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Abstract 

A Biophysical Model of the Role of the Outer Hair Cell 

in Cochlear Nonlinearity 

Beibei Jiang 

It has been observed that the response characteristics of the basilar membrane in 

normal living cochleae are both frequency and level-sensitive (Robles & Ruggero 

2001). The quality factor of the tuning curve is large at low sound levels and 

decreases as the sound level increases, and the peak of the tuning curve moves 

towards lower frequencies as the sound level increases. The current study proposes 

a nonlinear cochlear model that responds adaptively to the incoming sounds via 

feedback control arising from the mechanical attributes of the cochlear partition. 

These attributes are dependent on the membrane potential of the outer hair cells 

(He & Dallos 1999, Santos-Sacchi 1992). A parallel resistor-capacitor circuit anal

ogy of the outer hair cell with related perilymph and endolymph potentials is 

designed to simulate sound-evoked changes in the outer hair cell membrane po

tential. Nonlinear responses of the cochlea, such as compression and two tone 

suppression, can be explained using this model. Furthermore, it has been shown 

that the basi!ar membrane response to pure tone stimuli is attenuated by directly 

stimulating the medial olivo-cochlear bundle using electrical shocks (Cooper & 

Guiuau 2006). Basilar membrane responses in the presence of efferent stimulation 

can be demonstrated using the same model, through modulation of the outer hair 
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cell rnembrane por.emial. The proposed model provides a unified account of r.he 

contbiued effect of souuds aud etl'erem st illlulatiou ou cochlear respouses. 
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Chapter 1 

Introduction 

1.1 Overview 

Every da~' we hear a huge variety of sounds around us - music, speech, traffic 

noise, dogs barking, birds singing, and so forth. The sounds we hear are vibra

tions transmitted through air molecules to the ear canal, ear drum, middle ear and 

the cochlea of the inner ear, where the auditory receptor cells are located. These 

cells convert mechanical vibrations into electrical impulses or action potentials -

a code the brain understands. These impulses are relayed through the auditory 

pathway to the auditory cortex where we subjectively experience sound. The au

ditory system allows humans to hear sounds as faint as a dry leaf falling from 

a tree or as loud as gunfire. The cochlea is the doorway t,hrongh which acous

tic information travels to the central auditory system. It converts sound pressure 

waves that may contain complex time-varying frequency components into patterns 

of electrical activity, ordered in terms of frequency, the tonotopic or cochleotopic 

representation. This provides a spectrotemporal map of the incoming sounds on 

the basis of which the brain is able to derive information about sound sources in 

its environment, i.e. meaning. 

The human cochlea is buried deeply behind the temporal bone and until recently 
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1.1. OVERVIEW 

has remained relatively inaccessible. There have been numerous hypotheses about 

how the cochlea is able to do its job so beautifully, and many attempts to simu

late cochlear processing, including some models that have been widely used due to 

their ability to replicate certain properties of the cochlea response (Geisler 1991, 

de Boer 1995, Meddis et al. 2001). Technological progress has allowed more and 

more to be discovered about the living cochlea, especially the function of the au

ditory receptor cells, the so-called 'hair cells'. These auditory receptor cells absorb 

mechanical energy, and convert it into electrical energy. It has been shown that 

human ears are able to perceive sound at levels from 0 dB to 140 dB: a pressure 

ra11ge of seve11 orders of lll<lglliturlr. However, t.he ra11ge of r.he firi11g rar.e, as 

measured at the auditory nerve fibre, covers only rwo orders of magnitude. Our 

cochleae do marvellous work in extracting the signals contained in the pressure 

wave and scaling and translating them into a train of action potentials. But what 

is the mechanism which enables this process and what is the biological basis of 

such behaviour? 

One possibility, suggested by (Dallos 1973) is that the outer hair cells (OHCs) 

play a role in magnifying and compressing the acoustic signal. In 2001, Dallos 

and his colleagues found in OHCs a somatic force generator, prestin (Oliver et al. 

2001 ). This protein is now thought to be the biophysical basis for changes in the 

shape of the OHCs, which act to enhance frequency selectivity and sensitivity by 

boosting the basilar membrane vibrations (Oliver et al. 2001). 

The work reported in this thesis started from the following insights about the 

cochlea. The basilar membrane together with the organ of Corti form reso

nam "segments" with resonance properties which change systematically along the 

cochlea: the group of OHCs, as one part of each "segment", alr.ers its mechani-
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1.1. OVERVIEW 

ea\ properties as a function of the membrane voltage, which is influenced by the 

opening and closing of ion channels. These changes in the mechanical properties 

of the OHCs influence the resonance properties of the combined system, and ul

timately influence the response of the cochlea to aeons tic pressure waves (details 

of this process are discussed in Chapt.er 2). At the same time, axial fluctuations 

in the length of the OHCs provide extra forces to this system. Similar to the way 

in which periodic pushes given to a child on a swing cause the amplitude of the 

movemenr to increase, t.hcsc flucruations boost, the response of the system. So the 

overall response of the cochlea depends on the dynamic interactions among indi

vidual entities. Phenomenologically, these dynamics drive the basilar membrane 

to vibrate at extremely low stimulation levels and establish a saturation point at 

high st.imulation levels. A sirnple linear S~'Steru conld not. achieve these effects. 

In this thesis, a nonlinear model of cochlear processing is proposed and is shown 

in a series of simulation studies, to explain a number of important nonlinear prop

erties of cochlea processing which have been found in experimental studies. These 

experimental studies are outlined below: 

1. Robles & Ruggero (2001) demonstrated level and frequency response curves 

recorded at one site of chinchilla and guinea pig cochleae in vivo. They 

clearly showed that the response is more sharply tuned at low sound levels. 

Furthermore, the frequency which elicits the strongest response at a par

ticular place on the cochlea shifts toward lower frequencies as sound level 

increases. 

2. The cochlear response to a single tone does not predict very well the response 

to combined tones. When a second tone is added, the response to the 

first tone is weakened (Rhode & Cooper 1993). The degree of suppression 
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1.1. OVERVIEW 

is dependent on the level and frequency of the second tone (Prijs 1989). 

Ruggero et al. (1992) suggested that two-tone suppression arises from an 

interaction between the OHCs and the basilar membrane. 

3. A third tone (or sometimes eveu a fourth or fifth tone in certaiu ratios of 

primary tones) can be recorded when only two tones are presented (Robles & 

Ruggero 2001). These products of the simultaneously presented two tones of 

certain frequency ratios are called distortion products. They appear to result 

from various combinations of the two primary tones and can be recorded 

directly from the basilar membrane in living cochleae (Rhode & Cooper 

1993, Cooper & Rhode 1997). 

4. It is also possible to detect these products as sounds transmitted from the 

inner ear to the ear canal. These sounds are called otoacoustic emissions 

(OAE). Distortion product otoacoustic emissions are evoked OAEs because 

they are produced by external continuous stimulations. Sometimes, more 

curiously, the cochleae can "play" sounds for a period of time, wheu either 

a click (Transient OAE) or even nothing (Spontaneous OAE) is presented 

to the ear. Spontaneous OAEs are found in 30-40% of healthy young ears 

(Kemp 2003). 

In this thesis it is shown how these nonlinear behaviours arise from the dynamics 

of combined entities interacting at numerous sites inside the cochlea. I will be 

investigating and justifying this claim using a computational model described in 

this thesis, inspired by these hypotheses. 

As more and more once-unreachable facts about the cochlea are uncovered, com

putational cochlear models constantly evolve. So far, however, there is no model 
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1.1. OVERVIEW 

that can reproduce all the nonlinear phenomena we have talked about. In the 

current research I have studied possible mechanisms for nonlinear processing in 

the cochlea, and propose an adaptive nonlinear model based on the electrical

mechanical dynamics of the cochlea which takes account of OHC motility. This 

model is able t.o reproduce simultaneously these nonlinear effects and, to the best. 

of lilY knowledge, is t.he first model r.o provide a cotnprdwnsive and quamitarive 

account of all of these phenomena. 

Cochlear processing may· seem effortless to us because we are not. consciously 

aware of any of it. However, if we pay enough attention, we may sometimes be

come aware of our ability to hear clearly certain interesting aspects of someone's 

speech, despite the presence of other people talking at the same time. I hypoth

esise that one reason for this ability is that our brains are actively perceiving 

information, and constantly adjusting processing to facilitate the detection of the 

signal of interest. The OHCs also possess interesting features which allow them 

to aid the cochlea in adjusting its response to maximise information transfer. Ef

ferent. fibres originar.ing in upper levels of the brain have been found projecting 

directly to the base of OHCs (Guinan 1996). This feedback projection provides 

a physiological basis for top-down control. As a result, the efferent signals can 

influence the OHC mechanical properties. Therefore, the OHCs are important 

sites where bottom-up and top-clown influences interact and affect the cochlear 

response. The model proposed to explain nonlinearities in cochlear processing is 

also ahle to n~plicate the effect.s of stinllllating efferent fibres (Cooper & Guim1.11 

2006). 

The thesis is organised as follows. In Chapter 2, relevant details of the physi

ology of the auditory peripheral system are discussed. Chapter 3 reviews some 
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1.2. CONTRIBUTIONS 

current cochlea models. The proposed biophysical model involving OHC electro

motility is described in Chapter 4 and the responses of the model in a number of 

key experimental paradigms are presented in Chapter 5. Insights arising from the 

modelling st.udy regarding cochlear mechanics and suggest.ions for further refine

ments are discussed in Chapter 6. 

1.2 Contributions 

The contributions of this study are as follows: 

1. Development of a continuous time computational model which is biophysi

cally plausible and which makes explicit the relationship between biophysical 

properties and model parameters. 

2. Demonstration that the model, which depends on the interactions between 

component dynamical systems, can explain many of the nonlinearities ob

served in cochlear processing, including compression (Robles & Ruggero 

2001), two tone suppression (Rhode & Cooper 1993), distortion products 

(Rhode & Cooper 1993) and oto-acoustic emissions (Kemp 2003). 

3. Demonstration that. this rnodel can also show how the efferem system influ

ences cochlear processing, including amplitude and phase effects (Cooper & 

Guinan 2006). 
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Chapter 2 

Review of cochlear physiology 

In this chapter we review the biological structure of the auditory periphery. Fol

lowing a brief review of the signal processing functionality of the auditory periph

ery a;; a whole, we zoom in Lo f'o<.:m; on the pea-sized <.:odtlea, ancl finally to a 

detailed discussion of the auditory sensory cells which are embedded inside the 

cochlear partition and play an important role in auditory information processing. 

