig.2.2 shows an uncoiled cochlea.
The BM andReissner’'s membrarextend almost from base to apex. At the apex
there is a small hole, called theelicotremaby which thescala vestibuliand
scala tympanare joined. Pressure and ionic concentration in the scasiguli
and media equalise through the helicotreMéaits 1993. Reissner’s membrane
provides ionic isolation between the scala vestibuli aradiesmedia \(Vatts 1993.
The scala vestibuli and the scala tympani are filled withglkdlymph a fluid
with high sodium and low potassium content. The scala meeliaden them is
filled with endolympha fluid with low sodium and high potassium content. The
difference in ionic concentration is controlled by a richvwaerk of capillaries on
the outer cochlear wall called tistria vascularis The stria vascularis maintains
an electrical potential difference named the endococlgetantial which can be
considered as a battery for the hair cells in the organ ofi Qaingemann2006.

The organ of Corti sits on the basilar membrane. The orgarodi €ontains the
hair cells. TheReticular Lamina (RL)ncludes the tops of the hair cells (cuticular
plates) Furness and Hackneg008 Gelfand 201Q Chapter 2). The organ of
Corti is covered by a gelatinous and fibrous flap, calledtéatorial membrane
(Pickles 2008 Chapter 2). A cross-section of the cochlea is depictedgnZ=s.

11
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Oval Window Basilar Membrane
Reissner’s Membrane

Stapes

Scala Media Apex
Wider
Scala Tympani Less stiff
Base
Round 'Window Narrower
Stiff

Figure 2.2: The representation of the uncoiled cochlea. The cochleaenup of three fluid-
filled chambers (scalae), the scala vestibuli, the scalaanadd the scala tympani. Reissners
membrane separates the scala vestibuli and the scala medlthebasilar membrane separate
the scala media and the scala tympani. The helicotrema ctstine scala vestibuli and the scala
tympani. From {Vatts 1993 with the author’s permission.

2.2 Haircells

The mammalian cochlea contains two classes of hair cellerelare approxi-
mately 350anner Hair Cells (IHCs)and 1100@uter Hair Cells (OHCs)n each
human cochlea. The OHCs are grossly arranged in 3 rows inuimauh cochlea
(see Fig2.4)(Ashmore 2008. An array of the mechanosensory organelles which
are calledstereocilid protrudes on the apical surface of both classes of hair
cells. This array is called thidair Bundle (HB)(Martin, 2007). The tip of each
stereocilium is connected to the adjacent taller steremaiby a fine fibre which
acts as a gating spring and is known as a tip lid&r{delet al., 2012 Chapter 31).
Tip links have a fundamental role in the functioning of thér lsells. The role of

tip links is discussed later in this chapter.

L tis because of the cilia that they are called hair cells.
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Bony Wall
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(Endolymph)

Organ of Corti

Basilar Membrane

Scala Tympani
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Bony Shelf

Figure 2.3: Cross-section of the cochlea. Reissner's membrane andasiégabmembrane
respectively separate the scala media from scala vesébolie, and scala tympani below. The
perilymph is the fluid in the scala vestibuli and scala tynmip@&he endolymph fills the scala media.
From Watts 1993 with the author’s permission.

The consummate arrangement of hair cells in the organ ofi @od their
orientation enhance their function as sensory receptote IHCs convert the
mechanical vibrations into electrochemical activitiesahhare transferred to the
brain for interpretation by auditory nerves. The OHCs contieese vibrations
into electromechanical activities which modifies the BMbrations Eettiplace
and Hackney2006 Gelfand 201Q Chapter 2).

These two types of hair cell are connected to the nervoussyby way of the
auditory (cochlear) branch of the eighth cranial ne@el{and 201Q Chapter 2).
Ninety five percent of auditorgfferent nerve fibres connect to the IHCs and are
called type | auditory neurons, and five percent of them corntoethe OHCs and
are called type Il auditory neuron&élfand 201Q Chapter 2). Surprisingly, type

2Nerve fibres that carry signals to the brain.
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Tectorial Membrane

Reticular Lamina

Basilar Membrane

Outer Hair Cells (OHCs) inner Hair Cells (IHCs)

Figure 2.4: Cross-section of the organ of Corti. The organ of Corti iscted to the basilar
membrane. It includes the hair cells, the tectorial membramd the reticular lamina. From
(Watts 1993 with the author’s permission.

Il auditory neurons are found to be silent in response to stooatimulation, and
their action is still unknownRickles 2009. In contrast, the density affferent

nerve fibres is significantly greater for the OHCs than for #HH€s (Ashmore

2008. The function of these efferent nerve is still disputed.e{imay control
the electromechanical activities of the OHGsdlenkoy 2006 Moller, 2006

Chapter 3).

3Nerve fibres that carry signals from the brain.
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Hearing Process and Cochlear Function

The normal hearing process begins with capturing soundggney the pinna.
The human auditory system is capable of transducing a laygandic range of
sound pressure between p®Pa to 20 Pa . For convenience, in most acoustical
measurements, the level of sound is expressed in decibetedIeressure Level
(SPL), or dB SPL rather than Pascals, and calculated as:

whereP is the measurement of the stimulus pressure levePape 20uPa. Pt is
an approximation of the human hearing threshold at 4 kHz. &uear is believed
to be most sensitive at this frequend§afidelet al., 2012 Chapter 30). By using
this definition, the human ear is capable of capturing souadsure in the range
0to120dB SPL.

The cochlear function commences at the stapes which diesasyy from the
eardrum to the oval window. The movement of the oval windowsea waves
to travel through the fluid from the base toward the apex. Téehlea fluid

is practically incompressible, so the wave is propagatednioyement of the
fluid and the BM Kandelet al, 2012 Chapter 30). The round window moves
in the opposite direction to make room for the incompressitlid (Watts
1993. Different stiffnesses along the cochlea cause naturgassive tuning
of the cochlea; in other words, as the wave propagates dowmdhbhlea, the
stiffness decreases and the wave comes to a point; iderdisiedeBest Place
(BP), (associated with th€haracteristic Frequency (CFccording to the place-
frequency map see pag@s) for a given input frequency, where the membrane
will vibrate with maximum amplitude. Beyond that point thasidlar membrane
becomes less stiff and highly damped so the wave energydissirapidly. This
spatial tuning is further enhanced by active elements irothan of Corti (Vatts
1993 Ku, 2008. The relationship between the tuning of a location and the
distance from the base to apex is shown in Eig.

The BM displacement deflects the stereocilia and activdweshair cells. This
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(a) Frequency map (in KHz) along the cochlea (b) The cochlear frequency map

Figure 2.5: a) Frequency map (in KHz) on the basilar membrane. Adapted {Fletcher 1938
b) relationship between frequency and distance in perdengahe cochlear in a cat. From
(Liberman 1982 with permission ofl. Acoust. Soc. Am

procedure is depicted in Fig.6. Hair cells convert mechanical to electrochemical
activity in a process which is calledviechanoelectrical Transduction (MET)
(Fettiplace and Hackney006. Deflection of the stereocilia opens and closes
pores known as MET channels (Fig7 shows how the tip links open and close
the MET channels). Due to the voltage difference betweeenidelymph and the
intracellular potential, the opening of the MET channelgses an inflow of ions
(K*), comprising arransduction current Accordingly, the auditory neurons are
stimulated by the IHCs (Fig..6) and mechanical force is generated by the OHCs.
The K then is actively pumped back to the scala media via the sig@inent
and stria vascularisMistrik et al., 2009.

To sum up, the sound energy is converted into BM vibrationictvheads to
opening and closing of the MET channels that causes neusotriter release
at the synapse on the auditory neurons in the IHCs and calesstoenechanical
activation of the OHCs. The longest stereocilium of the OlCattached to the
tectorial membrane, but the stereocilia of the IHCs are ttached to tectorial
membrane $now et al, 2009. Fig.2.6 shows this difference. Experiments
suggest an interpretation of this distinction: the respensf the OHCs are
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Figure 2.6: The shearing movement of the basilar and the tectorial manasr causes the
stereocilia deflection by which the mechanical activity @neerted into the electrochemical
activity. OHCs are attached to the tectorial membrane vad®etElCs are not. Adapted from
(Watts 1993 with the author’s permission.

proportional to the BM displacement which has attachedacilvhereas the
responses of the IHCs are proportional to the velocity ofifwasiembrane which
has freestanding cilia and hence is stimulated by fluid desgl¢s et al., 1972);
(Gelfand 201Q Chapter 4). In other words, the MET currents of the OHCs dédpe
on the BM displacements and the MET currents of the IHCs d&parthe basilar
membrane velocities.

2.3 Active Processes and Cochlear Amplifier

Early measurements of the neural tuning curve were significdifferent from
the mechanical tuning curve (Fig9). It was thought that there must be an
intervening filtering process between the mechanical #aqu selectivity along
the cochlea (first filter) on the one side and between thedrasiembrane and
neural responses on the other sidedond filtey*. In the late 1960s, use of

4For an interesting history of the second filter see chapterfiianleyet al. (2009
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Tip links stretched o =
.. Tip links compressed
N

(a) tip links (b) Electron Microscopic view

Figure 2.7: a) Deflection of the stereocilia causes the tip links to oped alose the
mechanoelectrical transduction (MET) channels. Sofic&leset al. (1984 with permission
b) (1) Electron Microscopic view of tip links (2) Closer viemith more details. Sourcé&sborne
et al, 1988 with permission.

the Mossbauer techniquenade measurement from undamaged (alive) cochleae
possible. In the late 1970s, improvements in measuringitqals and different
experiments demonstrated that the mechanical tuning suameeas sharp as the
neural tuning curves. In additiokémp, 19783 showed that the cochlea does not
only absorb sound, it can also emit souribmpgs finding was a turning point
in hearing research history; his studies substantiatetchtiteonly is the cochlea
mechanically active but also that it isnechanically nonlinea{Manley et al,
2008.

Kemp found that sound energy is emitted back by the cochlea sonsedk
milliseconds after impulsive acoustic excitation. Thishwéa@our of the cochlea
was originally referred to as the Kemp echo and later callezl évoked or

5In this technique a small radioactive source is placed onbthslar membrane and the
variation in the frequency of the emitted radiation is degdgManley et al, 2009; (Gelfand
201Q Chapter 4)
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Figure 2.8: The operation of hair cells; deflection of the stereocili@mpand closes the MET
channels which lead to ion flow, driven by the voltage differe between the endolymph and the
intracellular potential.

stimulated otoacoustic emissfofGelfand 201Q Chapter 4). Usingdtoacoustic
Emissions (OAE9)rovided a powerful investigative technique for audiogtgito
examine the cochlea (for extensive reviews Begbstet al. (1991 andManley
et al. (2008). The simplicity of this method has discouraged the dguelent of
other methods such as using the cochlear microphonic asehietr scrutinising
the cochlea.

Spontaneous Otacoustic Emissions (SOAESs) are low-leweatrons which are
spontaneously produced by the cochlea and can be measuttesl external ear
in the absence of stimulu®fobstet al, 1991). Their presence is an indicator of
normal hearing sensitivity near the frequency of an SOBEght, 2002. Self-
oscillation of the OHCs is believed to be the source of thesdskof emissions

60to-: Prefix meaning ear, as in otoscope (a medical devidedking inside the ear).
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Figure 2.9: A comparison between neural and mechanical tuning curves Ordinate on the left
side illustrates the threshold level of different soundsptee levels (SPL) for the neural tuning
curve and, the ordinate on the right side shows the gain ®mikchanical tuning curve. The
indicator on the abscissa shows the characteristic frexyu@F) for the neural tuning curve and
the best place (BP) for the mechanical tuning curve. Theibgiag of in vivo measurements
of the basilar membrane displacement demonstrated thddasitar membrane displacement is
just as sharply tuned as the auditory nerve response, andeta for a second filter concept
vanished. Prior to that, researchers thought that therenaaaportant difference betweémvivo
andpost mortermeasurements and another process should intervene torttirevbroadly tuned
mechanical curve to the sharply tuned neural curve.

(Moller, 2006 Chapter 3). Some evidence in mammals suggest that SOAEs
stem from coherent multiple reflection of travelling wavdsiet are maintained
and stabilised by the nonlinear cochlear amplifiehéra 2003 Guinan Jret al,
2012. This hypothesis has been challenged by both clinical datmodelling
measurement8faun 2013.

Even though the SOAE is not routinely used for clinical apgtions, it is a
valuable tool for hearing investigatiohléll, 2000. SOAEs are a clear indication
of the active process in the cochlea which can be used torhettierstand the
cochlear mechanisnY{lfan and Duke 2008.
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2.4 What s the Source of the Active Process?

As mentioned earlier, innervations of the cochlea suggesthe IHCs rather than
the OHCs are involved in perception or converting vibratiomeuron impulses.
The OHCs are mostly engaged in the active process in theeachlhe active
process relies on OHC electromotility. The OHC provides fibrees that are
added to the fluid forces in the cochlea and thus acts as anif@mplThis
process can be characterised gmaitive feedbackoop within the cochlea that
amplifies the travelling waveQghalaj 2004. The active process allows the
cochlea to detect input stimulus with a large dynamic rangee OHC in the
mammalian cochlea is thought to use both somatic electibtpand hair bundle
electromotility to provide mechanical active amplificatiNam and Fettiplage
2010 Maoiléidigh and Hudspetl2013.

2.4.1 Hair Bundle Motility

Hair bundle motility is considered by some researchers tee len effective
amplification property in mammalian hair cells orgaReiig and Ric¢i2011).
The HB uses the motor protein myosin to cause a force encoogtéhe
stimuli (Fettiplace and Hackney006. The hair bundle force is linked to the
displacement of the hair bundle and the probability of therapg of the MET
channels Eettiplace 2006. The hair bundle electromotility mechanism was put
forward to explain amplification at high frequencies for efhthe membrane time
constant was thought to restrict OHC amplificati&einedyet al.,, 2005.

More recent measurement showed that membrane time comisiaatnot limit
OHC amplification. The membrane time constant is approxeiyan order of
magnitude smaller than what was previously reporfethsoret al., 2011, Nam

and Fettiplace2012) (refer to SectiorC.2.2and Ashmore 2011). Experimental
data indicates that somatic electromotility of the OHC iscimdarger than
hair bundle motility, and is therefore the primary amplifioa mechanism of
mammalian OHC l(ibermanet al, 2002 Lagardeet al, 2008. The force
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intensity and purpose of the hair bundle electromotilitychrenism in the
mammalian cochlea are disputed and still require more tigaggon (Nam and
Fettiplace 2010.

2.4.2 Somatic Motility

Change to the length of the OHC is an active mechanism whickem&he
mammalian cochlea remarkably sensitive and preciselyéegy sensitive. The
OHC length depends on the hair cell membrane potential whitthrn depends on
the current flowing through the MET channel. Both of thesea# are nonlinear.
The MET channel current can be described as a Boltzmanndwmathair bundle
displacementAshmore 2008 and this is the primary source of nonlinearity. The
somatic motility of the OHCs relies on a unique motor protaithe OHC which

is called prestinGelfand 201Q Chapter 4).

By using some simplifications, it can be shown that the rafi®@bBlC length
change to the membrane charge (Q) movement is approxinwestant and the
OHC can be modelled as a piezoelectric mateMantain and Hubbardl994).
A capacitance can be calculated as the first derivative of { mispect to cell
membrane voltage VL{u and Neely 2009. Although this effect is also non-
linear, the relationship is usually considered to be appnately linear. These
relations couple electrical property of the OHC soma with @HC mechanics
and represent the OHC somatic motilitygm and Fettiplag2012).

2.5 Electrical Activities Inside the Cochlea

In the most general term, hair cells detect vibrations, cedbeir dynamic range
and encode them to a form that the nervous system can intefjrese processes
rely on electrical activities inside the cochlea. When stsu¢stimuli) reach the
inner ear, the structures of the cochlea, as we have seerr,soofavert them

to electrical signals. These electrical signals which aléed the gross evoked
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potential can be measured by placing electrodes near tlindezo@ickles 2008.

These signals are made of three different components4{RiQ. Firstly, the
Cochlear Microphonic (CM)s an AC signal nearly identical to the acoustic AC
signal and is referred to as the steady-state part of themnssp Secondly, the
series of deflections of the beginning and sometimes at tHeoém stimulus,
called theCompound Action Potential (CARye a summation activity of auditory
nerve fibres. Finally, there is a baseline shift in the recay@f the gross evoked
potential known as th&ummating Potential (SPhich depends on the DC
component of the hair cell currerteathanet al, 2011; Pickles 2008.

Sound pressure level
Voltage
| ]
w
el

CAP

Figure 2.10: a) Tone-burst stimuli presented the ear. b) Response tottehurst as recorded
from the round window. CM is the steady-state part of the@asp, while CAP is the transient
portion of the response. Fror@leathanet al, 2011) with permission ofJARQ

(*SP is not shown on original figure, Here, it has been addeshtov the three different parts of
gross evoked potential.)

2.5.1 Cochlear Microphonic

Recall from Sectior?.2 that deformation of the BM causes deflection of the
stereocilia which open and close MET channels. This altemeacauses an
electrical current through the biological resistances@phcitances in the organ
of Corti which is the source of the CM. The relationship betweleflection and
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current magnitudes is non-linear.

The CM can be recorded by placing electrodes on or close tootihad window
membrane, or the surface of the cochlea or with glass migeti@a electrodes
inserted in the scala media near the site of generaRusgel] 2008 Liberman

et al, 2002 Honrubia and Ward1968. The majority of human clinical and
laboratory applications of CM recording are based on rangedinvasively from
the niche of the round window through transtympanic electcbleographyHe

et al, 2012h. Improvement in measuring techniques has also permitied t
reliable non-invasive recording of these signa&éoodet al., 2012 Poch-Broto
et al, 2009.

2.5.2 A Concise History of the Cochlear Microphonic

In several papers in 1930, Wever and Bray explained theiaesdinary discover-
ies. In their experiments they tried to pick up auditory mesignals of a cat by
placing electrodes near those nerves. They observed thagtls ear converted
sounds to electrical signal with great fidelity which coukdheard over a speaker
(Wever and Bray1930ab). They thought that they had been checking the auditory
nerve alone, but, very soon after thadrian (1931 criticised their interpretation.
His main reason was that the electrodes were too distantdered the action
potential of nerves. Other researchers found that thisorespis stronger near
the round window than at the nerve and it can be still recomenh if the nerve
was destroyedGelfand 201Q Chapter 4).Adrian (1931), in conclusion, stated
that this effect was related to some kindrofcrophonicaction. Since then the
term Cochlear Microphonic (CM) has been used to descrilsestgnal. By doing
several interesting experimenBgkésy(19517) tried to answer this question: what
is the energy source for the CM? He concluded that the etatenergy of the
CM is provided not only by the mechanical energy of stimuliaifhealthy ear,
but also by dc potentials along the cochl@asaki and Fernand€2952); Tasaki
et al. (1952 1954 used microelectrodes to explore the cochlear potentldlsir
results indicated that the source of the CM is at the hairibgand of the hair
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cells. Then researchers proved that the CM is produced Byiboer and outer
hair cells (Vithnell, 2001). However, there are some results showing that the outer
hair cell contribution is greateD@llos 1983 Gelfand 201Q Chapter 4).

2.5.3 Applications of the Cochlear Microphonic

The clinical use of the CM, and in particular its applicatimnassessment of
cochlear performance has been restricted because of Hifficurecording the
CM and uncertainty in its interpretatiorSdéntarelliet al, 200§. There are
however several applications of the CM that have been esidol in laboratory
and clinical research including checking the biologicd¢ets of infrasound on
the human auditory systen$#lt and Kaltenbach2011), diagnosing Méniere’s
disease Klarris and Salt 2008, assessing MET current of outer hair cells
(Patuzzi and Moleirinhdl 998 Patuzzi and O’'Beirngl999, diagnosis of auditory
neuropathy spectrum disord@&térret al, 2008 and using the CM as an objective
audiological diagnosis tesPch-Brotcet al., 2009.

Responses of the Cochlea to Infrasound

Exposure to infrasouridgenerated by wind turbines at the levels that may not be
heard can still influence cochlear function. Experimentdahdlemonstrates that
infrasonic frequencies with low level amplitude which cahbe perceived by the
human ear can still produce measurable CM. These measureiméicate that the
OHCs are functioning at infrasonic frequencies and heneduhctionalities of
the cochlea can be influenced by inaudible infraso@adt(and Kaltenbagl2011;

Salt and Hullay201Q Chen and Narins2012. Prior to this finding infrasound
from wind turbines was previously assumed to have no effacthe auditory
system [eventhal) 2006 Saltet al,, 2013.

A sound with frequency below 20 Hz is sometimes consideraddible to the human ear and
is hence called infrasound. This can be a misleading ternehexysince a sound at frequencies
lower then 20 Hz with large magnitude can be audible to thedruear (eventhal| 2007).
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Diagnosing Méniere’s Disease

Méniere’s disease is a chronic illness of the inner eactvbauses fluctuating and
progressive hearing losslérris and Sajt2008. Two different manifestations
of Méniere’s disease can be distinguished by the CM. Soraaidfe’s disease
patients exhibit large CM amplitudes. In these patientsctiehlear mechanics
is impaired but the hair cells are intact. In other patieras bells damage has
occurred and the CM amplitude is low. Hearing in patienté\damaged cochlear
mechanics may be recoverable if the underlying endolyniphgtrops can be
corrected Normanet al., 1997).

MET Current of OHCs

The CM allowsin vivo monitoring of changes in the OHC MET which are
caused by cochlear disturbances such as asphyxia, acawstiestimulation,
neural blockade,and drug perfusidpatuzzi and Moleirinhpl1998 Patuzzi and
O’Beirne 1999.

Diagnosis of Auditory Neuropathy Spectrum Disorder

Auditory Neuropathy Spectrum Disorder (ANSD) (previousBferred to as
Auditory Neuropathy (AN) or Neuropathy / Auditory Dys-symony (AN/AD)) is
a hearing disorder in which the outer hair cells are presahfunctional while the
auditory nerve does not transfer the information corre@harret al, 2009. The
CM can play an important role in the diagnosis of ANSD paseiiixperimental
data show that amplitude level of the CM in patients with Bigon product OAEs
(DPOAESY can be used to distinguish between types of ANSRr(in et al,

8A swelling of the endolymphatic space (membrane-bound lgnazhatic compartment) of
the inner ear which alters cochlear mechanics in patiertts Méniere’s diseaseHarris and Salt

2008.
9When two pure tone stimuli are presented into the ear, evasgbnses with new frequencies
can be measured from the cochlea which are called DPOKESsIgy and van Dijk2007).
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2003 Shiet al, 2012.

The CM as an Objective Audiological Diagnosis Test

Experiments indicate that for cochlear implants to be éffec auditory experi-
ences and neural activities are essential in early childi{Gbertoffet al, 2012).
Otherwise the nerve fibres and auditory structure degemeraich impedes any
future rehabilitation by cochlear implants. Thereforejsitvery important to
detect hearing problems in new born babies and childietale et al., 2006.
Performing subjective audiometry test is very difficult esmnetimes unreliable
in infants and children and they should examined by objectwudiometry
(Tyberghein and ForreZ1971). The CM can complement other objective tests
like tympanometry and otoacoustic emissions or be an atseto them Poch-
Brotoet al, 2009. The CM may also be able to be used to determine the location
of missing OHC along the cochle€lfertoffet al.,, 2012).

2.6 Summary

A sound (stimulus) vibrates the eardrum and vibrations hrethe inner ear
(cochlea) through the ossicular chain of the middle ear. Vibeation of the
ossicles and consequently the oval window produces trasevweaves travelling
along the BM from the base towards the apex. As the wave samside the
cochlea, the stiffness of the BM decreases and the membrapkwade reaches
its maximum at a point which is called the best place for eapht frequency.
The transversal movement of the BM stretches and relaxesighiéenks that
connect adjacent stereocilia together. The HB activelist®$hese changes and
provides forces encountering the stimuli which are reten®@ as hair bundle
motility. In addition, the changing tension in the tip linkause opening and
closing of the MET channels which produces a transductioreatithrough these
channels. The transduction current causes depolarisathyperpolarisation of
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the outer hair cell membrane. This process results in cotdraand extension of
the OHCs which is referred to as somatic motility. Both the bandle motility
and somatic motility provide forces that are added to thd flolices in the cochlea,
and thus act as an amplifier. This process is called the att@ahanism of the
cochlea.

OAEs are sounds which are produced in response to stimulhéydochlea or
are spontaneously generated without stimuli by the cochlease emissions are
clear evidence of the active mechanism in the cochlea.

The transduction currents are distributed through theobiochl resistances and
capacitances in the organ of Corti. The resulting potensiatalled the CM.
The CM can be recorded by placing electrodes on or close tootihad window
membrane, or with electrodes that are placed in the outetael or internally
with glass micropipette electrodes inserted in the scaldiane

Some clinical and research application of the CM includessiag the biological
effects of infrasound on the human auditory system, diaiggddéniere’s disease,
assessing the MET current of OHCs, diagnosis of auditoryapaihy spectrum
disorder and using the CM as an objective audiological diatiatest.
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Modelling

3.1 Introduction

The human cochlea is enclosed in the hardest bone structutieechuman
body, which makes it inaccessiblByithuis, 2012 Chapter 1). Even with very
sophisticated and accurate measuring techniques whictoam@days availablén
vivo measurements of the cochlea are very difficult and someimmgsssible. To
overcome this difficulty and maximise the utility of availaldata, models can be
used. In addition models can reveal any parts of the hearmgedure that have
been miscalculated, misspecified or misunderstood. Fanpbe many of the
initial measurements of the cochlea were done by von BéeRémn Békésy and
Wever, 1960. He had to use high level stimulus sound (up to 150 dB SPlhdrig
than the 120dB SPL pain threshold) to observe the BM vibnaiiocadavers.
He then approximated the lower level excitation profile bingshe high level
excitation profile. It was predictable that at those higmstus levels the cochlea
ceased functioning properly or was damaged permanentlyhiByapproximation
the low level BM displacement should be less than 1 pmx (D-12m) which
was much lower than the BM displacement at the hearing tbtégm the order
of 1 nm (1x 10-°m)) (Robles and Rugger®001; Duifhuis, 2012 Chapter 2).
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His results and those of other researchers indicated tmaé sdher process or
mechanism should be involveRIjode 1984). Researchers then began to search
for the missing piece of the puzzle. Later by using the Méassb technique,
Rhode(1971) showed that the BM vibration in a living cochlea exhibitsifinear
behaviour. In the ensuing years, different measuremedtsated that an active
process which is now called techlear amplifieis involved-.

We now know that if von Békésy had done his experiments wandind healthy
cochleae, the BM displacement of low level stimulus wouldendeen much
larger Guinan Jret al, 2012. In addition, we now know that the OHC is the
key element of the cochlear amplifier. These individual avecies about the
process of hearing can be integrated by using modellingitqales. Reasonable
anticipations which can be inferred from the cochlear meaean also lead to
appropriate experiments and consequently may unveil umkraspects of this
remarkable organ.

In general terms, an acceptable model of the cochlea shepitdduce the relevant
observations. In addition, the model should make predisti@bout that organ
which can be validated or invalidated by experiments orriiibservations.

All modelling approaches try to observe the cochlea frontipalar pertinent
angle. For example in the modelling of OAEs, electrical pmies of the OHC
are not normally considered. In this work electrical atigg inside the cochlea
are very important.

An overview of models of cochlear mechanics and models aftedal coupling
are presented in Sectiois? and3.3. The remainder of the chapter is dedicated
to an in-depth representation of the proposed model.

In 1948, Thomas Gold reported that “the assumption of a ipassochlea, where elements
are broughtinto mechanical oscillation solely by mean$efibcident sound, is not tenable.” and
suggested a feedback stage. He also suggested some expsrintest this hypothesi&pld,
1948. However his insight was ignored for more than two decades.
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3.2 Models of Cochlear Mechanics

3.2.1 Mechanical properties of the cochlea

As was presented in Chaptér the cochlea is a coiled bony labyrinth which
contains three fluid-filled compartments. The upper compant (scala vestibuli)
is separated from the middle one (scala media) by a membedieel &Reissner’s
membrane. The middle compartment is separated from ther lone by the
BM (Patuzzj 199. The BM consists of transverse beamlike fibres that make
it stiffer at the base and less stiff at the apkxdto, 1962. Reissner's membrane
is very thin (two cells thick) and flexible, so the mechanic#luence of it
can be neglectedP@tuzzj 1996;(Gelfand 201Q Chapter 4). The curvature of
the cochlear geometry is believed to not have a significaet @ the cochlea
mechanics$teele and Zaj4985 Kohlloffel, 199Q Ni et al,, 2011). It seems that
the primary purpose of the coiling is to save space. Howesane modelling
results indicate that coiling intensifies the apical shean gvhich efficiently
improves the hair bundles deflections at the ajigxi ét al., 2005. In modelling,
the uncoiled cochlear shape has usually been used.

Cochlear models usually include cochleaacromechanicsand cochleami-
cromechanics Cochlear macromechanics represents mechanical and dynam
behaviour of fluid inside the cochlea. Cochlear micromeasarepresents the
mechanical and dynamic behaviour of a radial slice of thawf Corti and basi-

lar membrane. Fig.lillustrates cochlear macromechanics and micromechanics.

3.2.2 Cochlear Macromechanics
Hydrodynamics

Newton’s second law states that the overall force on a parsequal to the rate of
change of its linear momentum. This law can be used to denw&avier-Stokes
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Organ of Corti

Oval Window
Stapes

Cochlear Fluid

Basilar Membrane

Fluid pressure (Force per unit surface)
Round Window

Figure 3.1: (A) shows macromechanics, which is the modelling of fluidsptee, force and
velocity. (B) shows micromechanics which is the modellirigdgnamic behaviour of a radial
slice of the cochlea at the microscopic level. Recreatea fiobili et al. (1998 with permission

eqguation which governs the motion of an incompressible Npian fluid:

Jdu
P (E +(O- u)u) = —0OP+ uO%u+ pg
whereu is dynamic viscosity, vectd? is pressureg is the acceleration of gravity
vector,u is the velocity ang is the density of the fluid

2|f vector P andu are represented in cartesian co-ordinates, then the gtazperator] can

be represented as:

.0 .0 7}

wherei, j,k are the unit vectors in the respective directions.
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The principle of continuity is represented-by
O-u=0 (3.1)

The fluid inside the cochlea is typically assumed to be inaasgible and
inviscid® and gravity effects are ignored. Accordingly, the Naviesk@s equation
is usually simplified toRozrikidis 2008 Keener and Sney@009a Chapter 20):

ou

Pt

By taking the divergence of both sides ¢f %), the following equation can be
obtained:

+0OP=0 (3.2)

°P=0 (3.3)

Equations §.2), (3.3) and (3.1) are valid for three dimensions, but they are usually
simplified to one or two dimensionsléely, 1977).
3.2.3 Cochlear Micromechanics

The organ of Corti can be modelled as a series of radial secaoranged from
the base to the apex. The resonant frequency of each radiedrses determined

3The rate of change of the mass residing in region V inside mtad surface S is equal to the
mass flow rate inward through the surface or to the negatitleeaiass flow rate outward through
the surface. Thus (using the divergence theorem or Galss'ém):

il pav=— [f, o tewear

Since V is fixed in space, the order of integration and timgediéitiation on the left-hand side of
this equation can be interchanged and the two sides of it eaoimbined to form the following
equation Pozrikidis 2009 Chapter 2):

///V <?9_Ft) +0- (pu)) dv=0

Sincep is constant and V is arbitrary, equatiah ) is straightforward.
4In some models, the fluid inside the cochlea modelled as a mssible, viscous fluid. For a

review of these assumptions sebenget al. (2008; Ceresaet al. (2013.
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by the mass, stiffness and damping of the basilar membrahatatadial section.
The basilar membrane has lower mass and higher stiffneks &iase and higher
mass and lower stiffness at the apex. Therefore the basganbrane vibrates
with maximum amplitude in response to high frequency stinatilthe base
and in response to low frequency stimuli at the apex. Howévisr passive
property cannot explain the remarkable sensitivity anguiescy selectivity of the
cochlea Qghalaj 2004). In vivo measurements of the basilar membrane vibration
demonstrate both sharp tuning and sensitivity. Differapeeiments have shown
that the mechanical effects of the OHCs are the reason festtarp tuning and
sensitivity. The OHCs sense vibrations in the cochlea aad Back mechanical
force to the basilar membrane. This active process rembrkaiproves both
cochlear sensitivity and frequency selectiviighalaj 2004 Holley, 1996 (also
refer to Sectior?.4).

Different assumptions about the structure of the organ ati@md the active
force exerted by the OHCs can lead to a wide variety of cordigums of cochlear
micromechanics which result in different modePaf{uzzj 1996. Neely and Kim
(1989's model is one of the famous ones. Fg2 shows this model. This model
has been meticulously discusseditiott et al. (2007) andKu (2009.

3.3 Models Of Electrical Coupling

3.3.1 Electrical Properties of the Cochlea

Recall from2.1.1that the three compartments of the cochlea are filled with two
fluids called endolymph and perilymph. The endolymph, wHiltk the scala
media has a unique ion content which makes it more elediripaskitive than both
the perilymph and intracellular potentials. These diffies in potential levels
produce standing flows of ions (i.e., electrical currerftsduigh various structures
of the cochlea which maintain steady state potentials an@ts in the cochlea.

It is noteworthy to mention that the unique ion content of greolymph is
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|..‘

-él {

Fluid force

Figure 3.2: Neely and Kins model. In this model different parts of the organ of Corti
have been modelled by masses, springs and dashpots. Themaidranics model affects the
boundary conditions of the macromechanics model. Redraguré 4.5 from Patuzzj 1996
with permission.

maintained by the electrogenic pumping of potassium by sascularisPatuzzj
2011).

Vibrations of the basilar membrane deflect the stereocitid modulate these
flows of ions which are called MET currents.

For investigating the properties and effects of these stgrehd alternating flows
of ions, the cochlea can be modelled as a network of biolbgisistances,
capacitances, and voltage and current sources; i.e., emnied model.
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3.3.2 Electrical Modelling of the Organ of Corti

The electrical properties of the organ of Corti without fealls are similar to other
biological tissues of the human body and can be modelled assive electrical
network. However, the existence of the hair cells givesighetectrical properties
to this sensory epithelium and affects its mechanical bebas. The IHC
transduces mechanical vibration into neural stimulatitwictvis sent to the brain
for interpretation. The OHC nonlinearly amplifies the sntakilar membrane
motions, and this action consequently enhances the satysaf IHC to weak
stimuli and compresses high level stimuli. Both amplifioatand compression
by the OHC enormously increase the dynamic range of heaFatjijjlace and
Hackney 2006 Nam and Fettiplage2012 Russel] 2008. Even though both
IHCs and OHCs are electrically active elements inside tlyamoof Corti, the
OHCs are believed to have the dominant influence on the egtralar currents
and potentials\Withnell, 2001). The mutual interactions between mechanical and
electrical parts of the organ of Corti caused by the OHCs kayaficant effects
on the cochlear function and must be incorporated in a teatischlear model.
The Battery and variable resistanaaodel byDavis (1965 is an initial attempt
to model the electrical network properties and the distrilbuof potentials in
the cochlea. In this model, the resting potentials of thehlma have been
modelled by two batteries; the primary battery is in the ltaills, an accessory
battery is in the stria vascularis, and the MET channels ardatied by variable
electrical resistors. Accordingly, the current through thair cells is modulated
by changing electrical resistances in accordance with déflection. Strelioff
(1973 suggested a network model of the resistors and batterisgralate the
generation and distribution of the cochlear potentialg.(F¥). The results of this
model were in agreement with previous physiological finding

In Dallos (1983 19849 electrical properties of the organ of Corti have been
investigated. The electrical configuration and componahies of the resulting
detailed models for a radial section of the organ of Cortiehbeen determined
heuristically based on actual measurements of potentisilde the cochlea. Some
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Scala Vestibuli

Stria Vascularis 0 mv

Reissner’s Membrane

+80 mv

Scala Media

Tectorial Membrane

Figure 3.3: The battery or variable resistance model was initially gt byDavis (1965 and
has been widely used to model electrical activities indidecochlea. According to this model the
primary voltage source (-60 mv) is intercellular potentaid the accessory voltage source (+80
mv) is located in the stria vascularis. Source: frbawvis (1965 with permission.

of these parameter values have been revised later by otbearolhersJohnson

et al, 2011). Even though electrical coupling has been rarely amalgeaniato
the cochlear models, some studies can be found in the lrerat

In Ramamoorthyet al. (2007 a model has been proposed which integrates
the electrical, mechanical and acoustical elements of tiehlea. This model
provides a framework to successfully predict and reprodheeresponse of the
cochlea to acoustical stimulus. Nonlinear charactessifche MET channel and
HB motility have not been considered in this model. A notaiilservation from
this model is that longitudinal electrical coupling actyaharpens the mechanical
response. Whether this effect is significant in a non-lineghlea is not known.
Nonlinear saturation behaviour of the MET channel has beeorporated in
Liu and Neely (2010 to explore distortion product otoacoustic emission. In
this model the longitudinal electrical connection in thga of Corti and the
hair bundle motility has been neglecteldam and Fettiplac€201Q 2012 have
used a mechanical model along with electrical coupling vestigate the effects
of HB motility and the cochlear amplifier in high and low auwdit frequencies.
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Figure 3.4: Strelioffs Network model. In this model, the cochlea is consideregleassembles of
cross section slices. Each slice has six transverse nes{®&-R6) and five longitudinal resistors
(R7-R11). The parameter values of this model have been ywideld by other investigators in this
area. (redrawn frorstrelioff (1973 with permission ofl. Acoust. Soc. A

Electrical properties of hair cells vitro and in vivo have been thoroughly
examined, and very sophisticated models with detailed l@noels can be seen
in the literature Q'Beirng 2005 O’Beirne and PatuzzR007). A simple model
of the IHC and OHC is presented in Fi§g5. This model or slightly different
versions of it have been widely used in the area of modellsgdistribution of
the cochlear biopotentials and their effects.
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Hair Bundle C =
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Figure 3.5: A circuit diagram for the inner and outer hair cells. Supeps | and O denotes inner
and outer hair cells. Subscripts MT, a and b indicate the MEanoels, apical and basolateral
parts of the hair cells, respectivelR represents the overall resistance of the organ of Corti per
single cross section to the ground. This model configurairagimilar versions of it can be seen

in Dallos (1983 1984); Mistrik et al. (2009; Johnsoret al. (2011); Cheathanet al. (2011 just to

cite a few. Mistrik et al. (2009 has been used this electrical model with longitudinalstasices

to model the current flow in a model of the cochlea.