2.1 Auditory processing overview 

The auditory system can be divided into the peripheral auditory system and the 

central auditory system. The peripheral auditory system includes the outer, mid

dle and inner ear, as illustrated in Figure 2.1 (Bear et al. 2002). The outer ear 

consists of the pinna and the auditory canal. The pinna gathers sound stimuli into 

the auditory canal causing the tympanic membrane or ear drum to vibrate. The 

tympanic membrane separates the outer ear from the middle ear. The middle ear 

is an air-filled cavity comaining three little bones, r.he ossicles.These bones convey 

eardrum vibrations to the inner ear. Through a lever action in between the large 

ear drum and the small oval window, an impedance match between the external 

air and internal fluid media is achieved. A major factor in this irnpedance match

ing is the ratio between the area of the ear drum and the oval window. Through 

7 



2.1. AUDITORY PROCESSING OVERVIEW 

1~1- Outer 
ear 

Middle 

Inner 
ear 

Figure 2.1: The peripheral auditory system (Bear et al. 2002) , showing the 
situation of the cochlea inside the skull and its position relative to the outer 
and middle ear and the ear drum or tympanic membrane. The ossicles are three 
little bones and from right to left in the figure are: the malleus, the incus, and 
the stapes. 

the oval window, the inner ear receives pressure changes from the middle ear. 

The inner ear consists of a set of membranes and fluid-filled tubes, embedded in 

the bone of the otic capsule (Geisler 1998). The tubes are divided into two parts, 

the vestibular apparatus, which is responsible for balance, and a spirally coiled 

tube - the cochlea. The cochlea is a very delicate and important organ. Along 

the basilar membrane that is located inside the cochlea, sit four rows of ciliated 

sensory cells (see Figure 2.2), which are all embedded in a superstructure which 

is called organ of Corti. The separated single row is the Inner Hair Cell (IHC) 

row, and the three outer rows are Outer Hair Cell (OHC) rows. OHCs are at

tached to an overlying acellular gelatinous sheet, the tectorial membrane, via the 
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2.1. AUDITORY PROCESSING OVERVIEW 

longest stereocilia of the hair bundle; while the IHC stereocilia tips are mostly free 

and not in direct physical contact with the tectorial membrane (Slepecky 1996). 

The cochlear partition is a term used by von Bekesy as the part of the cochlea in 

which 'elasticity decreases dramatically with the distance from the stapes'. Robles 

& Ruggero (2001) used the same term in their paper, defining it as 'the organ of 

Corti and the Bl\1'. \Ne will use the latter definition because earlier studies of the 

cochlea had their limitations and the superstructure was ignored. 

----
--

Figure 2.2: Cochlear inner structure (Bear et al. 2002). The cross-section of the 
cochlea shows three tubes which are divided by two layers: Reissner's membrane 
and the 'cochlear partition'. Scala vestibuli and Scala tympani are filled with 
perilymph, scala media with endolymph. The cochlear partition comprises the 
basilar membrane and the organ of Corti, which consists of the hair cells and 
supporting cells (see text). Anatomy shows that 'the reticular lamina is the 
tightly joined tops of the OHCs and the phalangeal processes of the Deiters' 
cells; while, the basilar membrane is made up of many parallel fibers , providing 
a sturdy platform for the organ of Corti.'(Geisler 1998). 

There are about 3500 IHCs and about 12000 OHCs in the human cochlea (Geisler 

1998). When complex sounds enter the cochlea through the oval window (the 

stapes), pressure waves run through the scala vestibuli and scala tympani inside 

the cochlea (Figure 2.2) . The frequencies of which the sounds are composed cause 
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2.2. COCHLEAR FUNCTION AND THE COCHLEAR AMPLIFIER 

differenr. sites along the basilar membrane to vibrat.e accordingly. This process is, 

which usually called 'place coding' occurs because the basilar membrane is ton<r 

topically organised. Therefore the pressure waves from the acoustic activation 

induce movement of the basilar membrane along its entire length. This move

ment, which is in a vertical direction along the cochlea, causes the whole organ 

of Corti to vibrate. The action is, at the same time, transferred to the tectorial 

membrane through the OHC hair bundle which connects the cell body and tect<r 

rial membrane. The flow from inertia in the scala media in between the tectorial 

membrane and the reticular lamina bends the IHCs' stereocilia, which increases 

the probability of the opening of transduction channels, and allows potassium 

ions (K+) r.o flow into the IHC boclies, ancl clcpolarize them. This depolarization 

opens calcium ion ( Ca2+) channels. The influx of Ca2+ ions causes a release of 

the neurotransmitter glutamate, and ultimately results in signals which are trans

rnir.ted from the base of IHCs via the affereut andiwry uerve fibres to t.hc cochlear 

nucleus (Surnner et al. 2002). 

The cochlear nucleus processes auditory nerve signals and sends projections to 

the further nuclei in the auditory ascending pathway (Figure 2.3). The princi

pal sub-cortical auditory nuclei include the Cochlear Nucleus, Superior Olivary 

Complex, Inferior Colliculus, and Medial Geniculate Body in Thalamus. These, 

together with the auditory cortex, are termed the central auditory system. 

2.2 Cochlear function and the cochlear amplifier 

It has been more than a century since German physicist Hermann von Helmholtz 

(1821-1894) first attempted to explain hearing. His work inspired many excit

ing discoveries. Georg von Bekesy observed that the cochlea performs a spatial 
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2.2. COCHLEAR FUNCTION AND THE COCHLEAR AMPLIFIER 

l•ft 
auditory 

COrtl'X 

/ 
Spuch sounds 

Right 
I auditory 

corttx 

MPdiil 
I" 5 9tn icu lat• 
• nociPus 

2 
"sut.nl 
eo eh~• 
nuciPus 

hf~~rior 
~11icu lus 

3 Suptror 
O .. .lfY 
nuciPus 

Figure 2.3: Auditory ascending pathway (Goldstein 2001). Sounds in the form 
of pressure wave enter the cochlea which transforms frequency components of 
the pressure wave into localised place-coded movements which are converted 
into action potentials. These electrical signals are transmitted to the cochlear 
nucleus via the auditory nerve fibres, and from there to other auditory nuclei in 
the brain stem and to the auditory cortex. Note, the superior olivary nucleus 
marked in the figure consists of the medial and lateral olivary nucleus, which 
have neurons sending their axons directly to the cochleae of both sides, i.e. 
ipsilateral and contralateral. This is a part of the auditory descending pathway 
(Guinan 1996). 
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2.2. COCHLEAR FUNCTION AND THE COCHLEAR AMPLIFIER 

frequency analysis and vibrates in response to high frequency sounds near the 

cochlear base, whereas low frequency sounds travel all the way to the cochlear 

apex (Figure 2.4). This discovery uncovered the basic function of the cochlea 

and earned von Bekesy the 1961 Nobel Prize. Von Bekesy showed that the re-

sponse of the basilar membrane is a travelling wave. The basilar membrane is a 

p ·eudo-rnembrane which contains fibres oriented in radial directions. The vi bra-

tory pattern of the basilar membrane is quite stable under most conditions. Thus 

Yost (2006) concludes in his book that the vibratory pattern must depend heavily 

on the physical attributes of the system, such as the elasticity and width, of the 

basilar membrane itself. 

High frequency Stapes 

Low 1requency 

...__/\._/ 

Base : narrow 
and tght 

Bas ilar membrane 

Ha r cells 

Apex : wide 
and bose 

Figure 2.4: A schematic drawing of the basilar membrane response to high and 
low frequencies. Three rows of OHCs and one row of IHCs on basilar membrane 
(Goldstein 2001) . The basilar membrane is thicker, tighter and narrower at its 
base, where it responds strongly to high frequency tones; the apex of the basilar 
membrane responds strongly to low frequency ones. The lengths of outer hair 
cells are shorter at the base, and longer at the apex of the cochlea. 

As previously stated, the basilar membrane starts from the base of the cochlea, 

and becomes wider, thinner and less stiff as it extends toward the apex of the 

cochlea. Therefore, the natural resonant frequency of the basilar membrane de

creases from base to apex. It is the response of the basilar membrane, rather than 

a section of the cochlear partition, which has been referred to in most cochlear 
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2.2. COCHLEAR FUNCTION AND THE COCHLEAR AMPLIFIER 

functionality studies. This is due to the fact that the vibratory patterns of the 

basilar membrane are easily illustrated. However, the basilar membrane is only a 

part of the cochlear partition, and the measured response of the basilar membrane 

is the result of the mechanical response of the cochlear partition as a whole. 

Early cochlear studies could not explain detailed data from the organ of Corti 

because of its inaccessibility; therefore researchers had a hard time explaining 

certain cochlear behaviours recorded in vivo. In 1971, Rhode observed nonlinear 

phenomena in live squirrel monkeys. He found the basilar membrane behaves 

nonlinearly and that its frequency tuning is far sharper in vivo than in vitro. He 

observed differences between the velocity ratio of rhe basilar membrane and the 

malleus (the hammer shaped ossicle attached to the eardrum in middle ear, See 

Figure 2.1) in response to frequencies that were higher than the characteristic fre

quency (CF) of the partition, and in comparison to frequencies that were lower by 

measuring the motion of the malleus and the basilar membrane. The slope of the 

tuning curve (a curve shows the response threshold across all frequencies including 

the CF of the measured location at the basilar membrane) is much steeper at the 

high frequency side than at the low frequency side. This means there is a gain 

obtained from the middle ear to the basilar membrane in the inner ear, and this 

gain is frequency dependent. He then showed that this gain tends to be reduced 

as the input sound pressure level (SPL) increases, i.e. when the level increases 

the sharpness of the basilar membrane tuning curve decreases and hence the level 

of the response activity rises more slowly with the increasing sound level. This 

compressive non-linearit~' is frequency-specific and demonstrable only at stimulus 

frequencies close to that to which the basilar membrane site is most sensitive, i.e. 

its CF (Rhode 1971). 
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2.2. COCHLEAR FUNCTION AND THE COCHLEAR AMPLIFIER 

As early as 1948, Gold had suggested that the ear should not be working pas

sively; tltere must be an active process going 011. Davis ( l!JS3) first used the tenu 

cochlear amplifier to describe this active process happening in cochlear mechanics. 

Dallos (1973) selectively damaged the OHCs with the ototoxic drug kanamycin. 