3.3.3 Cochlear Microphonic

The cochlear microphonic (CM) is a by-product of cochleactlical activity
and probably can be considered as an epiphenoménebster 1973°. The
CM is an electrical signal which is easier to detect and meathan mechanical
movement. von Békésy’s electrophysiological measurgsmavere aimed at
locating the source of the CM and moreover he wanted to knewdle of these
electrical signals in sensing a tor@yinan Jret al,, 2012).

As mentioned before, the cochlear amplifier causes the Blihgucurves to be
sharply tuned at the characteristic frequency. HoweveCtiievhich results from
the BM vibration has broad tuning curveddnrubia and Ward1968 Patuzzj

5The CM might ameliorate the impact of OHC low cut-off frequgon the cochlear amplifier
in higher frequenciesallos and Evans1995 which may bear on the effect of longitudinal
electrical coupling observed blgamamoorthyet al. (2007 which is mentioned on pagé?.
However this has been a subject of debataéa and SyR2008.
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1987. These discrepancies are thoroughly discussed in Chapter

3.4 Modelling the Generation of the CM

For modelling purposes, the positive feedback gain resplenfor the amplifica-
tion effect inside the cochlea is usually modelled as a (neal) active damping
gain which is driven by BM and tectorial membrane displacetn@ad velocity
and acts as an active force on the mechanical p&ii®it et al, 2007 Neely
and Kim, 1986. However, for observing the CM in a cochlear model, eleatri
components which represent the electrical behaviour oftlcblea and construct
this positive feedback process should also be incorpoiiatéae model. In the
models oMistrik et al. (2009 andCheathanet al.(2011) the electrical part of the
model is analysed separately using mechanical data witemsidering physical
links between the mechanical and electrical parts. Sireglifiersions of these
physical links have been considered in some proposed mbdeisvestigating
the CM was not the main objective of those mod&siframoorthyet al,, 2007
Liu and Neely 2010 Nam and Fettiplage201Q 2012).

In the following, an integrated detailed model of the elieelrand mechanical
properties of the cochlea is presented. This integratidmwal bidirectional
interaction between the mechanical and electrical aspgdise model. None
of the components and configurations of the proposed modebraginal but
these configurations have never been integrated for imasty the cochlear
microphonic.

In a modified version of the model dfeely and Kim(1986, simplified electrical
components without any longitudinal coupling also has hmmsideredLl(iu and
Neely, 2010. In this model, the nonlinearity of mechanoelectricahg@duction
current of the OHCs is also considered. We have chosen thelnbdiu and
Neely (2010 as a foundation for our model. The details of this modelluding
nonlinearity, make this model suitable for our purpose. Talel the generation of
the CM and observe the behaviours of the CM, a more realigtotrecal coupling
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lumped model is amalgamated with the modelLai and Neely(2010. We
proceed now to briefly describe that model and then highligbtmodification
that we made to model the CM.

3.4.1 The Model ofLiu and Neely (2010.

(B)

Eardrum

A)

Area of Eardrum (4, ) \

©)

Enclosed air filled area

Diaphragm ** '\

Basilar Membrane

Figure 3.6: Liu and Neelys Model. (A) shows the model of the diaphragm which can be
considered to be an earphone diaphragm made of rubber feergren of air leakage. The
diaphragm can be modelled by a mass-spring-damper sysBmh¢ws the model of the middle
ear. Redrawn fronkiu and Neely(2010 with permission of]. Acoust. Soc. AmThe middle
ear transfers energy of sound to the fluid inside the cochtelacan be modelled with a lever
and the mass-spring damper systems. (C) shows the macranieshmodel of the cochlea.
Simplified form of the Navier-Stokes equations can be uséesaribe the macromechanics model
of the cochlea. (D) shows the micromechanics model of théleac The organ of Corti can be
mechanically can be considered as an array of mass-spaimgper systems with an active force
which is induced by OHCs.

The mechanical part of our model is similar to the modeliaofand Neely(2009
2010 to which the reader is referred for more details. For thegrity of our
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current work we repeat some of the equations and definitrams fiu and Neely
(2009 2010. We also provide more information on some parts of this rhadd
show that the equations are consistent with the common gr@aid out in the
beginning of this chapter.

Liu and Neelys model is summarised in Fi§.6 . Parameter§My, Ry, Kq}
represent the sound source (which is here assumed to bedpleragm of an
earphone). The dynamics of the diaphragm are described dyollowing
equation:

MaVg = f(t) — KgXg — Rava + PaAg (3.4)

wherevy, vq andxq® denote the acceleration, velocity and displacement of the
earphone diaphragm, respectivafy.is the pressure in the enclosed space of the
ear canal, andy is the area of the earphone diaphradfitt, is the stimulus force

on the earphone diaphragm(see Bi@.(A)).

The earphone diaphragm and the eardrum are coupled via thesed air filled
ear canal between them. This air filled area can be modellednbgicoustic
complianceKc, resulting in the following equation:

Pi = Kc(XdAd — XmAe) (3.5)

wherexn, is the displacement of the malleus (equal to the displacewiethe
eardrum. See Fig.6and Fig2.1), andAg is the area of the eardrum.

Model of the Middle Ear

The eardrum-malleus-incus system is modelled by paraméMy,, Ry, Kn}.
The malleus-incus lever ratio &< 1. The joint between the incus and the stapes
is modelled by parametef&; ,K;}. The stapes and its surrounding structures are
modelled by parametefdVis, Rs, Ks}. Py andP(0)’ are coupled to each other via

6Henceforth, wherx denotes displacement, and v will denote velocity and acceleration,

respectively.
’P(0) is the pressure at the stapes which is equal to the cochleagftessure at the oval
window.
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the following equations:
MmVm = —KmXm — RmVim + g fi + PsAe (3.6a)
(Ms+ M)V = —(Ks+ Ky )xs — (Rs+ Ry )vs — fi — P(0)As (3.6b)

fi = Ki(Xs— 9%n) +Ri(Vs — QVm) (3.6¢)

As is the effective area of the stapes footplageandvs denote the displacement
and the velocity of the stapes. Parame{dMs, R, K, } represent the round window
(See part (B) of Fig3.6.).

Cochlear Macromechanics

Equations §.1), (3.2) and (3.3) govern cochlear macromechanics. These equa-
tions can be simplified to one dimension. By neglecting ddpany on they
direction (see Fig3.6), equation §.1) can be simplified to

axux + dZuZ - O

wherex denotes the longitudinal direction from base to apex, addnotes the
vertical direction. uy and u, are components of the fluid velocity in these
directions.

Assuming that the fluid velocity linearly changes from a mawin value az = 0

to zero az= H and the height of channdH() is assumed to be constant along and
across the width of the BM (see Fig)5(C)), u, can be written asRatuzzj 1996:

G(X)(H -2
H

and consequently the following relation can be derived:

UZ:

0 1:
a—XU(X,t> = ﬁEr (37)

wheref} is the velocity of the reticular lamina. By replacing theoaty u with
volume velocityU® and considering cross-sectional akea= Hw in equations

8U = Au.
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(3.7 and @3.2), the one dimensional equations for cochlear macromeciani
follow:

OP — —%U (3.8)
ol = wé (3.9)

whereP denotes the pressure difference between the two cochlagyaztments
(scala vestibuli and scala tymparm)js the density of the cochlear fluid, ands
the width of the BM.

For calculating the boundary condition at the basal endaggps (3.9 and 3.9
can be combined:

Since at the basal end, the cochlear fluid moves with the sastiemras the stapes
(Neely, 1989, (3.10) yields the boundary condition at the base:

By using the acoustic impedance of a tube the boundary donddt the
helicotrema can be approximated as follow&uifa and Allen 1997, Liu and
Neely, 2010:

P

OxP|x—L = A_—mnP(L) (3.12)

wheremy, represents the mass of the fluid at the helicotrema (ref@utea and
Allen (1991); Liu and Neely(2010 for more details). It is noteworthy that in
some cochlear models the boundary condition at the hedic@ris considered
to be P(L,t) = O (short circuit), ofP(L,t) = o (open circuit). The open circuit
assumption is physiologically implausible since it doesp®mit any connection
between the two scala@(ria and Allen1997).

Micromechanics Formulation

Each section of the micromechanical part of the model ctssistwo parts
representing the basilar membrane and OHCs load respgctigeshown in
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part (D) of Fig.3.6. By applying Newton’s second law to each section of the
micromechanical model, we obtain:

fonc = Mé&+RE+KE (3.13)
P = mé+ré+ké (3.14)

wherem, r, andk are the mass, resistance, and stiffness of the basilar raembr
per unit area, andl, R, andK are the mass, resistance, and stiffness of the
OHC load impedance.ép, éb and Eb denote the displacement, velocity and
acceleration of the BM, respectivel§, éo andé&, are the displacement, velocity
and acceleration of the OHC, respectively. The BM displamenis equal to
the sum of the displacements of RL and OHGg £ & + &,). P is the fluid
pressure difference between the scala vestibuli and sgalpani. fonc is the
force induced by OHC electromotility.

Electromotility

Reduction in the length of the OHC accumulates chadpgeinearly related to
OHC contraction displacement:

$o=TQ (3.15)

whereT is a piezoelectric constant (refer to Sectiod.2 and (Mountain and
Hubbard 1994). This electrical charge produces an electrical curignt %—tQ
and therefore,

iQ:% (3.16)

Qis a nonlinear function of
V =Vouc—T fonc (3.17)

andCqy = dQ/0\7. The force fonc) is induced by OHC electromotilityCy is a
gaining capacitance. It can be assumed@gas constant anGy = Q/V (Liuand
Neely, 2009 2010.

45



CHAPTER 3. MODELLING

Mechanoelectrical Transduction

In Liu and Neelys model, mechanoelectrical transduction (MET) current is
described as follows:

Ir=1 (avér + dgér)

wherel(-) is a nonlinear function. &, and Er represent the displacement and
velocity of the reticular laminaay andag are two coefficients which are defined
as the MET's sensitivity to reticular lamina velocity andplacement.|(-) is
defined as antisymmetric function:

1 1\ lImax, ., 20
I =1 — = | = ——tanh—— 3.18

() max(1+exp(—4rl/lmax) 2) > A (3.18)
wheren = or\,ér+ agér, andlmax is the maximum range of OHC receptor current.
For relatively small sound levels, MET current is approxietya linear. For
analysing the model in frequency domain in the next chapter)inear form of
MET current (i.ej; = n) is used.

3.4.2 Electrical Lumped Model of The Organ of Corti

We here deviate from and extend the moddliofand Neely(2010 and consider
a more realistic electrical configuration of the organ oftCiarorder to model the
CM.

The organ of Corti electrically can be discretised into saefgaradial sections, each
of which models a set of parallel OHCSt(elioff, 1973 Ramamoorthyet al,
2007 Mistrik et al, 2009 Cheathamet al, 2011), and connections between
adjacent sections via longitudinal cochlear fluid spaceschEsection can be
modelled by passive electrical elements, independent apérilent electrical
sourcesDallos 1983 1984 Mistrik et al,, 2009.

A realistic electrical lumped model of a radial section o thrgan of Corti is
presented in Fig3.7.
The connection between extracellular and intracellulgiores for both apical and
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Figure 3.7: The electrical networks model of the organ of Corti with degent current sources
and the longitudinal electrical coupling. The CM can be oi#d as the potential of the
endolymphatic space above the basal hair cells. Hangerepresents the CM in the electrical
model of the organ of Corti.

basal surfaces of the OHC can be modelled by a dependenntwwarce, a
capacitor and a resistor for each pairt.is the dependent current source (MET
channel current)R3 andCs model the apical resistance and capacitafeand
C4 model basolateral resistance and capacitaigts. the current associated with
OHCs piezoelectricity.Vyg andVpuc are the potentials of the hair bundle and
OHC membrane, respectively.

The OHCs are embedded in the electrical networks of the oof&orti. The
electrical networks of the organ of Corti is modelled as @gistors. Rg, Rg

and Ry represent the resistances along the scalae vestibuliana@di tympani
respectively associated with the fluid resistances insadb eompartment.

Note that the effect of the longitudinal resistor which misdsonduction along
the tunnel of corti (for exampl&;g in the network model ofStrelioff (1973)
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is ignored in the proposed model since this large resistdnes not change the
results noticeably.

R1, Rs and Rg represent the resistance between each of these scalae and
the surrounding spiral ligament which is considered to beugd (0 V) in

the proposed model. More explanation of these elements hodsing their
parameter values are provided in Appendix

The constant electrical potential provided by the striecuéegis and the resting
membrane potential for OHCs are presente®4iy) andVy(n) respectively.

Vsv, Vsm andVg; are the potentials of the scala vestibuli, scala media aath sc
tympani, respectively. The potentis, can be approximated as the sum of
the potentiald/onc andVyg. The CM can be observed as the potential of the
endolymphatic space above the basal hair c&llg, (n Fig.3.7)(Mistrik et al,
2009.

Kirchhoff’s circuit laws can be applied to these circuitscadculate the voltages
and currents of each node and branch.

3.5 Summary

Even though improvements in observation and measuringhiggbs can reveal
much information about the cochlea, there remain signifigaps between what
can be measured and actual cochlear function. Thereforeslimaplays an
essential role in developing a better understanding of tamsarkable organ.
Cochlear models can be used to gain useful information asighits to categorise
our understanding about this complex and sophisticateahorg

There is a wide variety of mechanical models that can be pediby using differ-
ent assumption about the structure within the cochlea. [@acimacromechanics
is usually simplified to a one-dimensional transmissior Imodel. Cochlear
micromechanics is modelled by masses, springs, and dasfgzohpers).

The electrical processes and electrical components whighnzolved in the
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OHCs generating mechanical force are usually ignored inctdailear models.
However it is important to consider the electrical process®d electrical compo-
nents in modelling the generation of the CM.

The mechanical part of the introduced model is similar torttealel ofLiu and
Neely (2010 and is summarised in Fig.6.

In the introduced model, the OHC mechanoelectrical tracisolu current ;)
is modelled as a nonlinear function of the RL velocity andotdisement. The
OHC length changes are based on the charge that transfess dloe basolateral
membrane and produces currend)(in the proposed model.i; andig are
represented by two dependent current sources ZFiy.

The proposed model is described by the equatiéng {o (3.19 and Kirchhoff's
circuit laws for the circuit shown in Fig.7. In the next chapter, the solution
methods of these equations are discussed.

3.6 Contributions

e A comprehensive and informative review of the existingrétere on
electrical couplings was presented.

e A realistic electrical representation of a section of thgaor of Corti is
amalgamated into an existing one-dimensional (1D) modéhefcochlea
by which the CM can be assessed.
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Chapter 4

Methods of Solution and Model
Validation

Before performing any test on the model or explaining anyeolaion based on
the model, the model should be validated. In the previouptenathe proposed
model was described in detail. In this chapter, the mechhrmind electrical
results of the proposed cochlear microphonic model (PCRlhrsely examined
and compared objectively with pertinent experiments amerosimilar models.
Mechanical behaviours of the cochlea are not directly witihie scope of this
work, but, for validating the model, mechanical outcomesudth also be in a
good agreement with relevant experiments.

To be used, a model must be formulated and solved. For a @ahiadel, several
approaches including numerical and analytical method® Hmen suggested
(Steele and Tabet979 Ni, 2012.

The state space representation of a cochlear model is aeswgy} to apply
and analyse a nonlinear cochlear modsgli¢tt et al, 2007 Moleti et al,, 2009
Bertaccini and Sist®2011).

The state-space representation is explained in SedtionWe then justify the
model using the results of the frequency domain analysisdas the state-space
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formulation in Sectiont.2. Finally, we perform time domain analysis on the PCM
and validate it in the time domain.

4.1 State Space Representation of the Model

Models usually consist of a set of inputs and outputs. Redatbetween inputs
and outputs of physical models are usually described bermifitial equations.
Therefore, they can be simply formulated as a state-spatersy The state-space
representation of a model can be readily extended to cleisetonlinearity in
the model. More importantly, the state of a system can be ttelp described
by a minimal set known as the state vectiih¢o, 2000 and all other unknown
variables can be calculated using this vector.

The state-space approach for the proposed model is briefbepted here. More
details on this approach for different cochlear models casden irElliott et al.
(2007 andSistoet al. (2010.

The number of state variables is determined by the numbadefiendent energy
storage elementhaet al, 2000 Chapter 8). For example, in one section of
the micromechanics part of the model (K¢ (D)), there are four independent
energy storage elements, two mass elements and two spemgels. The mass
elements store kinetic energy, and the spring elements gtaential energy. The
electrical part of the model (Fi§.7) has two capacitors as the independent energy
storage elements for each section of the organ of Corti. HEpadtors store
energy in their electric field. Therefore for each sectioromfan of Corti six
state variables should be considered.

For validating the model mechanically and investigatirg@M, the BM displace-
ment, OHC and hair bundle voltages should be calculatedat& sector (minimal
set) which can be defined to calculate these variables is ifpadement and
velocity of both the RL and the OHC, together with OHC and bamdle voltages
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in the organ of Corti:

X = [&:(N), &(N), &(N), Eo(N), Vore(n), Vius (n)] (4.1)

wheren indexes the discrete section of the cochlea.

By calculatingx,, the BM displacement and the CM can be then calculated (
ép(n) = & (N) + Eonc(n) andVsy =~ Vouc(n) +Vus(n), refer to Fig3.6and3.7).

The BM is discretised intdl sections. Therefore the setfstate vectors plus six
more variables representing the state of the diaphragmrenohiddle ear (see
Fig.3.6) (A) and (B)) creates a system with &l&- 6 length state vectax. The
system can be represented in state-space form as:

X(t) = Ax(t)+Bu(t) (4.2)
y(t) = Cx(t) (4.3)

whereA : RON+6 , RON+6 s 5 state vector operator. The input to the model
is a single input stimulus forcé(t) (see Fig3.6), and soBu(t) can be simply
expressed ad (t),0,---,0]".

The system output(t) can be defined as any set of desired state variables which
are selected b : R®N+6 . Rk For a linearized form of the model (if =

avér + agé;), the operatoré\, B andC are matrices.

The state operatok can be written as the sum of four operators that correspond
to 1) the earphone diaphragm, the eardrum and the middlefgar)( 2) the
micromechanicsAc), 3) the fluid pressureAp) and 4) the electrical coupling

(Ac).

1. Earphone Diaphragm, Eardrum and Middle ear (Ayg)
The first six elements of state vectrrare x4, V4] which represent the
displacement and velocity of the earphone diaphrdgmgnd Neely 2010

LEight energy storage elements model the diaphragm and théiereéar but only six of them
are independent. The state of the air-filled area is linedglyendent onx,, andxq (equation
(3.9)) and the state of the join between the incus and the stafiesdly dependent ory, andxs
(equation 8.60).
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and [Xm, Vm, Xs, Vs| Which represent the displacement and velocity of the
malleus-incus and stapes-oval window system (see3FigA) and (B)).
The first six rows and six columns éfie are the coefficients of these state
variables after writing equilibrium equations for the campnts of Fig3.6

(A) and (B) (Equations3.4) to (3.69 ) and all other elements of this matrix
are zeros.

. Micromechanics (Ac)
Using some algebraic manipulation equationd 9, (3.14) and (3.16) can
be rewritten as follows:

% _: (4.4a)
% _ REOIJ\FAKfo B f?\AHC (& +&) -r;k(ErJr o) P (4.4b)
% i (4.4c)
% _ _REO_I\;KEO n f(KAHC (4.4d)

From (3.15 and (3.17), the force generated by the OHC is given by:

Vonc  $o
fonc = — 4.5
OHC = ~3~ ~ & 72 (4.5)
Using equations4.49 to (4.40 for N parts results in 4 N state equations
which can be used to construct matty. The fluid pressur® is accounted
for equation4.4busingAp.

. Fluid pressures (Ap)

Fluid pressure acting on the BM (see Figs (C)) can be expressed in terms
of the state variables. By differentiating both sidesZB) with respect to

x and combining it with §.9) we have:

aXA) . P dér

) ——W—— (4.6)

2p_ _P _
02P = A(axatu aU W

54



CHAPTER 4. METHODS OF SOLUTION AND MODEL VALIDATION

From equationsi.14) and ¢.45), we obtain:

2 pwy o p o (RE+KE&  forc  T(&+&) +k(&+&)
(8- 1a) P= AW< M M m

4.7)
By using a finite differential approximation, equatiegh’{) can be approxi-

mated as:

P(n+1)—2P(n)+P(n—1)  pw(n) P(n) = 1(-) (4.8)

(Ax)? m(n)A(n)
wherel(-) is the right side of4.7), andn (0 < n < N) is the index of the
section.
Applying the boundary condition at the base (equatiénsht) and (3.11)),
we obtain: P(1)_ P(0)
Tax o P%
therefore:
P(1) 1 PAs B
A (Ax+ Ms+ Mr) PO)=
p

Me +Mr((KS+ Kr)Xs — (Rs+ Rr)Vs — fj) (4.9)

The boundary condition at the apex (equatidrip)) gives:

(%(Jr A(,\‘I’m) P(N) — P“i; U_o (4.10)

Equations4.9), (4.9 and ¢.10 can be rewritten in a matrix form as:

(D2—D3) P=Lx (4.11)

where the second derivative is approximatedy which is anN x N
tridiagonal centred finite difference approximation matrD, is aN x N
diagonal matrix with%w on its diagonal:

B, — diag(ﬁw(n))
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The first and last row of the resulting matii, — f)z) should be modified
considering the boundary conditions at the base and ap@xand ¢.10).

The matrixL is constructed usinéc. A coefficient matrixPér Is required
to rearrange the pressure values to a format suitable fobic@tion with
equation {.4D), noting that PressurB(x) only appears in state equations
related to the velocity of the RE; :

Ap=P; (D2—D2) 'L (4.12)
. Electrical Coupling (Ag) For obtaining equations related to OHC and hair
bundle voltages nodal analysis has been used. Using KifichHaws
for each node in the electrical model (Fig7) results in the following
equations:

Vav(N) —Vey(N—1)  Vesy(n) —Vsy(N+1)  Vsy(n) N Vsv(N) —Vsm(N)

R | RtD R R (4:12)
Vsm(N) =Vsm(n—1)  Vgm(n) —Vsm(n+1)
Ro(N) Ro(n+1)
Ro(1) Ro(n) | Ro(n) | BV = ()
(4.14)

V3t< n) — Vst(n — 1) Vst( n) — VSt( n+4 1) V3t< n)

R]_l(n) R]_l(n—l— l) R5(n)
- ch::(cr(])m — Cy(nNorc(n) = ig(n) (4.15)
Vst(Nn) +Vorc(n) +Vig —Vi(n) —Vsm(n) = 0 (4.16)

Vie  Vorc(n)
Rs(n)  Ra(n)

Ca(n)Vis(n) + —Ca(MVorc(n) = —ir(n) +ig(n)

(4.17)
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This is the only part of the model that is different for theslam and nonlinear
versions. Note that by linearizingto avér + agé; (see page6), the right
side of these equations is made up of a combination of staiabl@s in
each row. These equations can be written in matrix form:

GV = Ex (4.18)
where
V = Vst(1) Vsm(1) Vsv(1) Vorc(1) Ve (1) -+ Vs (N)]

E constructs the combination of the state variables of thbt rgide of
equations4.13 to (4.17).
Matrix K can be made to extract thex2N state variable¥opuc andVyg.
Therefore:

Ac=KG™E (4.19)

Finally,
A=Ayve+Ac+Ap+Ac (4.20)

The details of the form of these matrices are given in Appeidi

4.2 Frequency Domain Analysis

Taking the Fourier transform of both sides &f4) and {¢.3), the frequency
response of output(jw) of the linearized form of the model, can be calculated
as:

y(jw) =C(jwl —A)'Bu(jw) (4.21)

where the variables of interest are extracted by the m@&trix
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4.2.1 Mechanical Responses

To inspect the mechanical behaviour of the model, the visabf interest that
matrix C extracts aref; andé,. The BM displacement can then be calculated
using the displacements of both RL and OHC

Greenwood-map

The peak location of the frequency tuning of the BM should meagreement
with the place-frequency map or Greenwood-m@peenwood1990h which is
a general criterion for validating a cochlear model.

The Greenwood-map (or the Greenwood’s function) assacatgosition on the
BM to a characteristic frequency using the following matlémrelation:

f = A(10A%™) _k) (4.22)

wheref is the characteristic frequency (CF) ax the length from the base (i.e,
the best place (BP)). Constant parametars, 1654 Hz,a= 0.06 mnit, x, = 35

mm andk = 0.88 approximate the place-frequency map of human cochleae
(Greenwood 19900. The Greenwood’s function is also used to determine
electrode locations for cochlear implani3afleneet al, 1998. Fig.4.1 shows
the place-frequency map of the model and Greenwood’s fomdor humans.
The model concurs reasonably with the place-frequency roagréquencies
greater than 200 Hzx(< 28.5mm). However for more apical parts, the place-
frequency map of the model deviates from the place frequeragy and reaches
its maximum deviation at the most apical location, whichng of the limitations

of the proposed model. Similar modeélsuch as the models ¢fu (2009 and

Liu and Neely(2010 suffer from the same limitation. In this thesis, we do not
focus on the responses from specific part of the cochleaftirerthis mechanical
shortcoming of the model does not change the presentedseBig.4.2 (a) shows

2 &, =& + &, see pagé5and Fig:3.6(D).
3Those models of the cochlea which model the micromechaparawith two masses.
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— Model response
—— Greenwood Curve

Characteristic frequency (Hz)

0 5 10 15 20 25 30 35
Distance from stapes (mm)

Figure 4.1: The place-frequency map of the model and the Greenwood darvéne human
cochlea. For more apical parts, the place-frequency maphefniodel does not match the
Greenwood curve. Itis a shortcoming of the model.

the amplitudes and (b) shows the phases of the BM displademsssponse to a
60 dB SPL pure tone stimulus at different locations alongctiehlea.

Cochlea amplifier

A realistic model of the cochlea should be capable of pronggdealistic amplifi-
cation. Fig4.2 (a) shows the results of the model for the amplitudes of the BM
displacement in response to 60 dB SPL pure tone stimuludfetetit location
along the cochlea. For demonstrating the amplificationitglolf the cochlear
amplifier in the proposed model, the basilar membrane disept@nt tuning curve
(for characteristic frequency equal to 1300 Hz) with disabhmplifier has also
been shown with a dotted line in Fig.2 (a).

The cochlear amplifier in the proposed model is able to pewidar 100-fold
amplification to the basilar membrane displacement inddgedcoustic energy,
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Figure 4.2: Mechanical responses of the model in the frequency domdie.basilar membrane
displacement, as a function of the cochlear position. (ajvsithe magnitude and (b) shows the
phase of the basilar membrane displacement for six diffesttmulus frequencies: 10900, 5300,
2600, 1300, 600 and 300 Hz.

which is also in agreement with experiments reportediiler and Gillespie
(2008. The cochlear amplifier functions in a nonlinear way in mse to the
input stimulus. Here for frequency domain analysis, thehtesr amplifier is
assumed to be working in the linear region. It should be nttatithe amplitude
of the stimulus is only relevant for the nonlinear region bé tmodel (See
AppendixC). For a comparison with other modelling results, FEig is redrawn
from Fig. 5 ofNeely and Kim(1986. Comparing Fig4.2 and Fig4.3 indicates
that the proposed model gives a qualitatively similar ressul

60



CHAPTER 4. METHODS OF SOLUTION AND MODEL VALIDATION

Another feature which can be observed in both Eig.(a) and Fig4.3 (a) is
noticeable differences between the magnitudes of the Bilaiement of the
model for different locations. These differences in magptat indicate that the
middle region the cochlea is the most sensitive and seitgitieclines towards
both apical and basal regions of the cochlea. This observalso qualitatively
agrees with the equal loudnédsvels.

Tuning

For mammalian cochleae, BM vibrations are more peaked tisitae base of the
cochlea than those towards the apBrolfles and Rugger@007). By inspecting
the results of the model in Fig.2, it can be seen that BM tuning curves are
more sharply tuned for higher frequencies (towards the)lihaa lower frequency
(towards the apex).

The sharpness of tuning can be measured quantitatively dyquiality factor
(Q), which is the ratio of the centre frequency to the bandwicExperimental
measurements of the BM tuning curves are not available fandmu However
the quality factor (Q) can be estimated using psychoacmalstind modelling
approaches. Three estimations ofgg i.e., centre frequency divided by
bandwidth 10 dB below the peak, are reportedRimggero and Temchi(2005
for humans based on different available animal models. Tidyine BM tuning
sharpness quantitatively, thg §Jg values of the proposed model are compared to
the three aforementioned estimations gf&g and presented in Fig.4.

It is noteworthy that higher @45 values have also been estimated (for example
in Oxenham and She 2003).

The observations of the model made in this section based erfréguency

4Loudness is a subjective perception of sound level. Thengities which are required in
order for pure tones of different frequencies to be perecbagually loud are called equal loudness
levels Gelfand 201Q Chapter 11). Comparison between loudness data and the §Vadement
data demonstrates that the loudness curves is partly atrefled the maximum amplitude of the
basilar membrane vibration at each position along the eac8luus and Florentine2002.
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Figure 4.3: The basilar membrane displacement of the cat, as a functithre @ochlear position.
Reproduced from Fig. 5 dfleely and Kim(1986 with permission.

responses of the linearized model, indicate that the msdmlpable of producing
realistic mechanical responses. The nonlinear growth ®fBthl displacement
against the input intensity is assessed in SectiGand AppendixC.

4.2.2 Electrical Responses

Vonc andVyp are the state variables for assessing the electrical respaf the
model and the CM. Other scalae potentials can be calculaiadVonc andVyg.

Fig.4.5 (a) depicts the amplitudes of these potential variablesfasaion of the
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Figure 4.4: Qqoqg for the BM tuning curves is shown. Data for Human 1, 2 and 3 hree
different estimations of ¢gg for humans based on animal models, which are extracted from
Fig.5. ofRuggero and Temchi(R005. The results of the model are in a good agreement with
Human 3 estimation and also with the values reportedhiiet al. (2008.

cochlear position. Figl.5 (b) shows that unlike the sharp tuning curves of the
BM, Vonc andVyg (see Fig4.2 (a) and Fig4.5(a)), the CM ¥smin Fig.3.7) has
broad tuning curves.

The discrepancy between the sharpness of the basilar meentraing curves
and CM tuning curves can also be seen in experiments (for gbeameasure-
ments reported itHonrubia and Warq1968 and Fridbergeret al. (2004) that
gualitatively validates the CM results of the proposed nhode

The Fig.4.5 (a) clearly shows tha¥ponc andVyg are sharply tuned and very
similar in amplitudes. However, they have a phase diffegemdrr radians or half
cycle near their peaks (Fig.6) which makes the summation (the CM) broadly
tuned. The broadness of the CM tuning curves is investigatddtail in Chapter
S.
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Figure 4.5: (a) illustr

Distance from stapes (mm)

ates the model’s predicted amplitudesvefic, Vs and (b) shows/sm

(Vsm =~ Vonc + Vi) along the cochlea using frequency domain analysis of th@ein&ach graph

shows the responses for six different stimulus frequendi6800, 5300, 2600, 1300, 600 and
300Hz. The scaled version (by 20) of the CM;) tuning curve (with CF=1300 Hz) is also
shown in (a). As can be seen from panel (a), the amplitudéefthe CM) is less tuned than

VOHC andVHB .
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Figure 4.6: Phases o¥onc andVys. Vorc andVyg have a phase difference aofnear their peaks
based on the proposed model. The peak locations have be&adizye.

4.3 Time Domain Analysis

In order to explore the nonlinear behaviour of the model, rttaelel should be
analysed in the time domain. As stated earlier, the stateesgpproachKlliott

et al, 2007 Sistoet al, 2010 provides a simple foundation for representation
of a cochlear model and for analysis of the model using camweal numerical
methods. The non-inverted form of matrides andG are sparse in this method,
so the speed of the numerical solution can be increasedséthmtrices can be
kept in non-inverted formTealet al, 2011).

In general, solving the differential equations of the ceenlmodel is usually
challenging and sometimes requires numerical technichegsare very specific
to the problem typeTeal et al,, 2011; Bertaccini and Sistd2011). For instance,
the state vector of the proposed model consistd\bi-® elements. For 5 OHCs
in each row and each section (15 OHCs per sectibis)equal to 700 (see Section
4.1). This means a large system of ordinary differential equnetiof dimensions
4206x 4206 should be solved. An attractive alternative is to ugecait analogy.
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The differential equations of the system can be derived hyvatent circuits
for the nonelectrical parts of the model. Representing aghaith equivalent
electrical circuits not only makes the model more comprshme, but it also
provides access to numerous powerful numerical tools the¢ fbbeen built for
circuit analysis. In addition, it can be shown that the equt of the cochlear
model are stiff Bertaccini and Sisto2011) and SPICE uses various effective
techniquesYamamuraet al., 2005 to deal with stiff differential equations, which
makes it a suitable tool to analyse the cochlear model. The/a&ent electric
circuit method is explained in Appendix AppendixB also provides a framework
to represent by electrical circuit any one-dimensional ehad the cochlea, that
can include nonlinearity. In the following section, timendan analysis is
performed on the model, including nonlinearity, using eit@analogies.

4.3.1 Response to a broadband Stimulus

The cochlea functions as a real-time spectrum analyser asdntposes an
acoustic input signal spatially along its lengthallos 1992 and as discussed
in Section4.2.], the location of the maximum amplitude of the BM vibration
is related to the frequency of the input. High frequency stimmause maximum
vibrations at the proximal end of the cochlea while the lagfrency stimuli cause
maximum vibration at the distal end of the cochlea. A click ba considered as
a summation of different pure tones (sine waves) with apeitg phases and
amplitudes. Therefore, this broadband stimulus causegsageding vibrations
with higher frequencies from the base and with lower fregieshtowards the
apex. The BM displacement responses to a clicki{$0at three positions along
the chinchilla cochlea are shown in Fig7.

Fig.4.8 shows results of a time domain analysis of PCM at three differ
locations along the cochlea for the basilar membrane disptent and voltages
of the scala media. The propagation of the travelling wave lm&a seen in this
figure. The longitudinal spatial pattern of the mechaniesluits concurs with
experimental data which is shown in Fig7, and measurements 8fecioet al.
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Figure 4.7: The BM responses to a 87 dB SPL click of duration g8 These responses
were recorded at three positions a the chinchilla cochlelais figure is reproduced from Fig.
7 of Recio and Rhod€2000 with permission. Note that in the Greenwood's functign2@)
constant parameters,= 1635 Hz, a = 0.114 mm?, x, = 18.4 mm andk = 0.85 represent the
place-frequency map of the chinchilla cochl€éa&réenwood 1990h. Hence, the characteristic
frequencies 6.1, 10.5 13.7 kHz are associated with theitotad.5, 2.5 and 1.5 mm from the
base.

(1998 andRecio and Rhodé&000.

Fig.4.9 depictsVonc andVyg at one location. These responses are in agreement
with the frequency analysis of the model showing &tc andVyg have nearly
rtphase difference. More results of time domain analysis@desssed in Chapter

6.

4.4 Effect of Cochlear Amplifier on the CM

In vivo measurements show that in cochleae with prestin-null daiercells (i.e.,
deactivated cochlear amplifier), the CM amplitudes almestain unchanged
(Fig.4.10 (Liberman et al, 2002 Cheathamet al, 2011). To probe this
observation with the model, we consider the passive versiotine proposed
model in whichfonc = 0 (Fig.3.6) and consequently there is igin the coupling
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Figure 4.8: (a) shows the basilar membrane displacements at locatioma gblue line), 10 mm
(red line) and 15 mm (black line) from the stapes. (b), (c) @)dhow potetials of the scala media
(Vsm) at locations 5, 10 and 15 mm from the stapes respectivelgsponse to a 60 dB SPL click
of duration 40us.

circuit (Fig.3.7). Fig.4.11 illustrates the time domain analysis for an active
(i.e., active cochlear amplifier) system including nondiriy in the MET channel
current and a passive (i.e., silenced cochlear amplifiestesy in respond to a 60
dB SPL pure tone stimulus of frequency 2000 Hz. By inspeckitg4.11 (b)
and (c), the results show that the cochlear amplifier sigmtiy amplifies the
BM displacement while the effect on the CM is less significdoath of which
agree with previous physiological findingkiljermanet al, 2002 Cheatham
et al, 2011). Moreover, the results of the model exhibit post-stimuiuaging

at the termination of the stimulus which is expected fromdbtve cochlea and
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Figure 4.9: Vouc andVyg at location 10 mm from the stapes, in response to a click adteur 40
us.