This drug in the right doses can destroy the OHCs while leaving the IHCs intact, 

at least as judged under a light microscope. The cochlear microphonic is used to 

describe the cochlear alternating current (AC) electrical response to acoustic stim

ulation. It is extracellular recording, i.e. recorded in the vicinity of the cochlea, 

and it has clinical applications to test the sensitivity of the cochlea. Dallos found 

that the cochlear microphonic response dropped to 1/30th of its normal size after 

the drug, suggesting that, 'if the IHCs were indeed unaffected, it is the OHCs 

that contribute practically all the microphonics recordable in the normal animal.' 

(Dallos 1973). The study suggested that the OHCs are responsible for the sensi

tivity of the cochlea. 

Kemp (1978) found that the ear not only receives sounds, but also actually makes 

sounds. He demonstrated Otoacoustic Emission (OAE) through an experiment, 

which is widely used nowadays, that noninvasively evaluates the functionality of 

the cochlea. A probe constructed with a microphone and speaker was put into the 

meatus (the ear canal) of the subject. Transient acoustic excitation was produced 

from the speaker and the sound pressure fluctuatious in the meatal cavity were 

recorded during and after excitation. The dominant frequencies were recorded af

ter 5 IllS post. stimulus r.inJC. These loug "er:hoes" were geuerated hy the r:or:hiPa. 

This implies and reinforces the idea that the cochlea is an active organ rather than 

passive. The level of the "sound" made by the cochlea is smaller than a whisper, 

less than 30dB. Significantly, the magnitude of the responses recorded between 5 

and 15 ms post stimulus time (secondary responses) decreased non-proportionally 
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with decreasing acoustic excitation. Kemp reported that all secondary responses 

exhibited this nonlinearity and suggested that the energy source might be the 

OHC population. Consequently, it is believed that OHCs act as amplifiers, im

proving the frequency selectivity and sensitivity of the cochlea. 

Many other experiments have supported the hypothesis that the OHCs are the 

major source of cochlear response nonlinearities. The evidence comes not only 

from observations of OHC electromotility in vitro (Brownell et al. 1985), but also 

from basilar membrane recordings in vivo (Ruggero & Rich 1991). Brownell and 

colleagues observed the OHC electromotility function. The cells become shorter 

in length in response to depolarizing currents and longer in response to hyperpo

larizing currents, injected into the synaptic end of the cell (Brownell et al. 1985). 

In 1991, Ruggero showed that in the chinchilla, the OHCs' receptor potential

dependent electromotility is responsible for the high sensitivity and frequency 

selectivity of basilar membrane responses (Ruggero & Rich 1991). The recep

tor potential is generally produced as a result, of inward current flow triggered by 

sound events. The influx of current. will oft.en bring the membrane potential of the 

sensory receptor towards the threshold for triggering an action potential. Ruggero 

& Rich (1991) used furosemide, an ototoxic diuretic known to disrupt hair cell re

ceptor potentials, which has been shown to reduce ATP consumption and inhibit 

K+ secretion by stria] marginal cells (Singh & Wangemann 2008). This interrupts 

the integrity of the cochlear lateral wall cells including stria vascularis, which is 

the source of endocochlear potential. They then observed the response of the basi

lar membrane using the Mossbauer technique and Doppler-shift laser velocimetry 

at specific locations along the chinchilla cochlea in vivo. The compound action 

potential (CAP, the combined action potential from the auditory nerve fibres) was 

recorded from the round window through a silver-wire electrode. Large decreases 
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in the velocity of basilar membrane vibration in response to both tones and clicks 

were observed after injection of furosemide, especially at low stimulus intensities 

at the CF of the partition. This indicates that the OHCs, possibly through their 

mechanical feedback, act. as amplifiers for the cochlea. It was also found that. 

the electrical responses of the IHCs were enhanced or weakened corresponding 

to the positive or negative currents being injected into the scala media (due to 

the existence of the OHCs). However, IHC responses showed neither intensity 

nor frequency dependence when the injection was applied to the IHC directly 

(without the influence front the OHC). From this we are able to conclude that. 

r.hc frPqlH~Ilc.v a11rl illtPilsir.y dPpl~llrlcllcP of the atnplificatioll of hasilar IIICillhrallc 

vibrations is not generated by the IHCs, which can therefore not be responsible 

for the nonlinear characteristics of the basilar membrane response. This suggests 

that it is the OHCs which constir.ure the cochlear amplifier in the organ of Corti. 

2.3 Outer Hair Cells 

As we have seen, within the peripheral auditory system lies the cochlea, within 

which reside the sensory receptor cells - IHCs and OHCs. Due to the st.iffness 

gradient along the cochlear partition, the auditory signals are decomposed into 

frequency components, which are registered and processed along the length of 

the cochlea simultaneously. In each channel the frequency component signal is 

converted from hydro pressure waves to mechanical vibrations, and as a result, 

to a form of electrical action potentials. These action potentials are produced by 

the auditory receptor cells. While IHCs faithfully perform as message producer, 

OHC;; seem to have rhe duty of preparing the me;;;;age by converting and refining 

it. 
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The OHCs are embedded in the organ of Corti. Therefore they are part of the 

cochlear partition. Anatomically, the OHCs stand perpendicular to the BM but 

slightly tilted towards the modiolus. The cylindrical cell body of the OHC is free 

and unattached to any supporting cell (Geisler 1998). Chan & Ulfendahl (1999) 

isolated OHCs in different. locations from guinea pigs' cochleae and studied their 

axial st.iffness. The len)!;t;h of t.he isolated OHCs in their experintent. range from 

32 to 87 llm (actual range for guinea pigs is 20 pm to 90 ILTIL (Geisler 1998)). The 

results showed that the mean stiffness is inversely proportional to t-he length of the 

cells. As the length of the OHCs increases with their distances from the stapes, 

t.he organisation of r.he stiffness characr.eristics of t.he OHCs across the cochlear 

partition from base to apex is related to that of the basilar membrane. In other 

words, the stiffness of the OHCs located at the base is greater t.han those located 

at. the apex; similarly, the stiffness of the basilar membrane decreases from the 

base to the apex of the cochlea. Furthermore, as will be discussed in Chapter 

4, the resister-capacitor (RC) electrical properties of the OHCs are dependent on 

their location along the cochlear partition. These particular characteristics of the 

cochlear partition are likely to contribute to the overall frequency selectivity of 

the auditory periphery. In addition, the electromotility of the OHCs is likely to 

increase sensitivity as a result of feedback from the mechanical movements of the 

section (Lukashkin et al. 2007). 

2.3.1 The process of motor force generation 

OHCs as auditory sensory receptor cells contain a variety of ions and molecules, 

many of which carry either positive or negative charges (Geisler 1998). The OHC 

membrane, like that of other cells, is a lipid insulating bilayer separating the 

charges on the inside and outside surfaces of the membrane, which causes the cell 
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membrane to act as a capacitor. There are different types of ion channels, t.he 

density of which decides the conductance of the membrane. Conventionally, the 

extracellular por.ential is defined as zero. At rest, the intracellular potential is neg

ative due to excess negative charge. The intracellular concentration of K+ ions is 

high comparative to that of the extracellular in perilymph, therefore K+ ions tend 

to diffuse into the perilymph. The perilymph extracellular concentrar.ion of Na+ 

ions is higher than that of the intracellular concentration. The intracellular and 

extracellular concentration differences for ions are maintained by ion pumps of a 

selecr.ive nar.ure, located on the membrane wall. The ions keep diffusing across 

the membrane, regulated by the ion pumps, until an equilibrium point is reached. 

The equilibrium potential for each type of ion is also called its 'reverse potential', 

because the current flow of specific ions reverses when the membrane potential is 

higher than this potential. The reversal potential for K+ between the scala media 

and intra-OHC is nearly zero, while that between intra-OHC and the perilymph 

is non-zero due t.o concent.ratiou di!fereuce. A resting state is reached wheu the 

electro-chemical dynamics are balanced (Geisler 1998). 

As stated in the previous section, OHCs respond to input tones in a frequency

and intensity-dependent manner. The CF of the inner hair cells is decided by the 

stiffness of the OHC and the hasilar membrane (Chan & Hudspeth 2005). At their 

rest state, OHC stereocilia bundles are in Brownian motion, i.e. ion channels are 

opened and closed in a random manner. \Vhen the hair bundle is deflected by 

displacement of the basilar membrane in the direction of the tectorial membrane, 

more mechano-electrical transduction channels are opened, whereas fewer chan

nels are opened when displacement of the basilar membrane is in the opposite 

direction. Between two adjacent stereocilia there exist side links along the shafts, 

and tip links from the vertex of one stereocilium to the taller neighbour's side. 
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This ensures the uniform excitation of mechano-electrical transduction channels 

at hair bundles (Fettiplace & Hackney 2006). 

As mentioned before, there is not just passive tuning of cochlear frequency selectiv

ity, but in addition this tuning seems to be highly sharpened at low sound intensity 

by a mysterious force generated by the OHCs. This force has been proposed to 

have two sources: one is Ca2+ -dependent hair bundle active re-closure (Fettiplace 

& Hackney 2006, Chan & Hudspeth 2005), another is from somatic force gen

erator, prestin, which is a voltage-sensitive membrane protein which changes its 

conformation in response to changes in voltage (Oliver et al. 2001). 

The action of prestin is determined by the intracellular anions, chloride (Cl-) 

and bicarbonate. The OHC surface area decreases when the anions are near the 

cytoplasmic face of the membrane in response to depolarization, and increases 

when the anions reach the extracellular surface in response to hyperpolarization 

(see Figure 2.5). Liberman et al. (2002) created mutant mice with the prestin gene 

deleted and found a loss of 40-60 dB cochlear sensitivity in vivo. They positively 

claimed that prestin is the sole motor protein, ie. the cause of OHC electromotil

ity, and that the connection between OHC electromotility and the well-known 

cochlear amplification is simple and direct. He et al demonstrated that the OHC 

stiffness is not const.allt either; stiffness decreases with OHC depolarization, and 

increases with hyperpolarization (He & Dallos 1999). 

However, Chan & Hudspeth (2005) estimated that the somatic electromotility 

could not operate on a cycle-by-cycle basis at frequencies higher than a few 

hundred Hz because the membrane time constant, about lOms, is not short 

enough. Cycle-by-cycle force generation is most likely mediated by a faster pro-
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oma ic 
motor 

Figure 2. 5: Outer Hair Cell mechno-electrical transduction (Fettiplace & Hack
ney 2006) . The alignment of prestin molecules on OHC body wall changes when 
positively charged ions enter the cell through transduction channels on the hair 
bundle. This alignment change causes a contraction of the cell body, generating 
a 'somatic force '. 
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cess. Possibilities include dependent channels with a re-closure time constant of 

sub-milliseconds, and extracellular potential gradients, which drive electromotility 

at high frequencies , were suggested by Dallas & Evans (1995) . Another explana

tion is that the IHC/OHC hair bundle motor provides a complementary force to 

the axial motor force , especially at high frequencies (Fettiplace & Hackney 2006). 