\ ” Normal cochlea
K/WWWW\/\A Pres{in nu“ CUChleu
— A
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Onset of the stimulus

Figure 4.10: The CM of mouse cochleae with normal and prestin-null OHCa 80 dB SPL,
16kHz stimulus. The normal cochlea (i.e., the cochlea whth ¢ochlear amplifier) produces
“post-stimulus echo” whereas the cochlea with prestin-@HCs does not. These waveforms
are reproduced from Fig.4 @fbermanet al. (2002 with permission.

agrees with the physiological measurementkibérmanet al. (2002. The BM
displacement and CM attenuate rapidly at the cessatiomodikts for the passive
cochlea as suggested by the experimental measuremeiriteeahanet al. (2002);
Kemp(1978h.
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Figure 4.11: (a) Shows a 60 dB SPL pure tone stimulus of frequency 2000 HysHhows the
BM displacement for the passive and active models at thefhese (16.5mm from the base for
CF=2000 Hz). (c) shows the CN¥{y,) for passive and active model at the same place.
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4.5 Summary

The proposed model is discretised and represented in sgatee form. For
justifying the model, frequency domain analysis is firstfgened on the model.
The mechanical responses of the model agree with Greenwapd fihe model
is capable of providing a realistic amplification gain at best place. The BM
tuning also qualitatively and quantitatively agrees withpérical experiments.

In addition, the results show that the CM exhibits broad ignin contrast to
the sharp tuning of the BM displacement. This also agreek @xperiments.
For analysing the model in the time domain, the proposed mmsdsnverted
to an equivalent circuit. The results of the proposed modeéea with CM

measurements of both passive and active cochlea. The eochtaplifier

significantly affects the amplitudes of the basilar membralsplacement or
velocity while it only slightly changes the amplitude of tG&/.
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4.6 Contributions

e The model was validated based on mechanical and electesalts of the
frequency and time domain analyses.

e A convenient framework was proposed to represent a cochteehwith
electrical circuits by which the cochlear model can be Hgaahalysed in
circuit analysis software such as SPICE (see AppeBdno).

e Effect of the cochlear amplifier on the CM and BM displacemesat
investigated by the model.
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Chapter 5

Cochlear Microphonic Broad
Tuning Curves

In Chapter4, the model demonstrated sharp tuning curves for the BM altspl
ment and broad tuning curves for the CM which are both in ages# with
experiments.

A question in the interpretation of the CM is why the intetpaheasured CM
which is obtained by electrodes inserted in the scala meoks ot show the
same degree of sharp frequency tuning as does the causaiivemcal vibration
measured at the same location. In other words, the CM is shudtseof mechanical
vibration of the basilar membrane, therefore, the shapoéthe CM tuning
curve could be expected to be similar to the sharpness of khéuBing curves.
The physiological measurements, however exhibit relbtibeoad tuning of the
CM (Patuzzj 1987. For example, the physiological measurements reported in
Honrubia and War@1968; Dalloset al. (2009; Fridbergeret al. (2004 show the
discrepancy between tuning curves for the BM displacemwhtizose for the CM
(see Fig5.1).

The cochlear microphonic produced by pure tone stimulaisothe vectorial
average in the electrical network of the organ of Corti of fwgentials from
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thousands of hair cells, each having a different phase anglitage. This
vectorial averaging causes longitudinal cancellatios, @he potential produced
by the OHCs at one location in the cochlea can be cancelleddsetproduced at
other locations in the cochleand has been considered to be the main cause of
broadness in the CM tuning compared to the sharp tuning dfabgar membrane
motion (Fridbergeret al, 2004 Gelfand 201Q Chapter 4).

To examine this hypothesis by the proposed model, we probeeffect of
longitudinal cancellation on the CM in Section2. The effect of phase
cancellation in each cross-section of the organ of Cortivestigated in Section
5.3. Finally the effect of longitudinal resistances is dis@tsm5.3.1

5.1 Broadness of the CM Tuning Curves

Fig.5.1shows BM displacement and CM spatial tuning curves for theegupig
cochlea. The 3dB width of the CM is higher in comparison to3d8 width of
the BM tuning curve.

Some researchers have suggested that the extracellutatipbtenerated by hair
cells in the best place can be cancelled by those in othetidmsaDalloset al,
2005 Kletsky and Zwislockj 198Q Patuzzj 1987 Fridbergeret al., 2004 He

et al, 20123 Gelfand 201Q Chapter 4) and this is an often-cited justification for
the broadness of CM tuning curves.

In situ recording of the functioning OHCs for investigating thispleyhesis
is exceptionally difficult. We use the model to investigabe tcancellation
hypothesis in the next section.

Note that the BM consists of transverse beamlike fibres (setidh 3.2.1) and therefore
in most cochlear models including our model the mechanmagjitudinal coupling of the BM
has been neglected, and the cochlear partition is modefiddaasverse segments. However,
the segments are coupled longitudinally via the cochle&idluTherefore, electrical responses
generated at one location can be affected by those geneatiteither locations via electrical
connection between them through the cochlear fluids.
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Cochlear microphonic (V dB)
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Figure 5.1: In mammals, the CM is broadly tuned in comparison to the spdrmed basilar
membrane displacement. The amplitude of the CM recorded &wala media along the cochlea
with micro-electrodes is shown with a solid line and the dtage of the BM displacement spatial
tuning curve is shown with a dotted line. This figure is proetlicsing the CM measurement of
the guinea pigiflonrubia and Wardl968 and the guinea pig modelling resultsiéely and Kim

(1986. The stimulus frequency for both curves is 2500Hz. Both lgtoges are normalised to
their maximum values.

5.2 Effect of Longitudinal Phase Cancellation on
the CM Tuning Curves

In the proposed cochlear microphonic model PCM, dependergit sources (
andig) are derived from the displacement and velocity of the vddiclamina €;
andér), and the velocity of the OHCE(,). Therefore by taking the values of these
variables from the mechanical part of the model, the elegitpart of each section
of the organ of Corti can be analysed separately. We assuaharitelectrode can
record the electrical signal from different locations a@dhe cochlea.

For assessing the effect of phase cancellation on the besad the CM tuning
curves, this four step procedure was followed:

Step | Analyse the PCM in the frequency domain for a stimulus witlpacsic
frequency.
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Step Il Save the reticular lamina velocity and displacement and QElGcity

(6}, & andfo) for each section.

Step lll Feed all or some subsets of these results into the eleatircait.

Step IV Observe the effect on the potential of each section.
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Figure 5.2: The CM spatial tuning curves for stimulus frequency of 26@0H = 0 means
only the segment at the best place contributesAdhdneans all segments contribute to the scala
media potentials.BM is the basilar membrane displacement spatial tuning cuovéhe same
stimulus frequency (dashed line), which is much sharper tha CM tuning curve even without
longitudinal coupling (dotted line). The non-normalised@itudes of the CM at the best place

are illustrated in Figs.4.

Frequency domain analysis was performed on the model faraksgtimulus
frequencies (for example, 10900, 5300, 2600, 1300, 600 &0H2)(Step I).
The velocity and displacement of the reticular lamina arelwblocity of OHC
are three complex numbers with a different amplitude andgliar each radial

segment (Step II).
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These complex numbers were used to set the electrical ¢usmmces for
stimulating each section of the electrical part of the modeis defined as the
proportion of the total length of the cochlda- 35 mm for the human cochlea)
that is electrically active on each side of the best place @8ociated with the
CF according to the place-frequency map of human cochlesmep@ges). This
means that iflgp is the location of the best place, the region from (faggp— yL)

to min(L,dgp+ yL) is contributing to the scala media potential at each sidaef t
best place , in addition to the section of the best placandig are equal to zero
outside of this active regiony = 0 means only one section at the best place has
nonzero current sources i.e., only this section has funictgpOHCs (Step II).

Fig.5.2 and Fig5.3 illustrate how longitudinal coupling changes the sharpnes
of the CM spatial tuning curves. The amplitude of the BM dagigiment is also
shown with a dashed line in this figure. As can be seen, the Givh @xthout
longitudinal contribution of other OHCs (dotted line) is radroadly tuned than
the BM displacement.

The visual assessment of Fig2 and Fig.5.3indicates that longitudinal coupling
does not significantly change the sharpness of the CM spatialg curve. In
addition, the curve foy = 0O illustrates that the CM decays exponentially, which
agrees with measurements and modelling predictionslefsky and Zwislocki
(1979; Mistrik et al. (2009.

Fig.5.4shows how longitudinal coupling affects the amplitude & sisala media
potential recorded at the BP. It should be noted that evengthd-ig.5.4 shows
that the amplitudes of the CM are changed by the longitudioapling, this does
not mean that the broadness of the CM tuning changes. Howesse amplitude
changes may be important to determine whether there arengi€HCs along
the cochlear partition similar to the modelling approachamated by Chertoff
et al, 2012. These amplitude changes may have viable clinical appiics (see
Section?7.3).

For making a quantitative judgment, bandwidth (3dB) is alsmputed using the
relationship between frequency and spatial tuning curess(er and Cail996
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Figure 5.3: The CM spatial tuning curves for stimulus frequency of 108@0y is the proportion
of the cochlea that is electrically active on each side obtbet place.

and using Greenwood’s functio®(eenwoogd1990g. The results are shown in
Fig.5.5. These qualitative evaluations also suggest that lonigihdoupling does
not considerably increase the bandwidth.

5.3 Effect of Transversal Phase Cancellation on the
CM Tuning Curves

To inspect the effect of transversal phase cancellatiam athplitudes of OHC
potential variables are shown as a function of the cochlesitipn in Fig.5.7.

Despite the very similar amplitudes\dhc andVyg, they have a phase difference
of rrnear their peaks and nearly cancel each other out (se8.Bjg.
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—1f=0.6 kHz
===f=1.3 kHz

Figure 5.4: Amplitude of the scala media potential at 23.8, 19.4, 14.6,8d 4.6 mm from the
stapes and stimulus frequencies 0.6, 1.3, 2.6, 5.3 and H2.9dspectively. Abscissa igthe
proportion of the cochlea that is electrically active onteside of the best place.

5.3.1 Longitudinal Resistors

For all simulations here, each section isud® in length, which accounts for 5
OHCs in each row (15 OHCs) assuming that the human cochleainer8500
OHCs in each row (10500 OHCg)¢hmore 2008. A longitudinal space constant
of 70 um for the human cochléas adequate to reproduce realistic responkes (
2008.

The adjacent regions of the organ of corti connect to eachrotta the fluids
inside the scala vestibuli, the scala media and scala tymygzoh are modelled
as longitudinal resistorBg, Ry andRy1, respectively (Fig3.7). Their parameter
values were derived by using specific resistances of pepilyand endolymph
(Misrahyet al,, 1958 Tranet al, 2013 and the cross-sectional area of scalae in
humans \\Vysocki 1999 Thorneet al,, 1999 in AppendixC.

Changing these resistor values causes different potestdigbling effects. To
investigate how these values affect the CM, they are scglsddling factoi . We
noticed that scaling these values to less than the modifiedvafStrelioff (1973

2The average length of the human cochlea is 35mm, anarii@equire 500 segments.
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Figure 5.5: (a) shows 3dB bandwidth of the CM tuning curves for differfeatjuencies. Abscissa
is y (the proportion of electrically active section). (b) sha&e8 bandwidth for the human cochlea
versus frequency. These results show that the broadness 6M is not changed significantly by
active longitudinal coupling.

for humans deteriorates amplification ability of the modmttdear amplifier and
scaling by 0.1 dramatically changes the currents in eactiose@nd therefore
gravely reduces the amplification ability of the model ceelnlamplifier. The
model mechanical behaviours are not significantly changerhdreasing longi-
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Figure 5.6: The magnitude of the basilar membrane displacement, asaidarnof cochlear
position for six different stimulus frequencies: 109000832600, 1300, 600 and 300 Hz,

is the longitudinal resistor scaling factor. In the propbseodel, increasing the longitudinal
resistance values does not change the magnitude of theahbasg&mbrane displacement
noticeably. Decreasing these values however, does chaegeagnitude of the basilar membrane
displacement and deteriorates the amplification abilitthefmodel.

tudinal resistor values. Fi§.6 compares the magnitude of the BM displacement
for three longitudinal resistors scaling factors: 0.1,d &0.

Scaling the values of the longitudinal resistors more théad., 10) increases the
sharpness of the CM, and when their values become very lenrfyate i.e., open
circuit) the CM becomes as sharply tuned as the BM motionesurirhe results
indicate that longitudinal coupling affects the phaseedéhce betweeviyg and
Vonc- Fig.5.8 (b) shows the effect of increasing the longitudinal resisés.
When these resistances are close to physiologically tiealialues, the phase
difference near the best place is approximateglgnd the summation result of
Vs andVouc (i.e., the CM) is attenuated. For more apical locations phiase
difference approaches zero and the summation results eé ttveo potentials
are not attenuated. A combined effect of cancellation nearpeak area and
summation elsewhere causes the CM broad tuning curves.
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Figure 5.7: (a) Amplitudes oNMopc, Vis andVsy, for stimulus frequency of 5300 Hz. All curves
are normalised to their maximum values. As can be seen frorel §a), the amplitude ofsm (the
CM) is much broader tha¥iouc, Vis. The part of this panel labelled “The CM” shows how the
scaling of the longitudinal resistor values changes the Cl4.the longitudinal resistors scaling
factor. (b) shows 3dB bandwidth difference for the audigfrency range.
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Figure 5.8: (a) Phase ofonc andVys. (b) Phase difference &opc andVus (£/Vouec — £VuB).
For clarity, only curves for the characteristic frequendy5800 Hz for different longitudinal
resistors scaling (see Sectibr.1) are shown( is the longitudinal resistors scaling factor.

5.3.2 Discussion

Changing the longitudinal resistors of the model alterssth@pness of the CM.
In fact passive longitudinal coupling (i.e., coupling vatht active OHCs) affects
the transversal phase difference. Fig2and5.3 indicate that the CM measured

at the best place (when only the section of the best placeibotds) still exhibits
broad tuning.
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From all these findings it can be concluded that the diffezeimc sharpness
between the tuning curves of basilar membrane motion andCias mainly
because of the phase cancellation between the hair bundbatizd and the
potential of the body of the OHC rather than longitudinalggeancellation along
the cochlea.

The conclusion proposed here agrees with the sharp tuninipieed in intra-
cellular measurements of the OHC (OHC soma) reportedRuissell (2008.

The conclusion can be more specifically verified or denied ibyubaneous
measurement of OHC soma potential and both scala media anéty potentials
to determine the phase difference betw&gmc andVyg. To the best of our
knowledge, this measurement has not yet been reported.

5.4 Summary

Even though the broad tuning curves of the CM generated by @i agree with
experiments, these results are surprising consideringttag tuning of the BM
displacement. Researchers and modellers have postutatethe CM in each
recording place is a vectorial average of active OHCs iredifit locations along
the cochlea and the vectorial average produces this deccgp

We use the proposed electromechanical model to examindfdéut ef longitudi-
nal coupling on the broadness of the CM tuning curves. THexefs assessed
both objectively and visually. The results of the model dastmte that active
longitudinal coupling (i.e. coupling with active OHCs) ¢ohutes only slightly
to the broadness of the CM tuning curves (Fig.and5.3). Another factor must
therefore be involved.

By inspecting the OHCs potentials, a phase difference letWgnc andVyg of
approximatelyrr can be seen. Therefore, the sum of these two potential sesult
in a broader potential (the CM). This is a significant conttibg factor to the
broadness of the CM tuning curves based on the proposedagbpro
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To summarise, the proposed approach showed that longitasive network of

the organ of Corti affects the phase difference betw&gir andVyg and causes
transversal phase cancellation in radial sections of tharoof Corti near the best
place and results in broader tuning of the CM.

It is noteworthy that even though the vectorial average gharthe amplitude of
the CM (Fig.5.4), it does not mean it changes the broadness as well. Thagesul
demonstrate that the passive network of the organ of costifl@main influence
on the broadness of the CM and the transversal cancellataadbns the tuning
curve of the CM.

5.5 Contribution

e The effect of longitudinal coupling versus transversalggheancellation on
the broadness of the CM tuning curves based on the proposddl mwas
assessed.

e The proposed approach hypothesises that the broadness GMrftuning
curves is mainly due to transversal cancellation rathen tbagitudinal
cancellation.
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Chapter 6

Spontaneous Cochlear Microphonic

6.1 Introduction

Cochlear models have been extensively studied and deklapéelp enrich
our understanding about the physical and biological mdash@ engaged in
the hearing processChadwick 1997. Cochlear models are developed based
on known cochlear structures and functions. Therefore,chlear model that
can reproduce realistic cochlear responses, may makecpogdi about as yet
unstudied phenomena and stimulate further physiologigpeements {Ven,
2009. In this chapter, we discuss the possibility of a hithertwreported
phenomenorspontaneous cochlear microphonic

As previously discussed in Sectiar, SOAEs are one the major classes of OAEs,
and can be detected in the ear canal without any acoustialsmExistence of
these emissions is an explicit manifestation of the actigelmnism in the cochlea
(Probstet al,, 1991 Vilfan and Duke 2009.

There is evidence that self-sustaining oscillation of théd B the cochlea can
cause vibration of the ear drum and produce SOATsb{es and Rugger@007).
Preexisting mechanical perturbations which are hyposeesio be the origin of
SOAE Shera and Guinar2008 can be considered as spatial inhomogeneities
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in the cochlea structuré(s, 2008. However the exact mechanisms involved in
generating SOAEs are as yet undiscovered. There are tvayettf theories that
have been established to explore the origin of SOAE.

The global standing-wave model proposes that SOAEs araipeaidby coherent
reflections between an impedance mismatch at the middlenelaperturbations
in the mechanics of the cochlea. The SOAE amplitude is maiedaand
stabilised by the cochlear amplifiebljera 2003. The second model, known
as the local oscillator model, suggests that the active e&isrinside the cochlea
independently cause local oscillatidBréaun 2013.

In the global standing-wave model, the spontaneous fregeerthat can be
generated exhibit a minimum frequency spacing (or prefiemeimum distance
(PMD)) asShera and Guina(2008 report. In other words, multiple coherent
internal reflections from multiple irregularity sites foastanding wave and hence
produce multiple SOAEs with a certain frequency spaci@gefa 2003. The
local oscillator model predicts no constraint on the spoatas frequencies.

From a modelling point of view, abrupt changes in the coahdaaplifier gain of
the human cochlear model can cause oscillation in the Ibasgéanbrane that can
be detected in the ear canal as SOABsl{ili et al, 2003 Elliott et al,, 2007,
Rapsoret al,, 2012.

The proposed model analogously shows that these pertonisatan also produce
Spontaneous COchlear MICrophonic (SCOMIC). The work wingtresented in
this chapter is implementing the approachidiott et al. (2007); Ku (2008 on
the proposed model and the extension is to infer the existehthe SCOMIC. In
addition, the simulations show that our model is more sinkdahe local oscillator
model and does not necessarily include the minimum frequspacing.

This chapter begins with assessing the stability of the ggegd model in Section
6.2. The effect of irregularities on the stability is discussedSection6.2.1.
Finally time-domain simulations and the existence of th©S®IC are presented
in Section6.2.2
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6.2 Stability of the Proposed Model

One definition of system stability is that a system is conmgideo be stable if
every bounded input produces a bounded outpuatrf and Bishop 2011). To
evaluate stability of a linear system ttransfer functiorof that system should be
examined. The transfer function of a linear system is defasethe ratio of the
Laplace transform of the output to the Laplace transformhefihput, assuming
that all initial values are zero. By taking the Laplace tfans of equation 4.2),
we have:

X(s) = ((sl —A)'B)U(s) (6.1)

whereX(s) andU(s) are Laplace transforms oft) andu(t) respectively, and

| is the identity matrix. This relation is the transform fuoct of the model.
Note that the roots of the determinant §f— A are the poles of the system.
This determinant is called the characteristic polynomiadl dhe roots of the
characteristic polynomial are the eigenvalugsdf A (Dorf and Bishop2011).

Each system pole corresponds to a time-domain term, whichoeawritten as
e’ cog wt), whereo is the real part oA andw is its imaginary partX = o + jw).
o can be observed as the decay or growth rate by which the timaidaesponse
of the model, associated to this term, decays to zero or growsdinity as time
goes to infinity.co determines the oscillation frequency of this term.

Therefore, to have a stable system, all poles of the trafisfetion should have
negative real part (i.e(]J(A) < 0).

To assess the stability of the proposed model, the poleseokyistem or the
eigenvalues oA are calculated and shown in Figy1. It is worth mentioning again
that the matrixA is calculated by linearizing the mechanoelectrical trastdn
(MET) currenti; (refer to Sections.4.1and4.1). All coefficients of the model are
real, hence the roots are located symmetrically with redpebe real (horizontal)
axis. Henceforth, for the sake of clarity and without losgenerality, the roots
with positive imaginary values are only shown. Fidl shows that the model
with original parameter values does not have any poles vetfative real part and
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Figure 6.1: Pole location of the proposed model. The abscissa is theaeadf the poles{(s)).
The ordinate is the imaginary part of the polegg)). 50% increase of bothy, anday (the MET'’s
sensitivity to reticular lamina velocity and displacematdes not make the system unstable. 200%
increase of botlw, anday is required for archiving instability. Zoomed around thé&or of (a)

is shown in (b). Note that poles are either purely real, oeapjn complex conjugate pairs which
make the pole location symmetric with respect to the real.axi
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therefore it is stable. Computer simulations of the prodasedel indicate that
increasing or decreasing values of the velocity and digphent to current gain
(ay anday) of the proposed model substantially (for example by 50%€cathe
mechanical and electrical outputs of the model. However,simulations also
demonstrate the important observation that these chamgestanake the system
unstable. To achieve instability an increase of approxga200% is required.
This is a difference between the proposed model and the naddgliott et al.
(2007); Ku (2008. The proximity of the contour of poles to the imaginary axis
can be controlled by the feedback gain in the modetlibtt et al. (2007); Ku
(2008. When a contour of poles in the modelBifiott et al. (2007); Ku (2008

is near the imaginary axis (i.e. poles with small negatiad part) (Fig. 7. of
Elliott et al. (2007) and the model is close to instability, small changes in the
positive feedback gain of their model shift these poles éxitpht hand side of the
imaginary axis and makes it unstable. In contrast, chantiegarameters does
not bring the PCM close to instability.

6.2.1 Effects of Irregularities on the Stability

Investigations on chinchilla ears have demonstrated tB#E3 can occur after
noise exposure. Histopathological examination of the amgiicochlea indicated
that the SOAEs frequencies correspond to the damage pusitio the basilar
membraneClarket al,, 1984). Studies have also shown that experimental animals
(especially macaque monkeys which have more easily délecBOAEs than
other nonhuman primates) have irregularities in the aearent of OHCs at
some places on the BM associated with the pertinent fregeen€the detectable
SOAEs (onsbury-Martin and Martin1988. By comparing these two studies,
some researchers have postulated that both imposed amdI'®@AESs are results
of the same mechanism. The former is due to imposed impenfeahd the latter
is because of natural imperfection in the cochi&aght, 2007). It should be noted
that SOAEs can be detected in ears without noticeable lagtofpgic changes,
and mechanisms involved in generating SOAEs may vary betagecies®robst
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etal, 1991).

Fig.6.1 illustrates that the model is robust to scaling of parametdnes over
the entire length of the cochlea. However, even small butgbspatial
inhomogeneities in the cochlear amplifier gain of the model make the model
unstable Nobili et al, 2003 Elliott et al, 2007 Rapsoret al, 2012),.
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Figure 6.2: The effect of a step change on the stability of the model. l{e)vs the pole location
for the distributed control parameter coefficient defineq @s<=5, 10, 15mm) = 1 andn(x >
5,10, 15mm) = .95 and (b) shows the pole location for the irregularity coedfit defined as
n(x <=5,10,15mm) = 0.95 andn(x > 5,10, 15mm = 1, (c) and (d) show the irregularity
coefficients of panels (a) and (b), respectively.

The profile of the spatial inhomogeneities in the human ahk as yet
unexplored Ku, 2008. Step change in the spatial inhomogeneities and random
change of the spatial inhomogeneities are two plausiblenagsons which are
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explored in the following. For this purpose, thiéstributed control parameter
coefficientn, is defined to vary the parameters of the model.

For investigating the effects of abrupt spatial inhomoge® ay is varied. It
should be noted that varying other parameters such ass found to have similar
effects on the stability of the model. Fi2 demonstrates 5% step changes in the
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Figure 6.3: (a) Rapid inhomogeneities imposed o by the distributed control parameter
coefficient 1) make the system unstable. (b) Smooth varyingrpfdoes not make the system
unstable. n is generated using uniformly distributed pseudorandombarson the interval
[0.95,1] panel (c) and smoothed using a 3 point moving avefdigr (d). The abscissa here is
in kHz instead of radian/s.

distributed control parameter coefficient £ 1 for x <= xg andn = 0.95 for
X > Xg mm) and § = 0.95 forx <= xg mm andn = 1 for x > xg ) at the locations
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(X0) 5, 10 and 15 mm from the stapes.

Fig.6.3illustrates the effects of random change in the distribatmutrol param-
eter coefficient. Smooth random inhomogeneities do notabtédiste the model
(Fig.6.3 (b)) while rapid inhomogeneities with the same amplitudeskenthe

proposed model unstable (Fiy3 (a)). In panel (c) of Figs.3, n is the uniform

distribution on the interval [0.95,1] which is smoothed anpl (d) using a 3 point
moving average filter.

We now repeat previous experiments 500 times and obtainish@gnam shown
in Fig.6.4. Comparing the results of panel (a) and (b) of BEig.and Fig6.4
indicates that rapid inhomogeneities or discontinuitresvery likely to make the
model unstable.

As mentioned earlier, unlike the model Bfliott et al. (2007); Ku (2008, The
PCM is not close to instability and perturbations of the pseters do not produce
many unstable poles as the modeHEdifott et al. (2007); Ku (2008 does (Figure
3.9. ofKu (2008).

6.2.2 Time-domain Simulations of the Model
Including Irregularities and the existence of SCOMIC

The general interpretation of a pole in time-domain add@ss Sections.2 is
consistent with time-domain simulations presented in @rap When a click
reaches the oval window, a travelling wave forms that tafreim the base to the
apex. At each region of the organ of Corti, the BM oscillat@hwhe frequencyo

of the pole associated with the region and decays away bythefo (Fig.4.9).
As examined and discussed thus far, the rapid spatial il@ages can generate
poles with positive real parts (i.e., positigs) and consequently make the model
unstable.

For assessing the transient behaviours of the model ingjyzbles having positive
real parts, time-domain analyses are performed to inwegstithe effect of step
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Figure 6.4: Histograms for cochlear models with randomly generated-or the histogram in
panel (a)) is the uniform distribution on the interval [0.95,1] whichdmoothed for the histogram
in panel (b) using a 3 point moving average filter. The expenta were repeated 500 to obtain
the histograms.

changes in the distributed control parameter coefficieotvshin Fig.6.2.

The results of time-domain analysis fgr(x <= 10mm = 0.95 andn(x >

10mm) = 1 are presented in Fig.5. A 0 dB SPL click with duration 4fs is
used as initial input that could correspond to ambient orspilggical noise to
initially elicit the spontaneous otoacoustic emissions.

Fig.6.5 (blue solid line) shows that for the linearized form of the MEhannel
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current (;) response, the BM displacement grows to infinity as expefcted the
time-domain term associated with the pole having positaad part. The MET
channel currenti() response however, actually has a nonlinear saturatiqrepno
(see equation3(19) which stabilises the amplitude of the BM oscillation (Figh
(red dashed line)) and thus results in spontaneous sdHisimg oscillation of
the BM. This kind of self-sustained oscillation is known aknait cycle (Khoo,
2000, and can be considered the source of SOAHKt et al., 2007 Ku et al.,
2009. The numerically observed finite amplitude behaviour efiM oscillation

is consistent witiMoreno and Suare2004) observation that saturation can lead
to sable stationary points or orbits.

In general there is no systematic way to prove the existeftbe stable limit cycle
of a system of dimension higher than two and determine itdicudp (Hu et al,
2009. Some special cases are discussedra(il, 2001, Chapter 5)Moreno and
Suarez(2004); Bellizzi and Bouc(2007). Treating this topic from an algebraic
point of view has its own extended domain of research ancdhtitee, and it is
beyond the scope of this thesis to analytically examine timear stability of
the system.

It is noteworthy however to mention here that with a randostritiution of the
distributed control parameter coefficient (Fig3), the model is more likely to
have poles with positive real part for the characterisgqérencies less than 7 kHz
(Fig.6.3(a)). In other words, the model stability is more sensitivedpid change
near the apical end. This may be one of the factors influertbi@gredominance
of SOAE between 500 Hz and 7000 Hz4ll, 200Q Chapter 3). The forward and
reverse middle ear gain characteristics may also infludnsalistribution Purig
2003. Preexisting mechanical perturbations cause self-suisgposcillation in
the BM which can be detected in the ear canal as SOAEs. Anasbgthese
perturbations also produce spontaneous potentials in dbblea as shown in
Fig.6.6. If the spontaneous cochlear microphonics predicted byntbdel do
indeed exist they could be recorded in the generation gfes.example at 10 mm
inside the scala media) given appropriate experimentalitons. Fig.6.7 (a)-(d)
show the propagation of the displacement wave of the BM ¢énigd by a click (60
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Figure 6.5: (a) shows the BM displacement with(x <=

10mm =0.95andn (x> 10mm) =1

with the linear (blue solid line) and nonlinear (red dashied)lMET channel currents§ (b) is

zoomed-in version of panel (a). The saturating nonl

inganti, prevents unbounded growth of

the BM displacement. The pole having positive real part poed a sine wave witli ~ 5100Hz
associated with abrupt spacial change at 10 mm based onate-fsequency map for humans.

dB SPL of duration 4Qus) along the cochlea for t = 0.2, t = 1, t = 5 millisecond
and t=1 minute, respectively. The ordinate is the basilanbrane displacement.
(e)-(h) show the propagation of the CM wave along the cochld® ordinate is
the CM amplitude. Note that a 0 dB SPL click as shown in Eigproduces self-
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Figure 6.6: (a) shows spontaneolyc (blue solid line) andVouc (red dashed line) with
nonlinear (red dashed line) MET channel currents. (b) shepsntaneoud/sy (cochlear
microphonic. The abrupt spacial change at 10 mm from the pasgéuces the spontaneous
potentials in the cochlea. These spontaneous potentialpeaecorded at their generation site
(here at 10 mm from the base).

sustained oscillations but the amplitude of the propagatiave is much smaller
than the self-sustained oscillation. A larger (60 dB SPlckak used in Fig6.7to
show the propagating wave as well. For experimental animalk as guinea pigs
(Dallos et al., 2005 Honrubia and Ward1968 and mongolian gerbilsHe and
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Ren 2013, the CM has been measured at different locations alongdbklea.
However recording the CM or other cochlear electrical resps near the base
are more convenient and does not interfere with the cochleation.

The proposed model is calibrated using the available datahfmman (see
Appendix C). The actual SCOMIC amplitude based on the current model
parameter values are between Ouddand 10uV for the human frequency range,
and ought to be measurable with appropriate instrumentafixperimentalists
may also be able to record this signal at the round windowH(iginer frequencies
which have generation sites near the base).

6.3 Summary and Conclusion

Since their discovery, SOAEs have been extensively studied recorded and
have consequently been used to gain a good insight towadirstanding the
hearing mechanisms in mammaRr¢bstet al, 1991, Hall, 2000 Chapter 3)..
Two theories have been hypothesised for SOAE generatidhea)obal standing-
wave theory involves the existence of standing waves betvlee perturbation
and the oval window for which the round trip delay is an inségrumber of

cycles, and b) the local oscillator theory proposes thattdygerturbations, the
cochlear amplifier produces local oscillators without amherent reflections
being necessanshera2003 Braun 2013.

Simulations using the proposed model show that small raprugoations in
feedback gain can make the linearized cochlear model uestdlhe saturation
property of the MET channel current stabilises the unbodmgtewth of the BM
displacement. The model &hera(2003 involves the existence of standing
waves between the perturbation and the oval window whereasptoposed
model does not. Our model does not necessarily include themm frequency
spaces for SOAEs th&hera and Guina(2008 report, but challenged bgraun
(2013. In this chapter we showed that the small rapid perturbatio feedback
gain which have been previously hypothesised to be the ggoersource of
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Figure 6.7: (a), (b), (c) and (d) show the model's predicted propagatiimmg the cochlea of
the BM displacement wave triggered by a click. Time domaialysis of the nonlinear cochlear
model indicates that preexisting mechanical perturbatpmoduce both SOAE, and Spontaneous
Cochlear Microphonic (SCOMIC).
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SOAEs (obili et al, 2003 Elliott et al, 2007 Rapsonet al, 2012 can also
generate measurable Spontaneous Cochlear MicrophonfoNIBC). Currently
the SOAEs and SCOMIC generated by our model are localiseartiwplar places
along the BM associated with random irregularities. Howgb®th theories
of SOAE generation imply that the sources of the SOAEs arkssstained
oscillations along the basilar membrane which logicallpdquce SCOMIC as
well.

As explained so far, the SCOMICs are the electrical equintalef the SOAEs and
intuitively obvious. The question is why the existence a$ tkignal has not yet
been reported?

A possible reason could be that nobody has actually attehtptecord this signal.
Another reason could be that the amplitude of this signatig gmall to measure.
The spontaneous vibrations of the oval window are transthitta middle ear and
this facilitates in measuring SOAEs in the ear canal. In @stt the SCOMIC
is not transmitted, and so recording these electrical 8gsamore challenging.
Our simulations based on human calibrated parameter vatdésate that the
amplitude of the SCOMIC can be in the range of one microvattjlar to other
bio-signals.

We have attempted to detect CM with the non-invasive measemeé system
of Masoodet al. (2012 accompanying known SOAE (for human), but without
success. At present we believe this is because of its smallitae in non-
invasive measurement rather than its absence. This sigamale detectable in
human by a transtympanic recording system, or by electrocége the cochlea
of animal accompanying known SOAEs.

6.4 Contribution

e The results of the proposed model indicate that small raprtupbations
in the feedback gain which have been previously hypothédisée the
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generation source of SOAEs can also generate measurablgaSpous
Cochlear Microphonic (SCOMIC).
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Chapter 7

Summary, Conclusions and
Suggestions for Further Work

Improvements in observation techniques for measuring argchl vibration
and electrical signals in the cochlea can increase our atateting of cochlear
operation. However there still remain significant gaps inumderstanding of the
details of actual cochlear functions, which currently aarime fully captured by
contemporary instruments. In hearing studies, modeléobniques are employed
to bridge these gaps and further the understanding of tHdesrcfunction.

Modelling is about better understanding of an object or pheenon. Good
models, including good cochlear models, are as simple asilpesvhile still
reproducing the behaviours of interest. Simple cochleadet®can be used
to gain useful information and insights to categorise owtenstanding of this
complex and sophisticated sensory organ. These modelsroa@ a simple
framework to explain how the cochlear functions, and how#sailts of different
experiments are linked to these functiobe (Boer 1996.

Ultimately, these insights will lead to better methods @&fghosis, and improved
methods of treatment for hearing impairments.
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7.1 Summary and Conclusions of Present Work

Electrochemical activities inside the cochlea maintasting potentials and the
circulation of current inside the cochlea. External meatalnstimuli affect
the circulation by changing the current that passes thraugbhanoelectrical
transduction channelsN{n et al, 20123. To investigate mechanoelectrical
and electrochemical activities inside the cochlea, thengla in currents and
potentials can be monitored by proper instruments. Oneeétéctrical signals
which is produced during this process is the cochlear mlwwoge. This signal has
not received much attention since its discovery eightyyago Cheathanet al,,
2011). The cochlear microphonic reflects mechanical activiies the excitation
process of generating them. Probing the generation of tblelear microphonic
therefore can shed more light on the mechanisms involvedchlear functions.
The generation of the cochlear microphonic by endocochdtsatromechanical
activities and several clinical applications of the coehlenicrophonic were
discussed in Chaptér

This thesis presented an electromechanical model to ledtretal and mechanical
aspects of cochlear functions. The proposed integratetreechanical model
of the cochlea was constructed by embedding a nonlinear lnobtiee outer hair
cells in a electrical network of the organ of Corti and conifgnit with a one-
dimensional cochlear model. Different elements of the rhade integrations
were addressed in Chaptér Some of other relevant cochlear modelling
approaches were also reviewed in Chafter

A physiological model can only be used for interpretatiod &rture predictions
if the model is appropriately verified against experimentala. To this end,
the electromechanical model developed in this thesis wstedeand verified
guantitatively and qualitatively in Chaptérusing a variety of experimental data
available on basilar membrane vibrations and on electdactvities inside the
organ of Corti. The results of the model demonstrate thatatimglification
caused by electromotility of the outer hair cells, which &led the cochlear
amplifier, makes the cochlea an excellent frequency analgse enhances the

104



CHAPTER 7. SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK

input stimulus. Consequently, even quiet sounds (very lowplaude stimuli)
can be more effectively encoded by the inner hair cells, amdenreadily
conceived by the brain. Without the active mechanism (cechlea amplifier)
inside the cochlea, the dynamic range and frequency satgctif hearing is
reduced dramatically. In addition, we observed that théleacamplifier did not
noticeably change the amplitude of the cochlear microphavinich is consistent
with experimental data provided byiberman et al. (2002; Cheathamet al.
(2011). The close match between mechanical and electrical owsooh the
model and experimental measurements validates the maaksuagests that the
proposed model warrants further investigations.