The 'hair bundle motor' refers to the mechanism of Ca2+ -evoked re-closure of 

the ion channels, which leads to the bundle moving back to its resting position. 

Calcium ion influx through mechano-electrical transduction channels is not great 

enough to activate prestin; however, it is sufficient for the hair bundle motor to be 

activated. This Ca2+ -dependent channel re-closure is much faster than somatic 

force generation, with a sub-millisecond time constant (Kennedy et al. 2005) . This 

shows there might be a differences in the mechanisms for motor force generation 

for high CF and low CF OHCs. 

Even though the OHC membrane time constant is large, it does not necessar

ily mean the OHC somatic electromotility could not contribute to the cochlear 

response toward high frequencies. This is shown in the model which will be pre

sented in Chapter 4. 

2.3.2 Efferent projections to outer hair cells 

OHCs are believed to be responsible for active cochlear processing including 

enhanced frequency selectivity, intensity discrimination and active adaptation. 

Three rows of OHCs sit at the organ of Corti which is on top of the basilar 

membrane as shown in Figure 2.6, with the longest stereocilia of each hair bun

dle connected to the tectorial membrane. OHCs actively change their lengths to 

enhance vibrations at the position on the basilar membrane where they are lo-
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cated when the sound pressure level (SPL) of the incoming sound is low and to 

compress the vibrations when the SPL is too high. The basilar membrane move

ment is t ransmitted via IHCs resulting in signal-dependent firing in t he auditory 

nerve fibres which project to the cochlear nucleus. The efferent. nerve fibres from 

the medial olivary complex synapse at the base of the OHCs (Figure 2.7). The 

neurotransmitter acetylcholine (ACh) is released at the synapse and the OHC 

becomes less depolarized, which in turn evokes a change in velocity of vibration 

of the basilar membrane (Guinan 1996) . Thus, the feed-forward sound induced 

activations and feedback from higher levels in auditory pathways interact in the 

cochlea (Pickles 1982). 

Efferent fibres from the superior oli\·ar~r complex that synapse on the OHCs have 

long been observed (Guinan 1996). As early as 1968, Dewson suggested that the 

olivocochlear bundle aided the discrimination of signals in noise (Pickles 1982). 

However, this did not attract much attention until recent years. Given that OHCs 

are recognized to be the cochlear amplifier and responsible for enhancing fre

quency sensitivity and high intensity compression, and that prestin on the cell 

membrane was identified in OHCs to explain somatic motility. the function of ef

ferent synapses at the base of the OHCs has started to become a hot research topic. 

Anatomical studies show that two types of efferent fibre from the superior oli

vary nucleus innervate the cochlea- r.he lateral and the medial efferent fibres (see 

Figure 2.7, 2.8). Efferem. fibres ilmervate rhe cochlea via both the crossPd 

and the uncrossed olivocochlear bundles, and they synapse directly onto OHCs 

and onto the radial audi tory nerve fibres or afferent nerve fibres beneath IHCs 

(Guinan 1996). Lateral efferent fibres, which are unmyelinated, project mainly to 

the ipsilateral cochlea, while medial efferent fibres, which are myelinated. project 
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Figure 2.6: NC'rVC' fibre major iuu<•rvatiou aud movC'mC'uts of hair lnmdlC's of 
hair cells under pressure (Fettiplace & Hackney 2006). When the basilar mem
brane is deflected upwards in the direction of the scala vestibuli by a pressure 
difference across the cochlear partition, the stereocilia bundle on the outer hair 
cells are dragged outwards by tectorial membrane, and the stereocilia bundle 
on the inner hair cells then also move outwards, driven by friction and inertia 
from the movement of outer hair cell stereocilia bundle. 
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Figure 2. 7: Afferent and efferent projections in the cat auditory system (Gninan 
1996). The afferent projections are both ipsilateral and contralateral, originat
ing near the cochlear nuclens in the ascending auditory pathway. The effer
ent projections are mostly from contralateral medial superior olivary complex. 
Therefore, the experiment for recording medial olivocochlear efferent effects 
usually involve~ ~tirnulating efferent bundles at the floor of the 4th ventricle, 
a.~ slrown at. t.lrc top of the fi)!;llrc, and recording resp<ms<'S in the cont.ralat.<,ral 
cochlea. 
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predominantly to the contralateral cochlea and were shown to be responsible for 

uearly all kuowu efferent effects ( Guinau 1996). There is evideuce to iudicate that 

medial efferents transmit signals from higher auditory centres (Faye-Lund 1986), 

but the function of these signals is still poorly understood. Some have suggested 

that chemical activation of the brain stem reticular formation activates medial 

E>ffereuts and inhibits cochlear pot.entials (Kingsley & BarnE>s 1973). It has al::io 

been suggested, on the basis of electrical stimulation in the inferior colliculus, 

that efferent signals may produce a protective effect in the cochlea (Rajan 1990). 

Mountain (1980) observed that distortion products can be altered by changes in 

the endolymphatic potential, as well as by stimulation of the crossed olivocochlear 

bundle which has efferent projections to the OHCs. These medial olivocochlear 

efferents provide the central nervous system with the ability to influence periph-

eral behaviour directly. 

Aalytcholn 
CGRP 
+GABA(~pex) 

Figure 2.8: Hair cell innervations (left: IHC, right: OHC). The ma
jor IIC'nrotramnuittl•r for affcrC'ut sigllius to thC' IHCs is glutamate'. The 
major neuromodulator for efferent signab; to the OHCs is acetylcholine. 
[http:/ jwww. iurc. montp. inserm.fr / cric/ audition] 

1edial efferent synapses produce a large increase in conductance at the OHCs. 

Acetylcholine (ACh) is released at the synapse. Upon receiving this neurotrans

mitter at its receptors, the OHC opens membrane channels that allow Ca2+ 

ions from the perilymph to enter. The intracellular free Ca2+ then opens Ca2+-
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dependent K + channel and causes K + outflow (Guinan 1996). This process re

duces the membrane potential of the OHC and causes hyperpolarization of the 

cell. Dallos confirmed that Ca2+ plays an important role (Dallos et al. 1997). If 

the Ca2+ is removed from the fluid medium around the synaptic pole , the ACh ef

fect is completely inhibited. It has been reported in many studies that the medial 

PffE:>reBt signals rl.ecrPasf' t ht> magn it uci.f' aurl. velocity of basilar mPmbranP vibra

tions. Efferent effects take a hundred to a few hundred milliseconds to build up 

and decay, though usually not symmetrically. The rise time was proposed to in

clude the build-up of transmitter release due to pre-synaptic facilitation (Art et al. 

1984) , plus t ime for the transmitter to produce an increase in Ca2+-dependent K + 

conductance in the OHC body. The decay time was proposed to include mainly 

the decay of the Ca2+ -dependent K + conductance, as the residual ACh is thought 

to be quickly removed by the abundant supply of acetylcholinesterase around the 

OHC.. It wa al o ob erved that there are fast and low mode of efferent sig

nalling (Cooper & Guinan 2006). These two modes are caused by functional 

changes in individual OHCs according to a number of observations (Cooper & 

Guinan 2006, Dallos et al. 1997). Different explanations have been proposed but 

have yet to be tested. 

The descending auditory pathway has been increasingly studied in recent years. 

It includes fibres from the audi tory cortex that are anatomically well-positioned 

to influence the superior olivary nucleus and thus rhe medial efferent sysr.em. It 

has been shown in humans that the primary and secondary auditory cortex play a 

role in morl.ulating aurl.itory peripheral activity through direct or indirect efferent 

fibres (Khalfa et al. 2001). It i hard to mea ure efferent-evoked hyperpolarization 

directly to prove the efferent control phenomena. However, indirect measurements 

have been taken over many year . For example, sleep can influence the inhibi-
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tion of OAEs by contralateral sounds (Froehlich et al. 1993). Cooper and Guinan 

electrically stimulated the olivocochlear bundle of guinea pigs. Since the medial 

efferents which terminate at the ba e of the OHC are myelinated, while lateral 

efferents are unmyelinated. the timulation i commonly hypothesized to stimu

late only medial efferent fibre . The fa t and low efferent effects are observed in 

the basilar membrane response (Cooper & Guinan 2003). We will return to this 

experiment in Chapter 5. 

Selective attention can also modulate cochlear responses. The evidence shows 

that perceptual sensitivity to ouml in noisy hackgrouud is reduced whf'll effere11t 

nerve fibre ' are removed (Trahioti · bl Elliott 1970) . A very recent human exper

iment showed that electrical stimulation of contralateral auditory cortex led to a 

ignificant decrea c in evoked otoacou tic emi ·sion (EOAE) amplitude, whereas 

no change occurred under stimulation of non-auditory contralateral areas (Perrot 

et al. 2006). The ·c re ·ults strongly imply that efferent signal to the cochlear 

physiologically affect the cochlear activity and could lead to a changes in audi

tory peripheral processing, and therefore changes in sound perception. Although 

recent experiments have confirmed that efferent projections aid discrimination of 

sounds in uoise, tlw lll('Chanism is still uncl~ar ~VE'll if the efferPut sigual is ind~t>d 

u ed in orne way. The model we propose provides an explanation for the e effect . 

2.3.3 Dynamic stiffness and motility of the OHC 

OHCs are particularly interesting becau ·e of their presumed '· amplification'· ef

fects on basilar membrane motion. While it has been agreed that IHCs are the 

primary source of synaptic input to the ascending auditory pathway, it is believed 

that the ability of OHCs to contract when they are stimulated underlies their 
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·cochlear amplifier' function (Hubbard 1993). But how doe the modulation of 

the glol>a l axial !Jropen.v of the Oil C l>asolateral meutl>raue wall iuflueuce the 

cochlear response? The facts are: 

1. The conformation of motor protein is voltage-dependent. 

2. The stiffness and length of the OHC is membrane potential-dependent. 

Therefore, there seems to be a direct relationship between the mechanical proper

tie. of the ba olateral membrane wall and the motor protein state, i.e. the stiffne 

and length of the OHC body both change when the conformation of prestin on 

the cell wall changes. Experiment· ·how that remo,·ing rhe effecr of the prestin on 

the OHC wall by removing Cl - leads LO iuvariauce iu l>oLh sti!btess all(l leugth. 

in response to changing voltages (He et al. 2003). 

OHC membrane potential-dependent tiffuess and motility ma.v enhance or com

press the vibration of the corresponding basilar membrane section in response to 

sound stimuli by changing the resonance properties of the section of the cochlear 

partition, and by negative damping. There are at least two factors which change 

the membrane potential of OHCs. Firstly, more ion channels are opened by the de

flert.iou of rereorilia due ro shear forrf' with rhe tectorial lllt>lllbraue, il1 respouse 

to vibration of the basilar membrane. This results in depolarization, caused by 

J<+ current flowing through opened iou charu1els at the hair bundle (Geisler 1991). 

This is known as mechano-electrical transduction (l\IET) because current flow is 

induced by mechanical movement . The other factor infl uencing OHC membrane 

potential behaviour is from the arrival of ACh neurotransmitter released from ef

ferent axon . . ~Io t of the nerve fibre innervating OHC are medial olivocochlear 

efferems (Figure 2.7). In contra t to the first facwr, they are believed to hyper-
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polarize the cell and, as observed in most experiments, ease the vibration of the 

basilar membrane (Ruggero & Rich 1991). Because OHC motility is dependent 

on the membrane potential, this reduction causes the OHCs to contract less. The 

electromotility responses provide mechanical feedback to the basilar membrane 

and influence the cochlear response, which keeps shaping the electromotilit:v of 

the OHC until a stable point is reached. The outcomes of the modulacor.v effects 

have been measured from the response of auditory nerve fibres where reductions 

of firing rates have been observed (Guinan 1996). 

The mechauisHJ of st.iffuess all(] motilit:v chang<" il1 the OHC is more complicatec! 

whe11 the efferent neurotransmitter ACh comes into the picture. The motor pro

tein contributes most of the change, but not all of it. Removing Cl- from the 

OHC eliminaces the motor influence on the cell wall. He and hi colleagues found 

that , besides the prestin dependent stiffness change, there are also other compo

nents on the lateral wall that contribute to che stiffness change of tile OHC. Tlley 

also found that the electromotility of isolated OHCs increases when the ACh is 

applied to the cell which is voltage clamped, while the global axial stiffne s of the 

cell body reduces. This result appears to contradict the widely observed ACh

iuduced inhibitory effect (lie & Dallos 1999). Iu Chapter 5 •.ve will show that this 

is not necessarily a contradiction. 

The mechanism of interactions inside the cochlea is difficult to observe in vivo 

due to technical limits, even though the technology has been greatly improved 

over the years. It is still not clear how cochlear gain is reduced as sound level 

increases (Alien 2003). The possibilities which have been suggested are: 1. The 

cochlear amplifier reduces its force (Kim et al. 1980); 2. The tectorial membrane 

dampens the movement (Fukazawa 1997). The present study proposes a possible 
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theoretical explanation for nonlinear phenomena and thus may give us further 

clues about the cochlear partition dynamics. 

In this chapter, we have reviewed physiological data related to auditory peripheral 

processing, focusing especially on the properties of the OHCs and their complex 

anatomical connections. In Chapter 3 we will discuss the current understanding 

and computational modelling of cochlear processing, and in Chapter 4 we will 

propose a model to tackle the possible consequences of involving the OHCs, and 

of modelling the properties we have discussed in this chapter. 

30 



Chapter 3 

Theories of cochlear mechanics and 

review of cochlear computational mod

els 

So far we have discussed some biological facts about the cochlea. For the exact 

biological mechanism to be understood thoroughly it must be mathematically or 

computationally describable, in order to unveil the mechanisms in this amazing 

structure that have evolved to process vibration information. To build a compu

tational cochlear model that has maximum resemblance to the biological cochlea, 

there are three important issues to be considered: 

1. What are the biological and physiological properties of the cochlea, and 

what constraints result from these properties? 

2. What phenomena have been observed in living cochleae? 

3. How can the underlying causes of these phenomena be replicated in a model? 

The first que::~tion ha::; been and continues to be studied by physiologi::~t::~. The 

second is pursued by psychoacoustic scientists and physiologists. The major phe

nomena we consider here are: compressive nonlinearity, two-tone suppression, 
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combination tones simple-tone interference and otoacoustic emissions. The third 

question has been addressed in a variety of ways through theoretical modelling by 

mathematicians and, more recently, by engineers who are eager to apply biological 

strategies in the development of novel sound processing devices. 

Classical models of the cochlea treat the partition between the scala vestibuli 

and the scala tympani as a single membrane, e.g. Neely & Kim 1983. Until recent 

years the structure in between the Reissner 's membrane and the basilar membrane 

was not considered in cochlear models. Later on, a few studies started to add an 

amplififr iuto tlw model hased ou the hypothfsis t.hat. out.er hair cells (OHCs) 

exert forces on the site (Hubbard 1993, Neely 1993). However, the anatomical 

basis of these models was not clearly identified. 

There have been two major approaches to studying cochlear mechanics: detailed 

biophysical studies at the cellular level, and phenomenological or behavioural 

studies. Biophysical studies concern ionic channels, synapses, transduction pro

cedures and other detailed physiological properties, as described in the previous 

chapter. For example, hair cell stereocilia bundles contain tension-gated channels 

with diffen •nt tiffness in different bending directions (Strelioff & Flock 1984); 

OHCs show a voltage-dependent length change, i.e. electrical-mechanical trans

duction , and receive efferent projections from the ledial Olivocochlear (l\IOC) 

bundle (Dallos 1985a, Dallos & Cheatham 1989, Dallos & Evans 1995, Dallos 

et. al. 1997, 2008). The lllaill cliffkult.y wit.h biophysical srudirs is the lack of 

consensus on what constitutes an appropriate micromechanical cochlear model. 

This difficulty arises because of technical limitations on direct observation and 

complicated interactions inside the cochlea. Phenomenological studies, on the 

other hand, treat the whole complicated dynamic system as one unit, and are 
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3.1. TRAVELLING WAVE 

principally concerned with recording the behaviour of the cochlea in response to 

particular stimuli. These behaviours are typically modelled using either mathe

matical functions , or signal processing techniques expressed, for example, as an 

array of filters. However, quantitative relationships between the function or fil

ters and the anatomical properties of the cochlea are often not well studied. The 

r('asou is probably a litnitE:·d uudt>rsraudiitg of each otlwr's nE'ld. 

Differences in cochlear models often stem from a fundamental i ue: what i 

the mechanism inside the cochlea that is responsible for resolving the frequency 

composition of the incoming sounds? There are two views on cochlear mechan

ics: travelling wave (von Bekesy 1970) and resonance (Helmholtz 1885, Gold & 

Pumphrey 194 ). In this chaprrr, we will first discu ·s these t!teorie. of cochlear 

mechanics, then we will describe some examples of existing nonlinear cochlear 

models (de Boer 1995, Meddis et al. 2001 , Stoop et al. 2004, Hamilton et al. 

2007). 

3.1 Travelling wave 

Travelling wave theory was first proposed and demon. trated by von BeJ.i:esy (1960). 

The evidence for travelling waves in the inner ear i abundant. A " napshot ' from 

the dead cochlea clearly shows a travelling wave on the cochlear partition when a 

sound is played to the stapes, which peaks at characteristic frequency (CF) loca

tion. This shows naturally that there is 'mechanical discrimination of frequency 

in the inner ear', see Figure 3.1. The pattern does not change much before, or for 

many hours after, the death of the animal, von Bekesy observed. We now know 

that this is actually due to the fact that the cochleae in his experiments were 

traumatized by very high levels of sounds, thus the pattern of behaviour looks 

more like a post mortal cochlea than a living one. However, the fact that the 
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3.1. TRAVELLING WAVE 

basilar membrane vibration patterns are similar for a dead cochlea and one ex-

posed to overly loud sounds is very interesting. It suggests there might be similar 

mechanisms missing due to the malfunction of certain parts of the organ. One 
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Figure 3.1: Cochlear Longitudinal Response to different tone frequencies (Perr 
2003). The upper panel shows an uncoiled cochlea of 30 mm long, with the 
ba::;ilar membrane divided into two ducts filled with perilymph. The lower panel 
shows envelopes of the spatial pattern of the response of the basilar membrane 
to frequencies of 0.3 kHz 8 kHz. Upper panel: (f) Tymparuc membrane 
(h) malleus (i) incus (g) stapes (j) oval window (n) scala vestibuli (r) basilar 
membrane (s) helicotrema (m) scala tympani (k) round window. Lower panel: 
(R) relative response (F) frequency response (D) distance to the stapes. 

of the best proofs of travelling wave theory is the increasing phase delay along 

the cochlear partition, as has been shown in otoacoustic emission (OAE) record

ings where low frequency tones take a longer time to "echo ' (Kemp 2003). There 

seem::; to be a finite journey time for the low frequency pressure to reach the apical 

location of the cochlea. The signal-front delay is a frequency-independent delay 

of the response at cochlear sites with reference to the stapes input (Ruggero & 
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Temchin 2007). This delay is found to be the same measured before and after the 

death of the animal, and therefore is a passive property of the basilar membrane 

response as seen in Figure 3.2 (Ruggero & Temchin 2007). The filter delay is the 

'minimum-phase impulse response computed on the basis of responses to tones' 

(Ruggero & Temchin 2007). It corresponds to the time taken for a resonance to 

build up, therefore it is an active property. The group delay is the signal-front 

delay plus the filter delay. The figures clearly show a imilar signal-front delay 

before and after death. That it is larger at the apex is consistent with the the

ory that the pressure wave travels from base to apex inside the cochlea. The 

group delay is smaller in vivo compared to that in vitro, Jllf'auiug smallf'r filter 

delay. In other words, synchronization of the vibration of the basilar membrane 

to the sound pressure waves at locations closer to the stapes is faster in the living 

cochlea. This suggests an active process in the cochlear partition may be operat

ing in addition to the passive travelling wave. 

Von Bekesy argued that travelling wave theory seems more likely to explain 

cochlear mechanics, and he also found that the cochlear partition alone cannot 

conduct travelling waves. In his experiments he showf'd that the fluid pressure 

or hydrodynamics cannot be ignored, for 'there was no displacement of the maxi

mum amplitude along the partition as the frequency was changed ' and the whole 

cochlear partition vibrated at the ·ame phase, when there wa · no fluid in the 

cochlea (von Bekesy 1960). This strongly suggests that the cochlear partition is 

ac:t.uall .v suhjf'ct to c:haugf' in prf'ss ur<" frmu fiuicl i11 rlw duc: r.s , trallstuittf'rl. frolll 

the stapes. 