The details of the matrices of the state-space represemtatithe model used in
Chapter4 are provided in Appendik. The circuit analogy was used for analysis
of the proposed model. The details of this approach are teghan AppendixB.
The parameter values were carefully chosen by using alaifetevant data in
AppendixC.

In mammals, the electrical potential recorded from theasdampani are less
sharply tuned than the basilar membrane tuning cur@sfénd 201Q Chap-
ter 4).

It is commonly assumed that when an electrode is insertedpattecular point
inside the scala media, the microphonic potentials of ri@ghing hair cells may
have different phases, and cancel each other, resultingeiiatvely broad tuning
curve Patuzzj 1987 Fridbergeret al, 2004 He et al,, 20123.

To investigate the discrepancy between the tuning curvbasifar membrane and
those of cochlear microphonic, and the effect of phase diatioa of adjacent
hair cells on the broadness of the cochlear microphoniaituourves, we devised
an experiment reported in ChapterWe explored the potential effect of adjacent
hair cells (i.e., longitudinal phase cancellation) on theadiness of the cochlear
microphonic tuning curves in different locations. The tesof the experiment
indicated that active longitudinal coupling (i.e., comgliwith active adjacent
outer hair cells) slightly changed the broadness of the Qivhtyicurves.

The results also demonstrated that there ig phase difference between the
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potentials produced by the hair bundiggs and the som&/pnc near the place
associated with the characteristic frequency based or{taquency maps (i.e,
the best place).

Therefore, it seems that the transversal phase cancall@#@used by the phase
difference between the hair bundigg and the somdonc) plays a far more
important role than longitudinal phase cancellation in treadness of the
cochlear microphonic tuning curves. Moreover, we noti¢ed by increasing the
modelled longitudinal resistance the cochlear microptionrves exhibit sharper
tuning. The results of Chaptérsuggest that the passive network of the organ of
Corti determines the sharpness of the cochlear microphoniog curves.

There is evidence that in the mammalian cochleae, seltistgroscillation of
the basilar membrane in the cochlea can cause vibrationeoédin drum, and
produce spontaneous narrow-band air pressure fluctuatitims ear canal. These
spontaneous fluctuations are known as spontaneous otta@ussionsRobles
and Ruggerp2001).

Small rapid perturbations in feedback gain have been pexpts be the gener-
ation source of self-standing oscillations of the basil@nbrane lobili et al,
2003 Elliott et al, 2007 Rapsonet al,, 2012. Accordingly in Chaptes, we
hypothesised that the self-standing oscillation resgitiom small rapid perturba-
tions in feedback gain would produce spontaneous potsntidhe cochlea. We
demonstrated that according to the results of the model asunable spontaneous
cochlear microphonic must exist in the human cochlea. Thstence of this
signal has not yet been reported. However, this spontaredectsical signal could
play an important role in auditory research. Successfuhsuacessful recording
of this signal will indicate whether previous hypothesesudhthe generation
source of spontaneous otoacoustic emissions are validooitdsbe amended. In
addition according to the proposed model spontaneous eachticrophonic is
basically an electrical analogue of spontaneous otoaicoarsiissions. In certain
circumstances, spontaneous cochlear microphonic may Ilbe easily detected
near its generation site with proper electrical instruragan than is spontaneous
otoacoustic emissions.
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Considering necessary simplifications, any cochlear mwad#hding our model
suffers from some limitations in mimicking cochlea funciso Nevertheless, we
believe that the proposed model is particularly useful aodgsful due to the
following reasons:

e The pertinent electrical and mechanical components of taenmalian
cochlea are modelled in very simple but precise way. The insdee most
detailed one-dimensional cochlear model including eleaitrcoupling of
the cochlea developed to date.

¢ In spite of its simplicity, the model can reproduce the ralgvmechanical
and electrical observations of the cochlea, and conselguyamte the way
for conducting further intuitive and rigorous investigats and predictions
similar to that carried out in Chaptefsand6.

7.2 Limitations of the model

The proposed model incorporates electrical longitudioaipting. However for
simplicity, we assume, as do most cochlea models, that adjaegions of
the BM are mechanically uncoupled except for the energy amapon through
the fluid. Recent studies show that longitudinal couplingy nséabilise the
cochlea and increase the BM sensitivities to acoustic d$tinklience effects of
structural longitudinal coupling that we have ignored maysignificant Naidu
and Mountain 2001, Meaud and Grosi201Q Saremi and Stenfel2013. By
considering longitudinal coupling, future versions of tim®del may produce
sharper BM tuning curves than the results presented ir4Flg.Incorporating
longitudinal coupling may also make the conditions for 8iigbof the model
different from what was shown in Chapter

Although some measurements from mammalian cochleae dutiggéssomatic
motility is the basis of cochlear amplificatiohggardeet al,, 2009, effects of
the hair bundle motility on cochlear amplifier may also bengigant (Nin et al,
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2012h. Hair bundle motility is simplified in our model. Considegi the hair
bundle maotility in future versions of the model may also effthe mechanical
and electrical responses of the model.

As mentioned in Sectioi.2.]1, the mechanical responses of a cochlear model
are not significantly affected by coiling. However coilingaynaffect electrical
responses of the model. In our straight model, we assumettieag is no
significant conductance between turns of the cochlea. Wé&lamat find any
measurement showing that there is conductance betwees odirthhe cochlea.
Coupling between turns could be measured by appropriateimentation and

if it exists, incorporated in future versions of the model.

7.3 Future Work

In the following some intended extensions to the currenkveme outlined.

The cochlear microphonic is usually considered as a passsp®nse (see Section
4.4), so it has not been used as an index to determine OHC intgvithnell,
2001, Cheathanet al, 2011). The usefulness of the cochlear microphonic can be
investigated by removing OHCs and determining the detigcitibthe amplitude

or phase of the cochlear microphonic.

The cochlear microphonic recorded at the round window isebedl to be
generated at the cochlear bast €t al, 20123. By using the proposed model,
signals and experiments may be designed in future studegtbresponse from
apical locations using tones in high pass noise similarecaibproach advocated
by Chertoffet al. (2012.

Due to the anatomical arrangement of the OHCs and IHCs, tki@biedifferent
vulnerabilities to mechanical stress such as exposure tghalével of impulse
noise or prolonged exposure to loud noig»iQg et al, 1995 Hu, 2012. As
previously mentioned in Sectio.5.2 the cochlear microphonic is mainly
generated by the OHCs. The IHCs also contribute to this exlltdar potential
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(Dallos 1983 Withnell, 2007). The current research can be extended by including
the IHCs in the electrical model, and checking their effeatsthe cochlear
microphonic. The results may enable audiologists to betistinguish OHC
hearing loss (sensitivity loss) from IHC hearing loss (ityaloss) (Killion and
Niguette 2000 for prescribing suitable hearing aids or treatments.

According to the prediction of the model in Chapégithe spontaneous cochlear
microphonic seems to exist. This study therefore motivagseriments to
determine the existence or non-existence of spontaneatdees microphonic
in humans or experimental animals.

In our simulations, we noticed that even though imposed @hspatial irregu-
larities cause self-sustained oscillations of the basilembrane associated with
the locations of irregularities, two separate but closdiap@regularities do not
necessarily produce two separate oscillations along tegabanembrane. This
observation may bear on the minimum frequency spacing ¢ggdom global
standing wave theory reported I8hera(2003. This line of research is not
directly related to the presented work but it seems fruitfthis may help in
answering the open question of the origin of spontaneouwscotgstic emissions.

The proposed lumped model successfully reproduces, espéaid predicts the
certain features of the cochlea studied in this thesis. Teggmted ideas however
can be examined and extended in future work using a threerdiional finite
element modeél of the cochlea including individual hair cells. A detailddee-
dimensional finite element model of the cochlea may provideeninsights into
electrical potentials and functions of individual hairlsel

LFinite element method is a flexible numerical method by whigeometrically complicated
physical structure can be systematically divided into a Ineinof discrete elements, and the entire
behaviour of this structure can be approximated by a contibimand interaction of these elements
(Reddy 2006 Chapter 1). This technique can be used to analyse a contisuah as a fluid, or a
biological organ consisting of separate, discrete comptsrolston, 2000.
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Appendix A

State space formulation

A.1 State Space Matrices

As mentioned in Chaptet, the following variables were chosen as state variables:
diaphragm variable§xq,v4}, middle-ear variablegxmn,vm,Xs,Vs}, and the @l

111



APPENDIX A. STATE SPACE FORMULATION

cochlear variable§é;(n), &(n), &(n), &o(n), Vorce(n), Vie(n) }.

Vg Vd
Xd Xd
Vim Vm
Xm Xm
Vs Vs
Xs Xs
&(0) &(0)
&(0) &(0)
¢0(0) ¢0(0)
x=| &(0) x=| &(0)
Vorc(0) Vorc(0)
Vi (0) Vie(0)
&r(N) ér(N>
&E(M)(N) &(N)
$o(N) &o(N)
&(N) &(N)
Vorc(N) Vorc(N)
| Vus(N) | | Vis(N) |

In the following, the details of the matrices previouslyatuced in Chaptet are
provided.

Earphone Diaphragm, Eardrum and Middle ear (Ame)

The matrixAye is a square matrix of ordeMN6+ 6 which represents equilibrium
equations for the earphone diaphragm, eardrum and midd{egFég. 3.6 (A) and
(B) (Equations 8.4) to (3.69 ) in the first six rows and columns and all other
elements of this matrix are zeros.
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AmE =
_ Ky KoA2 KA -
_'\%j _Nd Mo Ad 0 '\A/I(:j 0 0 0
1 0 0 0 0 0 o -
0 KAk  —Rut@®R —Km-0’Ki—KAZ  gR LTS
0 0 1 0 0 0
R Ki RetR—R  KstKi—K;
0 0 Msg+Mr Mg‘FMr Ms+M; Ms+M; 0
0 0 0 0 0 1 0
0 0 0 0 0 0 0

Micromechanics (Ac)

The matrixAc is a square matrix of ordemMb+ 6 which presents the microme-
chanical part of the PCM ( Fig.6 (D), equations4.49 to (4.40)).

Ac(n) =

- k(in)  r(n)  K(n) + 1 __k(n . . 1 0
m(n) mn) M) " C(m)T(n)2M  m(n) M(n) m(n) T(n)M(n)
0 0 1 0 0
K(n) 1 R(n) 1
0 0 —wm gTmmm “Mny Tomm O
0 0 0 0 0
0 0 0 0 0
| O 0 0 0 0
and ~ .
Osx6
: Ac(0) Oexs
Ac = : Osx6 Ac(l) 0 O 0

Osx6 Osxe Opxe -
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Fluid pressures (Ap)

The square matriAp of order 6\ + 6 is constructed as follows:
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P; is a(6N+6) x (N) matrix which can be constructed to rearrange the pressure
values to a format suitable for combination with equatiéni ().

Ap=P; (D2—D2) 'L (A.2)

whereD = Diagona(3w)

Electrical Coupling (Ag)

By considering vectoy as follows:

[ Veu(0)
Vsm(0)
Vsi(0)
VHB(O> [ st(i) |
Vorc(0) Vsm(i)
V= : V(i) = | Vali)
Vsv(N) Vi (i)
Vsm(N) Vorc(i) ]
Vst(N)
Vho(N)
_VOHC(N)_

equations4.13 to (4.17) can be written in matrix form as follows:
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for simplicity G =

Gz(i)

L has been used in the matrix.

Vali=1) Vem(i—=1) Va(i—1) Vhs(i—1) Vorcli—1)]
~Gsli) 0 0 0 0
_ 0 —Gefi) 0 0 0
ab=1 0 —Gu() 0 0
0 0 0 0 0
0 0 0 0 0
[ Vsu(i) Vsm(i) Vist(i) Vi (i) Vorc(i)]
Gg(i+1)+Gg(i)+G1(i) + Go(i) —Go(i) 0 0 0
—Ga(i) Go(i+1)+Go(i) + Ga(i) + Ge(i) 0 Cs(i) 0
0 0 Gaa(i) +Gra(i+1) +Gs(i) 0 —Ca(i)
0 0 0 Cs(i)  —Cali)
0 1 -1 0 0
[Vali+1)  Vem(i+1)  Va(i+1)  Vus(i+1) Vonc(i+1)]
—Gal(i+1) 0 0 0 0
G} = 0 —Goli+1) 0 0 0
0 0 —Gu(i+1) 0 0
0 0 0 0 0
0 0 0 0 0
0
Ge(i)Va(i) —ir(i) — GaVha (i)
Ce(i) = iQ(i) +Gal(i)Vorc(i)
—ir(i) +iq(i) + GaVorc(i) — GaVha(i)
Vi (i) +Vorc(i) — Va(i)
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V(i—1)
[G1(i) Ga(i) Gs(i)] | V(i) | =Celi)
V(i+1)
(G,(0) G3(0) 0O - 0 0 0 |
Gi(1) Gp(1) Gg(l) --- 0 0 0
G=| o - 0 0 0
0 0 0 - GyN—1) Gp(N—1) Gg(N—1)
|0 0 0o - 0 Gi(N)  Go(N) |
Ce(0)
GV=| : (A.3)
Ce(N)

In these matrices, the resistances were replaced by theicamtesG = 1/R):
By using linearized form oif,, Equation {..3) can be written as:

GV = Ex (A.4)

where E constructs the combination of the state variables of thit rgide of
(A.3). Matrix K can be made to extract the<2N state variable¥onc andVig.

Therefore:
Ac=KG™IE (A.5)

and finallyA can be calculated using.0.
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Appendix B

Using Circuit Analogies for Analysis
of Cochlear Models

As shown in chapteg, interactions between different parts of the cochlear rhode
can be represented by differential equations. spatiatetisation can be used
to simplify the particular differential equations to ordny differential equations
that can be solved by conventional numerical methods. Hewswlving these
equations demands high computational costs, especialtheasime scales of
different components of the model can be different by séweder of magnitudes,
i.e., the system can be described as dtiff@nker and Miranker2002 Chapter 1).
Various technique such as the use of a hybrid direct-itgalver, and using non-
inverted form of matrices have been suggested for a nunheabigion of cochlear
models Bertaccini and Sistd®?011 Tealet al, 2011, Rapsoret al,, 2012).
Another efficient alternative method for facilitating coatation is to use system
analogies. In this method, analogies between differenh@imena are utilised
to make the whole system more understandable and analydabilg a circuit
analogy is often popular among scientists and engin&st(ria 2007).

Using electrical circuits for modelling the cochlead/égel and Langl924) dates
back several decades, before the development of digitaputers and before
active behaviour was observed in the cochiRadde 1971). Even though many
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researchers use a circuit analogy to describe their cachiedels (Vegel and
Lang 1924 Neely, 1993, circuit simulator software has rarely been used to
analyse a cochlear model.

In addition to performing the frequency domain analysis,iclvhhas been
employed for analysing cochlear modédlsi ¢t al,, 2006 Kim et al., 20117), circuit
simulators are capable of performing time domain analy§ia oircuit. This
ability of circuit simulators has not been reported for gsadg nonlinear cochlear
models.

In the following section the equivalent electric circuitezch part of the proposed
model will be developed and analysed with SPICE (SimulaBoogram with
Integrated Circuit Emphasis). The results of this methoskhmeen demonstrated
in chapterst, 5 and6.

B.1 Materials and Methods

The analogy between simple mechanical and electrical sygsiestraightforward
Senturia(2001). Consider the mechanical system in Figl. Newton’s second
law mandates the following equation:

d?x _dx
92 +Ba (B.1)

By using Kirchhoff’s current and voltage laws for the el@t circuit in Fig.B. 1,

f =Kx+M—

the following equation can be written:
c/ idt + L + Ri (B.2)

If we assume that the velocikjis equivalent to the electrical currar(the velocity
and current go through a series of elements and are ctiledgh variable},
the forcef is equivalent to the voltage (the force and voltage are calledross
variableg (Senturia2001). We can represent these equivalentsasi andf < v.
Using this notationB < R, M < L andK < 1/C. The differential equations
(B.1) and (B.2) are equivalent and the mechanical system and electrizalitin
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i C
e 2 |
] B
-3 f
v E AKA A M
>
X
Electrical Circuit Mechanical System

Figure B.1: (a) A mechanical system with mab4, spring constanK and damper of damping
coefficientB. (b) An equivalent electrical circuit of (a) with the resisteR, the inductancé and
the capacitanc€. i represents the electrical current in the electrical sysiedx represents the
displacement.

Fig.B.1 become equivalent. This analogy can be extended to acamsti¢luid
systems.

B.1.1 Equivalent Circuit of the Sound Source and Middle Ear
Models

The models of the sound source and middle ear are composedéscoustical
and mechanical components which can be converted to egquivaircuits by
exploiting the approach of the previous section. Those itsagleo include lever
gains and the pressures on changing cross sectional aceaftwhich can be
represented by ideal transformers. EHg2 demonstrates the equivalent circuit for
this part of the model. The stimulus fordét) is substituted by an equivalent
voltage source. All components of the middle ear are replagetheir equivalent
electrical elements. Therefore, equatioasl)to (3.69 are valid for this circuit.

B.1.2 Equivalent Circuit of Cochlear Macromechanics

By writing the finite difference approximation fo3©) and @3.9), assuming
that P(n) = P(nAx,t), U(n) = U (nAx,t) and & (n) = &(nAx,t), the following
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Figure B.2: Equivalent circuit of the sound source and middle ear models

equations are derived:

P(n)-P(n-1)  p

A = _A(n)U (B.3)
U(n)—U(n-1) :

A =wé(n) (B.4)

The fluid volume velocity is assumed to be equivalent to theeri and the
fluid pressure is assumed to be equivalent to the voltage? $) lepresents an
inductor in the circuit equivalent, with the inductanicen) = ﬁAx. By using
same approach3(11) represents an inductor with the inductarice: A%Ax and
(4.10 represents two resistors at the helicotrema with reststsR, = A p

N-1)m,
andR, = 4.