Theoretical models of hydrodynamics have demonstrated that physical travel

ling waves propagate in the mammalian cochlea from interactions between fluid 
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Figure 3.2: Signal-front and group delay recorded from human and other mam
mal cochleae for different CFs in vitro (a) and in vivo {b) (Ruggero & Temchin 
2007). The signal-front delays are similar in both fig-ures. The group delays in 
vivo are within smaller range across all CFs compared to those in vitro. 
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inertia and the cochlear partition's elasticity (Ruggero & Temchin 2007). This 

propagation has been simulated in hydrodynamic models (Mammano & N obili 

1993). Figure 3.3 shows the interaction between the perilymph fluid and the 

cochlear partition in an uncoiled cochlea. The white arrows represent the direc

tion of local fluid flow. The red line represents the basilar membrane. The scala 

vestibuli and scala tympani ducts are both expanded about three times in the 

vertical dimension, and the wave amplitude is magnified around six orders for a 

better view. The incoming sound introduces a pressure wave in a compression and 

Figure 3.3: Fluid mass oscillations in a simplified uncoiled cochlea. The white 
arrows represent the direction of local fluid flow. The red line represents the 
basilar membrane. The scala vestibuli and scala tympani ducts are both ex
panded about three times in the vertical dimension and the wave amplitude is 
magnified around sbc orders for a better view (Mammano & Nobili 1993). 

rarefaction manner through the stapes. The fluid pressure difference between the 

two perilymph ducts impacts on the cochlear partition and forms oscillations. The 

basilar membrane follows the oscillation in pressure differences and a travelling 

wave appears. Figure 3.3 demonstrates a simulation of a response to a 3 KHz 

frequency tone. Thus, we notice in this simplified cochlea the travelling wave is 

propagated along the basilar membrane until it reaches a peak then disappears 

abruptly where the fluid mass oscillation vanishes. 

Because of the anatomical structure of the mammalian cochlea, the hydrody-
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3.1. TRAVELLING WAVE 

namic forces depend more on the acceleration than on the velocity of the fluid 

boundary (Mammano & Nobili 1993). For an acceleration input the magnitude 

of the hydrodynamic forces acting on the basilar membrane versus the distances 

to the stapes are drawn in Figure 3.4. 

X 

Figure 3.4: Idealized box model to simulate cochlear hydrodynamics, an accel
eration as is added at the place of the stapes, the red arrow shows the direction 
of the pressure wave t ravelling in the fluid (upper). The amount of force trans
mitted to different location of the basilar membrane, from unit inward stapes 
acceleration as (lower) (Mammano & Nobili 1993). 

Figure 3.4 shows the force at x distance from the stapes on the basilar membrane, 

caused by unit inward stapes acceleration a5 • The hydrodynamic forces upon the 

segment of the basilar membrane systematically decrease with the distance to the 

stapes. 

The hydrodynamic model described above explained the travelling wave on the 

basilar membrane induced by the force from the stapes vibration (Mammano & 

Nobili 1993). This force is gradually weakened as it travels along the basilar mem

brane. A systematic phase lag from base to apex determines the travelling time 
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of the force. The endocochlear wave travelling time is longer than it is when the 

medium is air, probably due to the complicated liquid mass interactions in the 

scala vestibuli , cala media and cala tympani. Elaine Tsiang built a fil ter bauk 

model based on these hydrodynamic forces which drive the basilar membrane to 

vibrate, and the model became a successful front-end processor for continuous-

speech recognition (Tsiang 1997). 

Travelling wave theory explains the spatial distribution of frequencies along the 

cochlea. However , t here ,eem. to exist a 'second filter ' which sharpens the fre-

quPHC:V rf'solutimt , a Pf'll i11 tuf'a urPiltPllts of thf' a url.itor.v urrw' firiug. RP-

·earchers have lookerl. for this 'second filter ' based on the as. umption that it is 

not in the cochlea, but they have never found one (Kemp 2003). 

3.2 Resonance 

Resonance is happening constantly in the physical world . Probably some of us 

have seen in our physics class a wineglass shattering from resonating with a sound. 

From the acou t ic re. onaurc point of view. a re. onant object in effect filter out 

approximately all frequencies other than its resonant frequency. The natural 

resonant frequency of a string is related to the length and tension of the string as 

shown by the equation: 
nff n!I. 

! =~= y ;nJI 
2£ 2£ 

(3.1) 

Where pis the length density in gram per meter , m is total mass, L is length, T 

is tension, and n = 1, 2, 3, ... defines harmonic frequencies. \:Vheu n = 1, f is the 

fundamental frequency at which this string resonates. Assuming m is constant, 

the shorter and sliffer the st ring, the higher i tt:~ resonam frequency. lL is interesL-

ing to compare this to the anatomy of the mammalian cochlea. As we mentioned 
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earlier, both the basilar membrane and the OHC arrangement along the cochlea is 

systematic. At the basal high CF location in the cochlea, the basilar membrane is 

narrmver , the OHC is shorter , and both are stiffer; at the apical low CF location , 

the properties are the opposite. 

Similarly, instrument strings under tension have resonant frequencies directly re

lated to their mass, length, and tension. Each string in a piano is capable of 

sympathetic resonance. If, for example, an 'A' note at 440 Hz is played on one 

piano, another piano nearby would make a sound of the same frequency, or its 

harmonic overtone frequencies, by itself. This is because the air molecules trans

mi t the ·ouncl pressure from the first piano to t he second and the non-playecl 

strings with the resonant frequencies inside the second piano vibrate accordingly. 

Naturally, we could imagine the cochlear partition divided into discrete slices in 

a longitudinal direction , each having certain physical properties that allow it to 

resonate with the frequency of its preference. It has been shown that the tis

sue at least at the base of the cochlear partition of mammals ha different levels 

of tension (Henson & Henson 1988, Kuhn & Vater 1997). In classical resonant 

cochlear models, the longitudinal coupling in the cochlear partition is neglected 

(Neely 1993, cle I3oer 1995). Thi coupling ouly occur · via rhe fluid aud pressure 

wave travelling in the fluid . 

Von Bekesy observed that when 'the gelatinous mass of the cochlear duct ', which 

referred to the organ of Corti and the tectorial membrane, is removed, 'the travel

ling waves were observed with a larger amplitude and less damping' (von Bekesy 

1960). This means the basilar membrane alone encounters less damping than 

when it is attached to the organ of Corti. Therefore damping does occur and it 

could be associated with the dimension of the resonance section, which may form 
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a damped resonance system. 

Van Bekesy pointed out that the principal difficulty with the resonance theory 

proposed by Helmholtz, is that the damping of the individual resonators is too 

large and could not account for the sharp resonance observed in the healthy ear 

(van Bekesy 1960). As a result of the discovery of OHC function we may start 

to rethink this argument. It is not necessary to have clirect longituclinal coupling 

between sections of the cochlear partition to conduct energy along its length. The 

·ections could be activated via compression and rarefaction in the fluid ducts. 

Indt>ecl, from thf' attarmniral point of virw thf' rf' ouators are UlToundect hy fluids 

and therefore a great deal of damping is expected. However , new cliscoveries about 

the function of prestins in the OHC suggest more possibilities, such as negative 

damping, i.e. a force applied to the resonator in a periodic manner by periodic 

changes in the OHC. 

3.3 Nonlinear cochlear models 

3.3.1 Models with feed forward nonlinearity 

Kolston, de Boer, Viergever & Smoorenburg (1990) posed a question: what type 

of force does the cochlear amplifier produce? A simple second-order cochlear 

model could simulate the basilar membrane versus the stapes velocity response 

by making changes in the damping factor to reach the realistic range of gain in 

the human ear, i.e. at least 50 dB. However , this large sensitivity can only be 

produced at the cost of an unrealistically narrow peak (Figure 3.5). Therefore 

the cochlear amplifier effect is not as simple as was first thought . The amplifier 

is level and frequency-dependent. Nonlinear cochlear models have attempted to 

simulace this characteri tic using different methods. 
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Figure 3.5: Response curves of a second-order cochlear model shown as the 
basilar membrane velocity versus the stapes velocity, with different damping 
parameters . When the range of gain (the gain difference between peak values 
of two curves) is matched to experimental data, then the Q factor of the low 
damping curve is non-realistic (Kolston et al. 1990). 

de Boer (1995) reviewed four typical locally active models of cochlear process

ing, all of which included both passive impedance of the cochlear partition and a 

secondary resonance or a place-dependent delay. These models capture different 

aspects of cochlear nonlinearities. For example, the Neely-Kim model employed 

a second resonance which considered the tectorial membrane and OHCs as the 

source of the nonlinearit ies, though the mechanisms were unspecified (Neely & 

Kim 1986) ; Geisler's model was based on the motility of the OHCs and the forces 

they generate, but not on resonance (Geisler 1991) . These models can account for 

certain nonlinear phenomena, for example, sharpening of the tuning curve. How-

ever, they are feed-forward models and forces were added at the best responding 

position without considering any level-dependence. 
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A bifurcation model has been proposed to reproduce the compressive basilar mem

brane response found in animal data (Stoop et al. 2004) . The qualitative long

term behaviour of a dynamic system can change as parameters are varied. These 

qualitative changes are called bifurcations. The compressive response is produced 

by manually changing the bifurcation parameter. Otoacoustic emissions could 

also be simulated as a limit cycle using the same equations, with the bifurcation 

parameter being changed into the opposite sign; though the paper did not contain 

any results of this manipulation. Furthermore, there was no attempt to associate 

intrinsic structures of the cochlea with aspects of the mode; hence the relationship 

between the model and the biological system is unclear. 

A basilar membrane resonator model with adjustable Q factor was implemented 

as a silicon cochlear model (Hamilton et al. 2007). This model also reflected 

functions of compressive nonlinearity. The Q factor value is governed by a phe

nomenological function which takes sound level as input. Once again, this model 

shows little physiological connection. The Q factor change alone only provides 

about 34 dB compressions at the best frequency of the location and it is indepen

dent of the input frequencies, contrary to the experimental data (Zwicker 1979, 

Mountain et al. 1983, Robles & Ruggero 2001). 

One of the most widely used nonlinear phenomenological or psycho-physiological 

models is the Dual Resonance Nonlinear (DRNL) model. This black-box-like 

model provides an effective tool for auditory :;ystem signal processing stuclies. 