B.1.3 Equivalent Circuit of Cochlear Micromechanics

Equations £.13 and (.14 represent the cochlear micromechanical part of the
proposed model. Both equations can be easily representaa &gctrical circuit.
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P(n-1) L(n-1) P(n) L(n) Pm+l)

U(n-1)

WAXE, (1)
PIN

Figure B.3: The equivalent circuit for equation8 (3) and 8.4). Equation B.3) represents an

inductor, with the inductance(n) = ﬁAx. Equation B.4) dictates that the current entering the

nodeP(n) should beNAxér(n). This circuit was connected to the micromechanical cirotithe
model via a node which is labelled “PIN” as shown in this citcu

It should be also taken into account that the current ergedrthe nodeP(n) is
waf}. Therefore, the electrical component values should bestatjun order to
satisfy B.4). The resulting circuit is shown in Fig. 4.

By considering equatior3(17), the dependent voltage sourégyc * relies on
V andVonc. V (refer t03.4.1, V = (TCy) &) can be obtained by taking the
integral offo. This procedure can be accomplished by using a dependeentur
source and a capacitor in the circuit equivalent (seeBri§). Vonc(n) is the
electrical potential oR4(n) in the potential coupling (see Fig.7). i;(n) depends
on the displacement and velocity of the Rican be obtained by using the current
representation the velocity of the BM and OHC branclgsan be calculated by
a dependent current source and a capacitor in the circunagqut (see Fig3.4).
Therefore = a\,ér(n) +V(P60).

B.2 SPICE implementation

For implementing the circuit equivalent of the model, Ltspiand its netlist
syntax have been used. Matfilhas been used to create the net-list files.

LEquivalent to the forces which are generated by the OHCsiag@HC load impedances
°LTspicé® is a free SPICE software from Linear Technology Corporation

(http://wuw.linear.com/designtools/software/).
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COCHLEAR MODELS
P(n)
wAx € (n)
wAxX E.b (n) PIN wAxY Eo(n)
< W,
e P30 Mm@ . T = £ )
Pl Ax & (m) =8, (1)=&, (n) ol
P4 WAL P6 P7
m(n) 3 I 1 + +
— P5 (n) 7C.(n)
WwAx - a,(n) -I -I i
_V(m)-V(n)
P2 ¢ 0 Jouc(n) = T = =
wAx 0 P(n)

k() T
Figure B.4: This circuit represents equations 13, (3.14) and 3.17). For satisfying equation

(B.4), the electrical component values are adjusted (see teXf).= ag& (i) and V(x) =
(CgT)~2&(x). The nodes “PIN” and “P1” to “P7” are used in the SPICE impletaton of

the model.

The circuit equivalent of cochlear micromechanics andtatsd coupling consist
of repetitive circuitry which is easier to implement if easéd in a sub-circuit.
The net-list of this sub-circuit is listed as follows:

.SUBCKT CROSS_SECTION PIN VB VO VHB VOHC SV SM ST COMON

*The sub-circuit, CROSS_SECTION encases a lumped model
*of a cross section of the organ of Corti.

*PIN is the connection node to the inductors
*representing the fluid pressure.

*VB and VO is the output current nodes that calculates
*the BM and the OHC velocities, respectively.

*VHB, VOHC, SV, SM and ST are the potential of the hair
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*bundle,0HC soma, scala vestibuli, scala media and

*scala tympani, respectively.

*----Mechanical part-----—————-------"""-—-
CK_B COMON P2 {wxdx/KB}

LM_B P2 P1 {MB/(w*dx)}

RR_B P1 PIN {RB/(wxdx)}

*CK_B, LM_B and RR_B are adjusted values for
*stiffness, mass and resistance of the BM

*per unit area, respectively.

RR_O PIN P3 {RO/ (wkdx) }

LM 0O P3 P4 {MO/ (wxdx) }

CK_.0 P4 P5 {w*dx/K0}

BFohc P5 COMON V=-{1/T}*

+ (V(OHC,SM)-V(P7,COMON) )
+ +V(PIN,COMON)

*CK_0, LM_O and RR_0 are adjusted values

*for stiffness, mass and resistance of

*the OHC load, respectively.

*V(0OHC,SM) is the potential of the soma (V_OHC).
*xV(P7,COMON) is V_tilda.

B4 COMON  P6 I=1/(w*dx)*(I(RR_B)-I(RR_0))
CCALPHAD P6 COMON {1/alpha_d}
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BFF2 COMON P7 I=1/(wxdx)=*I(RR_0)
CCGT P7 COMON {TxCg}

*Cg is the gaining capacitor.
*V(P7,COMON) is the V_tilda;

¥----Flectrical Part----———-------------—-

RR_1 COMON SV {R1}
RR_2 SV SM {R2}
RR_6 SM COMON {R6}

*————— Hair Bundle--——---
* Ir is the MET Channel current.

**x linear for .ac .tran mode
BIr SM OHC I=(1/(w*dx)*alpha_v*(I(RR_B)
+ -I(RR_0))+V(P6,COMON))

** nonlinear only for transient mode
*BIr SM OHC *+I=IMAX/2*tanh(2*(1/({W}*{DX})*alpha_v*
* +(I(RR_B)-I(RR_0))+V(P6,COMON))/{IMAX})

RR_3 SM OHC {R3}
CC_3 SM OHC {C3}

*————— OHC SOMA------

BF4 OQOHC ST I=I(RR_0)*{1/T*1/(W*DX)}
CC_4 OHC ST {C4}

RR_4 OHC ST {R4}

RR_5 ST COMON {R5}
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*CURRENT SOURCES FOR ACCESSING VEL_QO AND VEL_B
BFVELO COMON VO I=1/(w*dx)*I(RR_0)
BFVELB COMON VB I=1/(wxdx)*I(RR_B)

*CURRENT SOURCES FOR ACCESSING V_ohc AND V_hb
BVOL_HB COMON VHB I={R3}*I(RR_3)
BVOL_QHC COMON VOHC I={R4}*I(RR_4)

In a SPICE netlist, ".SUBCKT” defines a sub-circuit and comtrimes start with
an asterisk (*). The ‘+' (plus) sign at the beginning of a Imeans that the second
line is a continuation of the previous lin@(arleset al,, 1993.

The suggested procedure for converting the proposed nmdglélectrical circuit
can be used as a framework to represent any one-dimensidmah{odel of the
cochlea, including nonlinearity by electrical circuitshése circuits then can be
readily analysed using SPICE.

B.3 Discussion and Summary

In general, a cochlear model is a large system of ordinafgreéimtial equations.
In a realistic model of the cochlea, the nonlinearity shoalkb be considered
in these equations. Accordingly, solving these differnéiquations becomes
cumbersome. An attractive alternative approach for sgltirese equations is
to use a circuit analogy and using a powerful circuit simuiauch as SPICE to
solve them. SPICE can also report implementation bugs ircaiti

Although there is in principle no different between usingcgit analogy imple-

mentation of a cochlear model or implementing it using othethods, in practice

the use of circuit analogies is likely to produce more rdéaesults, as there are
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less likely to be errors resulting from implementation.

In this appendix, equivalent circuits have been used tovedhe differential
equations of the proposed model. These resulting circlats loe readily
implemented in circuit analysis software such as SPICE.appeoach which has
been discussed here can be applied to any one-dimensioleapotodel to allow
the use of circuit analysis software to analyse them.

Circuit analysis software has been developed to analysge,lasomplex and
nonlinear electrical circuits thoroughly, quickly and @eely (Vlasak 2012).
These capabilities have been used in this project to analysdgt representation
of the model. Both time domain and frequency domain simotetican be easily
performed on circuit equivalents of cochlear models.

Many researchers have investigated building a silicon leacfavatts 1993 Wen,
2006 Hamiltonet al,, 2008 which can be considered a starting point of building
a very robust and efficient speech recognition system simidathe human
cochlea. The proposed frame work facilitates further dgsiel of silicon cochlea
research.
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Parameter Selection and Calibration

The mammalian cochlea has very intricate structure andandsg performance.
These features make it very challenging to model, and caresgly a wide variety
of configurations has been being proposed to model varicesfapfunctions of
the cochlea (see Sectidh2.3. In addition to variation in configurations, the
selection of parameter values for each configuration is gbajlenging.

Modelling work greatly depends on available data from expental measure-
ments. However a complete set of measurements for modelmgochlea of
one mammalian species is not available and most the timelysrestricted to

a few places along the cochlear partition. Consequentlyafdetailed model
of the cochlea of one species, many assumptions inevitabist foe included
(Maoiléidigh and Hudspeth2013. Current technology also precludes the
measurement of all parameter values for different elemaindscochlear model,
and a common approach is to determine the parameter valueleroents of

a model by using available measurements and so reduce thbenwh free
(immeasurable) parameters to as few as posdibléliuis, 2012 Chapter 3).

Some parameter values of a cochlear model vary with longighdoosition.
Greenwoot frequency-place map (see pagé) constrains many of these to
be exponentially dependent on the distance from the bhagker(man 1982
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Greenwood19900h.

C.1 Mechanical Parameter Values

In the current work, the mechanical parameter values hage taken fronLiu
and Neely(201Q 2009 and listed in TableC.1and TableC.2.

Table C.1: Parameter values for the earphone diaphragm and the neddleechanics.

Property

Unit

Value

Aq
Mg
Ra
Kd
Ke

Ae
Mm
Rm
Km
g

R
Ki

As
Ms
Rs
Ks

My
Ry
Kr

Earphone diaphragm

m?2

kg
kgs™t
kgs2
kgs?

Eardrum-maleus-incus parameters

m2

kg
kgst
kgs?
lever ratio

Incudo-stapedial joint prameters

kgst
kgs?
Stapes
m2
kg
kgst
kgs?
Round-window
kg
kgst
kgs?
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75%x10°°

5% 106
1.41
4% 10°
8 x 101

5x107°

85x 107
20x 1073

150
07

400x 1073

5x 103

6.25%x 1076

5x 1076

80x 1073

500

20x 1073

5x 1075
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Table C.2: Parameter values for cochlear mechanics.

Property Unit Base Middle Appex
M kg 28x10°% 5x10° 28x10°8
R kgs? 94x107 923x107 1.85x10°
K kgs?  196x10! 1.06x102 7.64x10°*4
m kgm?2 124x102 71x102 41x10?
r kgsm2 48x10? 797x10° 1.68x10°
k kgs?m2 1.96x 10 1% 10 3.14x 10°

ag Am-1 1.6x103% 623x10% 204x10*
ay Cm! 436x106 1.78x10°% 6.81x10°7
Imax pA 670 320 83
Cy pF 18 33 70
T mcC?! 2.4x10° 2.4x10° 2.4x10°
A m?2 6.3x106 14x10°% 31x10°3
w m 31x104 4x104 5x 104
L m 35x 10?2

In Table.C.2, the parameter values are listed for the base, the middideof t
cochleal(/2), and the apex. Log-quadratic interpolation were usedterpolate

intermediate values between these three locations.

C.2 Electrical Parameter Values

C.2.1 Longitudinal Resistors

Three longitudinal resistor&g, Ry and Ry; connect adjacent section of the
electrical model (Fig3.7) of the organ of Corti. The parameter values of these
resistors can be estimated by using the specific resistdalszsrical resistivity)

of perilymph and endolymph, the cross-sectional areassoftlehlear fluid spaces
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and the following relation for electrical resistivitseorge 2007, Chapter 3):

I
R=p— A
P (C.1)
where R is here the longitudinal resistance, is the specific resistance of
perilymph or endolympH,is the length (heré= Ax) andA is the cross-sectional
for each of three compartments of the cochlea (Eig).

Ax

A

Figure C.1: Calculating parameter values for longitudinal resistors.

The longitudinal resistances have been estimat&driglioff (1973 for the guinea

pig by using the specific resistances of perilymph and emdply reported in
Misrahy et al. (1958 and the cross-sectional areas of each compartment of
the guinea pig cochlea that were available that time. Welcelzed these
estimates using recent measurements of the cross-sddi@as of the guinea
pig cochlea Thorneet al, 1999 and the results are in reasonable agreement
with the estimations oftrelioff (1973. The results of these comparisons is
shown in FigC.2. A longitudinal average of these resistances was emplayed i
Ramamoorthet al. (2007).

The specific resistances of 0.78n for the perilymph and 0.598m for the
endolymph of the guinea pig are reportediisrahyet al. (1958 and these values
have also been used for the human cochiett@yet al,, 2001 Tranet al, 2013.
By using the cross-sectional area of the human cochleardhades measured in
Wysocki(1999, the parameter values for longitudinal resistors arereggd and
presented in Fig-.3.
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Figure C.2: Comparison between the estimates of longitudinal resisteported inStrelioff
(1973 and new estimates by using more recent measurements ofitheagpig cochlear fluid
spaces Thorneet al, 1999 and the specific resistances of the perilymph and the enguily
The resistances along the scalae vestibuli, media and tyiraparepresented bys, Rg andRy1,
respectively. The red dashed lines show the estimat8grefioff (1973.
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Figure C.3: The human cochlear fluid spacé8ysocki 1999 and the specific resistances of the
perilymph and the endolymph were used to calculate the fodigial resistor&s, Rg andRy 1.
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It should be noted that in the human cochlea, Reissner’'s mambwhich

separates the scala media from the scala vestibuli is notraety identifiable

using imaging or other contemporary measuring technicaresso a combination
of these two compartments has been measuvgdocki (1999; Thorneet al.

(1999. The ratio of endolymphatic cross sectional area to scasitwili cross

sectional area is assumed to be the same in human as in gugrnedm. C.3.

C.2.2 Radial Electrical Elements

In general, a passive cell membrane is modelled as a resistbcapacitor in
parallel combinationKeener and Sneyd®009h Chapter 8). However, due to
the compartmentalisation of the organ of Corti, the memdémainthe OHC can
be divided into two independent membranes each of which eandelled by a
separate parallel combination of a resistor and a capa@itistrik et al, 2009.
The apical part (hair bundle) is modelled Ry, C3, and the basolateral part (soma)
is modelled byRr4, C4 in the proposed configuration (Fig.7).

A cell membrane can be observed as two parallel conductiatgplseparated
by an insulator, and therefore its capacitance is propuwatito the area of the
membrane Keener and Sney®009h Chapter 2). In mammals, the area of the
OHC soma increases by a factor of 3 — 5 from the base to the &agx @nd
Schacht1987 He et al,, 1994), consequently the parameter value€gfincreases
by the same factorHousley and Ashmorel992. There are however only a
very limited number of studies focused on measuring the dsoas of the hair
bundle in mammalian species and human in particulargseeemaret al.(2009);
Johnsoret al.(2011) and references within). Some measurements suggest¢hat th
ratio of the membrane area of OHC soma and the area of the Unadlidocan be
assumed to be constant along the cochlea length whichsesudtconstant ratio
of C4 to C3 (Johnsoret al,, 2011, Nam and Fettiplage2012).

Recent measurements and estimations of the OHC indicatehthgparameter
value ofR4 increases by approximately 6-fold from the base to the apexg D
of Johnsoret al.(2011) which is less (approximately 50-fold) than what has been
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previously reported{ousley and Ashmord 992 Mammano and Ashmoy&996
Mistrik et al., 2009.

The OHC total membrane capacitandg, (= Cs + C4) and total membrane
conductance (at resting potenti@} = 1/R; + 1/R4 determine the membrane
time constant of the OHCténc = Cn/Gr) (Ashmore 2011 Johnsonet al,
2011). Prior to the recent measurements and estimations of timebname time
constant the OHCJphnsoret al,, 2011), the cochlea amplification was thought
to be restricted by this time constant for higher frequertaydi. The recent
measurement reveals that the OHC membrane time constanb dbe notable
difference between ion concentration vivo and in vitro, was overestimated by
a factor of 10 Johnsoret al,, 2011, Nam and Fettiplage2012) (also see Section
2.4).

It is noteworthy that the measurements and estimate®bhsonret al. (2011
imply that prestin can provide amplification over the fuleduency range of
mammalian hearing. However, the current technology prsveimulation very
small and fragile OHCs at the base and measurement of theenefbine, precise
and direct measurements have yet to be conducted to settietd constant issue
(Ashmore 2011).

The parameter values of the radial electrical elementsefkthctrical coupling
of the model for the base and the apex are listed in Tabkbased on the
aforementioned measurements and model estimates. Theuparparameters
having the most uncertainty due to limited availability cita areR;, Ry, Rs
andRg. The parameter values between these two locations are adstanbe
logarithmically spaced.

Tonc Of the model is compared with the data dbfinsoret al, 2011) in Fig.C.4.
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Figure C.4: Tonc is calculated by using the parameter values of Tablé. The membrane time
constants for the rat OHC have been extracted from part Coof leif Johnsoret al. (2011).
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Table C.3: Electrical parameters used in the model.

Property meaning (Unit) Base Apex reference
Cy Membrane basolateral capacitances (nF/m) 280 1600 Baskdon
Cs Membrane apical capacitances (nF/m) 56 320 Estinfated
Ri The impedances between SL and SYhy) 10 10  Based o
R> The impedances between SV and SMy) 25 25 Based oR
R3 The membrane impedances of the hair bun@mj 1100 3300 Estimatet
R4 The membrane impedances of the OHQm 180 1500 Estimatet
Rs The impedances between ST and &li() 4 4 Based ort
Rs The impedances between SV and SM) 27 27  Estimated

Pperiymph  The specific resistances for the perilymging) 0.719 0.719 based én
Pendolymph  The specific resistances for the endolymm() 0.598 0.598 based én

1 Based orLiu and Neely(2010).

2 The membrane area of rat or gerbil OHC soma and the area @fiitsimdle indicat€z/Cy ~
0.2 independent of the location along the cochléahfisoret al, 2011 Nam and Fettiplace
2012, and we assume the ratio is true for human OHCs.

3 The membrane time constant for higher audible frequenayuitreported inJohnsoret al.
(2011 is used as a guide to estimate the parameter valus of

4 Ramamoorthyet al. (2007). Note that the spiral ligament (SL) has been considered as
electrical ground (0V).

5 Longitudinal average of parameter values reporteStielioff (1973. Using the piecewise
linear parameter values Birelioff (1973 gives similar results.

6 Based orMisrahyet al.(1958.
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APPENDIX C. PARAMETER SELECTION AND CALIBRATION

C.3 Calibration

The stimulus force on the earphone diaphrad(h) determines the level of
sound pressure (see Fig6 (A)). The model was calibrated by considering the
displacement of the BM in the human cochlea. Eig: shows the results of the
calibration. These results are consistent with the madgHesults of the human
BM displacement reported iNobili et al. (2003.

The nonlinearity in MET current is responsible for the irgigytdependent
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Figure C.5: The BM displacement responses grow nonlinearly with thaudtis intensity at the
indicated characteristic frequencies.

nonlinear growth of responses.
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