The DRNL model is a point model, i.e. the model is developed based on physiolog

ical data on a limited number of sites in the cochlea, using an explicit compression 
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function in a dual resonance configuration. It is most similar to that of Goldstein 's 

multiple band pass nonlinear model, and both derive their band pass nonlinear 

method of compression from an idea by Pfeiffer (1970) (Meddis et al. 2001). The 

DRNL filr.ers the velocity response of the stapes into a multi-channel representa-

tion of the basilar membrane velocity response. Linear and nonlinear filters work 

iu parall t>l (Figurf' 3.6), where uonliuear fil ters abstract the overall noulinearity 

of the cochlea based on experimental data. As shown in Figure 3.6, the input is 
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Figure 3.6: Dual Resonance onLinear (DRXL) model with two filter pathways 
working in parallel. The upper is the linear filter pathway, and the lower is the 
nonlinear one. Note the broken-stick nonlinearity compressive function in the 
nonlinear filter pa thway. This model simulates cochlear processing using the 
stapes velocity as input and basilar membrane velocity as output. 

the stapes velocity, Xt , and the fil ter architecture consists of two pathways, one 

linear and another nonlinear. The summed output is basilar membrane velocity 

Vt . The nonlinear pathway consists of: 

CD A cascade of three identical first-order gammatone filters; 

@ A compression function which is described by 3.2; 

@ Three more identical gammatone filters; 
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@Four fir t-order Butterworth lowpass filters with CF of the corre ponding gam

ruatoue filter~ a~ cutoff frequeuc:v. 

The linear pathway consists of: 

@ A gain function; 

® A ca~cade of three identical gaunnarone filters; 

®A cascade of four Butterworth lowpas filters with linear CF a cutoff frequency. 

Each parameter shown in the Figure 3.6 (e.g. g, CFlin, BWlin , a, b) is cal

culated using the equation: log(parameter) = {p0 } + {m}log(CFnl), where Po 

and m are pre-computecl to fit the ~pccific experimental data, ancl CFn1 is the 

nonlincar CF which is the desired CF of the filter as a whole. For instance, the 

centre frequency of the linear pathway, C F/.in is calculated using log( C F/.in) = 

p0 (l) + m(l)log(CFnl)· The centre frequency of the linear pathway (CF/.in) is 

slightly higher than the centre frequency of the nonlinear pathway (CFn1) when 

for low best frequency filter, and it is slightl:v lower for high best frequencies. The 

nonlinear gain is calculated differently. It is represented as a ' broken-stick· , as 

shown in Figure 3.7a. The nonlinear gain is either a or blxtlc- L , being chosen 

based on which is smaller, alxtl or blxtlc . This compressive nonlinearity describes 

the basilar membrane inten ity-level function. It i modiflable and thus provides 

po ·sibilitie · to stud:v the sensitivi ty of the model and even certain efferent effects 

(Ferry & Meddis 2007). The function is usually shown as a decibel measure; here 

we slightly modify Equation 3.2 into Equation 3.3, below. Figure 3.7b, 3.7c 

~bows the modification of the range and transition point for compressive nonlin

earity according to the change of a and b. (a) shows the original intensity-level 

function (green) ; (b) shows the change (red) when a is changed to Kaa ; (c) shows 

the change (red) when b is changed to Kbb. 

45 



3.3. NONLINEAR COCHLEAR MODELS 

(3.2) 

(3.3) 

The DRNL model successfully reproduced the cochlear compressive behaviour 

(a) Original 

Figure 3. 7: The brokenstick function in the DRNL model. (a) Original broken 
stick function. (b) shows the modulation of the gain(red) when a is changed to 
K aa. Both the boost and the compression starts at the lower stimulus level. 
Compression takes over a larger range of level responses. (c) shows the change 
(red) when b is changed to Kbb. Here the compression starts at the higher 
stimulus level and the range is smaller. 

using this nonlinear function . Figure 3.8 shows the level response function at 

CF=lO kHz in the chinchilla (Ruggero et al. 1997) and simulated using the DRNL 

model. 

However, the phase response is less consistent with the animal data, as shown in 

Figure 3.9. The DRNL model reproduced some cochlear nonlinearities; however, 

as it is a phenomenological model, the detailed mechanics inside the cochlea are 

not reproduced. Therefore it is of limited use for studying nonlinear factor(s) ; for 

example, how the OHC electro-motility influences the cochlear response. 
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Figure 3.8: Level-Velocity responses of the chinchilla basilar membrane (left ) 
(Ruggero et al. 1997) and the DRNL model (right) (Meddis et al. 2001) . 
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Figure 3. 9: Phase responses of the chinchilla basilar membrane (left ) (Ruggero 
et al. 1997) and the DRNL model (right) (Meddis et al. 2001). 
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3.3.2 Efferent models 

Although there is evidence for efferent modulation and nonlinear behaviour in the 

cochlea. it is difficult to aualy e closely because in vivo experiments are required 

for ob~ervatiou of the~e effect~. The ~mall ~i ze and delicate ~trncture and counec

tions of the cochlea inr.roduce diffi ult ie in conducting uch experiments. Hence, 

there are very few models that can demonstrate efferent effect,s, and modulation of 

cochlear processiug by efferent siguals has rarel~, been included in cochlear models. 

However , the DR L model has been extended to simulate some of the efferent ef

fects. In a modelling study of efferent influences on the cochlea, the DRNL model 

replicated static efferent suppres~ion by fitting the model parameters, including 

an additional 'attenuation' parameter , to the animal data (Ferry & Meddis 2007). 

However, intrinsic rules were not extracted so that they could be applied to all 

the frequency channel. across the cochlea, and 'fast · and 'slow· efferent effects 

have yet to be demonstrated. These limitations constrain the model's ability to 

reflect. the rich range of outcomes in re ·ponse w efferent stimulation when the 

input sound is complex. 

3.4 Summary 

As stated at the beginning of the chapter, there are three issues to be considered. 

We reiterate them here: 1. What are the biological and physiological properties 

of the cochlea, and what constraints result from these properties? 2. What phe

nomena have living cochleae demonstrated? 3. How can the underlying causes of 

these phenomena be replicated in a model? 

Cochlear models nowadays seldom address all of these important issues together. 

Only some aspects of cochlear processing are simulated by each model; not all. 
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3.4. SUMMARY 

Thi is because of insufficient knowledge concerning the first two issues. Never

theless, issues 2 and 3 above are usually more successfully associated in modelling 

work than the first one. Considering physiological re. ults in too much detail may 

be misleading, because of the invasiveness of these experiments. But without con

sidering the biological properties and physiological restraints, the computational 

model lacks roots. 

As we have seen, the physiological details of the cochlear partition have been 

studied in depth and a few top-down mathematical nonlinear models have been 

proposed in recent years. However, these models have not yet associated their rules 

with the physiology. Therefore the loop in these studies is still open. Without in

teraction and dynamics between the passive resonance and active force generation, 

it is not possible to draw a complete picture. But how can biological explanations 

be used in a rigorous formalisation of computational rules? 

I have taken account of the biological details of the cochlea in order to develop 

a simple yet reasonable model which is consistent with the biological system. 

The model proposed in the next chapter is a biophysically-based resonance model 

combined with an innovative and simple idea to help us understand the OHC 

electro-motility and its role in the cochlear nonlinear response. The hypothesis is 

that the sections of cochlear partition can be considered as largely disconnected. 

Pressure waves travel within the cochlear duct and provide periodic forces at dif

ferent sites of the cochlear partition. Each site contains a section of the tectorial 

membrane, the organ of Corti and the basilar membrane. The latter two are con

sidered as one element , which has a fixed natural frequency at rest. The tectorial 

membrane provides a shear force, in movements relative to reticular lamina, to 

trigger changes in the OHC transduction potential. Other than that, the tectorial 
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3.4. SUMMARY 

membrane is not involved in any dynamics, but may be added to an expanded 

version of the model. As the membrane potential of the OHC changes, the prestin 

molecules are affected immediately, i. e. electro-mechanical transduction follows 

directly and alters the physical propert ies of the OHC. This modification change 

the natural frequency of the section and the damping force, and therefore, the 

response. The feedback loop, from the movements of the basilar membrane to the 

transduction current of the OHC through the tectorial membrane shear force, is 

linear, and thus only a gain is added to represent this pathway. The transduction 

current directly affected by the length change of t.he OHC is ignored. but could be 

added for further study. The resting potential of the OHC is set to either -140mV 

or -70m V and can only increase. 

In this chapter, we have discussed the possible mechanics of the cochlea: trav

elling wave and resonance. I have also discussed existing computational models 

and demonstrated some of their results. In next chapter, a nonlinear model is 

proposed with detailed descriptions based on hypothesis stated above. 
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Chapter 4 

The Cochlear Section: a damped res

onant system with dynamic attributes 

It has long been known that the living cochlea is a nonlinear organ. But the 

mechanism for the nonlinearity of cochleae is still unclear and continues to excite 

vigorous disputes. With advanced techniques, such as laser interferometry, in vivo 

animal experiments have uncovered new aspects of the functioning of the cochlea. 

By putting these pieces together , I am attempting to show theoretically how dy

namic interactions between the various components determine the response of a 

living cochlea. Nonlinear behaviours of the cochlea, such as two tone suppression, 

distortion products, etc. undoubtedly depend upon the mechano-electrical and 

bio-chemical activities of the organ. However there is no consensus about the 

exact underlying mechanism(s). My approach to this long running puzzle is to 

start from the simplest problem anrl consirler a ··slice" of the cochlear partition as 

an individual mass-damping-spring ~'stem. \t\'e will call thi · ··slice'' the cochlear 

section. 

vVe remember that the cochlea is filled with fluid. thus clamping would be expected 

to be ignificant. Therefore di crete . ections of the cochlea ould be considered as 

damped oscillator systems. Once it is driven by external time-dependent forces, 
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each section performs a. a frequenc.v filter. Damping in physics is usually mod

elled as a force proportional to the velocity but in an opposite direction. When 

an object moves inside the fluid. as the surface area of contact between the object 

and the fluid increase the drag from it motion increases. If the damping coeffi

cient is a function of the dimension of the section, then the change in dimension, 

which is induced by the change in length of the Outer Hair Cells (OHCs) , will 

influence the overall damping, and hence the re pon e gain. At the same time, the 

tension of the section in the radial direction is modified by the change in stiffness 

of the OHCs. This affects the natural frequency of the section. Therefore, we 

proposf' to associatf' rhaugf's i11 tlw uatural frpqu Pucy ami damping copffirif'nt.s 

of the mass-spring-damp syst em ·with changes in the stiffness and length of the 

OHCs. 

In this chapter we build a model of a cochlear section based on this idea, and 

use the explicit mapping onto the physical system to determine the parameters 

of the model, and how they should change with external activation. Animal data 

are integrated into the clamped resonant computational model with attributes 

that faithfully follow the OHC electro-mechanical modulations, which adapt to 

the mechanical displacement of the cochlear section. The simulation results tell 

us that it is theoretically possible for this electro-mechanical modulation to play a 

role in signal magnification and compres ion and it i potentially an explanation 

for many nonlinear behaviours of the cochleae. 

This chapter describes the construction of this nonlinear model. First we will 

formulate a simple second order damped resonant model of the cochlear section. 

Then we will focus on the mechano-electrical and electro-mechanical transduction 

of the OHCs which changes the properties of this system. Finally we will combine 

52 



4.1. A COCHLEAR SECTION AS A DAMPED RESONANT SYSTEM 

the two parts into a single model composed of two interacting dynamical systems. 

4.1 A cochlear section as a damped resonant system 

von Bekesy (1960) observed that the cochlea performs a spatial frequency analysis 

and vibrates in response to high frequency sounds near the cochlear base whereas 

low trf'CJUf' IIC:V SO UII(tS travf'l all t hr way to rlw cochlf'ar apex. Thrsf' clifff'rf' llrf's 

support the a sumption of the existence of different resonant frequencies at ciif

ferent points along the basilar membrane within the cochlea. 

The cochlear partition includes the organ of Corti and the basilar membrane 

(Robles & Ruggero 2001) . The tectorial membrane, which is usually assumed to 

be a high pa . filt er , is not included in thi account of the cochlear partition. 

The cat cochlea, for example, is about 25mm long; the transverse section is less 

than 1 square millimeter (Geisler 1998). Therefore, the cochlea looks very long 

and slim when it is uncoiled. The width of the basilar membrane increases along 

the cochlea from base to apex, while the thickness decreases. Cochlear sensory 

part are oaked in fluid rhar have ignificanr vi cou. friction which limit. the 

amplitudes of the resonance responses. Therefore, it is reasonable to think of the 

cochlear se tion as a resonant sy.-rem \Vith stiffnes ann damping which varies 

systematically along the cochlea from apex to base. 

The characteristic frequency (CF) is the frequency to which a particular section 

is most sensitive. When sounds stimuli are transmitted through the outer and 

middle ear, the stapes starts to vibrate and each cochlear section responds most 

strongly to the frequency components which it favours. This response can be 
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4.1. A COCHLEAR SECTION AS A DAMPED RESONANT SYSTEM 

predicted by a damped resonant system characterized by mass (m), damping (c) 

allCI stiffuess (k). The stiff11ess or spri11g coustant , k (in Newtons per metre), of 

the system is a measure of the resistance provided by an elastic body to deforma-

tion (bending, stretching or compression). The viscous damping coefficient, c (in 

Newton-seconds per metre, or kilograms per second) , is a measure of how much 

friction caused by drag is contributed to the damping force. According to New-

ton,s second law, F = ma, the total force on the free body of mass m is equivalent 

to the product of mass and acceleration. This force is subject to a spring force , 

a damping force and an input force. Equation 4.1 describes the displacement y , 

(velocity y', and acceleration y") of a cochlear section for an input pure tone of 

frequency w radian/sec. 

my"(t) + cy'(t) + ky(t) = coswt (4.1) 

where m is mass, c is damping, and k is stiffness, w is the frequency of the input 

pressure and y(t) is displacement of the cochlear section as a function of time. 

Or, equivalently, 

y"(t) + 2~woy'(t) + w5y(t) = m - 1coswt 

where wo = Jf is the natural frequency of the system and ~ 

(4.2) 

c is the 
2.Jkffi 

damping ratio ( dimensionless). Equation 4.1 is the simplest representation of the 

dynamics of the system, while equation 4.2 helps us to analyse the resonance 

properties of the system. Therefore the whole system behaviour can be expressed 

as a 2nd order inhomogeneous differential equation with constant coefficients. The 

solution of this harmonic oscillator contains two parts: a transient solution and a 

steady-state solution. 
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4.1. A COCHLEAR SECTION AS A DAMPED RESONANT SYSTEM 

The transient solution of equation 4.2 depends on the characteristic equation 

of the system 

(4.3) 

The characteristic roots )11 , >.2 can be calculated as 

(4.4) 

The transient solution Ye is 

( 4.5) 

where cl and c2 are arbitrary constants, and t is time. 

For the system to be stable, the real part of >.1,2 must be negative. Therefore, 

~ should satisfy ~ > 0. According to equation A.l3 (in Appendix) , ~ < ~' i.e. 

~ < 0.707. The range of~ in the current study is 

0 < ~ < 0.707 (4.6) 

The steady-state solution YP is (details in the Appendix) 

Yp(t) = Acos(wt + <P) (4.7) 

where semi-amplitude A and phase 9 are shown in (4.8) and (4.9) 

(4.8) 
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4.1. A COCHLEAR SECTION AS A DAMPED RESONANT SYSTEM 

2~WoW 
4> = - arctan ( 2 2 

) 
w0 -w 

(4.9) 

The final solution for the system is shown in equation 4. 10 

y(t) = Yt(t) + Yp(t) ( 4. 10) 

The transient solution goes towards zero as time goes towards infini ty, and de-

pends on the initial conditions. The steady-state solution has amplitude and phase 

delay that remain constant and does not depend on initial conditions. It must be 

noted that a cou en u. has not yet been reached on the definition of steady-state 

response in network analysis and control system theory. In network analysis, the 

steady-state response does not change with independent variables, such as time. 

However, in control system theory, the steady-state response could be periodic, 

if certain responses, such as amplitude and phase, stay steady when time goes 

toward infinity. 

According to equation 4.8, the resonant response amplitude is a linear function 

of input sound level. When t he level of the sound varies, the response varies ac-

cordingly in the same scale. However, it has long been observed that the living 

cochlear response is not so simple. Even as simple a stimulus as a single frequency 

tone can result in "dramatic" nonlinear behaviour in the cochlea. Therefore , we 

will go a step further to consider the nonlinear factors in the cochlea. 

Suppose the input is a time dependent force , f (t), and the output is y(t) , then 

equation 4.1 can be expressed as 

y"(t) = _ !:_y'(t) - !y(t) + 2_ f(t) 
m m m 

(4. 11) 
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4.1. A COCHLEAR SECTION AS A DAMPED RESONANT SYSTEM 

This function has been implemented in Simulink as shown in Figure 4.1. The 

block I Stapes input I generates a stimulus, f(t), and I Cochlear Section Response I 
represents the output, y(t). Block IIJ is a continuous-time integration of the input 

function. Therefore, the right/output of the block is the integral of the left/input 

signal; or, alternatively, the left/input signal is the derivative of the right/output. 

Taking the force from vibration pressure as input, the output is calculated by 

combining the input with negative-feedback from both the displacement signal 

and the velocity signal. In this way a continuous-time simulation of a damped 

resonant system with w0 = ~' ~ = 2km is set up. 

y'(t) 

VelOCity 
Stapes Input 

y(t) 

Displacement 

Cochlear Section 
Response 

Figure 4.1: A model of the cochlear section as a damped resonant system 

(the undamped natural frequency is wo = ~' damping ratio is ( = 
2
v1;; , 

and we assume the mass of the section to be le-9 gram). The block Stapes 
input generates a stimulus, f(t), and Cochlear Section Response represents the 
output, y(t) . Block ~ is a continuous-time integration of the input function . 
y' ( t) is velocity, y" ( t) is acceleration. 

When one section of the cochlear partition is investigated, a physiologist would 

usually construct a response curve using a range of stimulus frequencies of a single 

sound level in order to determine the best responding frequency for this partic-

ular section. In animal experiments, due to technical limits, the displacement 
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4.2. THE OUTER HAIR CELL MODEL 

or velocity of the basila r membrane, rather than the whole cochlear section, is 

usually measured . The location of the peak of the curve indicates the best fre-

quency, Wr. The sharpness of t he curve indicates the value of the damping ratio,~ -

Therefore, the section is characterised and a quantitative mathematical model 

of the section is established. The parameters in the syst em can be found by the 

calculation: 

k 2 
- =wo, 
m 

c 
- = 2~wo 
m 

(4.12) 

Where, w0 = wr (see Appendix) and Wr is the expected resonant frequency 
~ 

for this system. It should be noted that the undamped natural frequency (w0 ) 

and the expected resonant frequency (wr) are different. The relationship between 

the two frequencies is described in the Appendix. 

Suppose t he expected resonant frequency (or best frequency) of t he section is 

100 Hz. The responses to 80, 90, 100, 110 Hz tones of the same amplitude would 

look like those in Figure 4.2. 

The figure clearly shows that the response of the linear system has a preferred 

damped resonant frequency at 100 Hz. 

4.2 The Outer Hair Cell model 

Displacements of the basilar membrane at threshold sound pressures are as small 

as fractions of a nanomet er (Kossl & Russell 1995). This is impossible to mea

sure using von Bekesy's method, which also probably badly damaged the cochlea 

since he used sounds levels > 100 dB sound pressure level (SPL) in order to get 
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4.2. THE OUTER HAIR CELL MODEL 

Time Response or lhe Stgnal Frequency 80Hz 
1 000----------,-----,--------------------.----,-----.---~ 

· 1000 I I I I I 
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Time Response or lhe Signal Frequency 90 Hz 
1000 

.~~ 
0 01 02 03 04 05 06 07 08 09 1 

Time Response or lhe Signal Frequency 100Hz 
1000 

· 1000 I I I 
0 01 02 03 04 05 06 07 08 09 

Time Response or lhe Signal Frequency 110 Hz 
1000 

·1000 
0 01 02 03 04 05 08 07 08 09 

Time (Second) 

Figure 4.2: Responses of a section for which the characteristic frequency is 100 
Hz to different pure tone ( 0 Hz, 90 Hz, 100 Hz and 110 Hz) stimuli played at 
the same level, in the passive model. (y(O) = 0, y'(O) = 0, Wr=628 radian.) 

a measurable basilar membrane displacement. A Doppler shift technique based 

ou tlw Mossbauer Effect was first employed to mt->asure tlw hasilar ntE'mhrauf' 

displacements in 1967 by Johnstone and Boyle (Johnstone & Boyle 1967). And a 

review paper of Rhode (197 ) suggested that 'the basilar membraue in the "best" 

preparations was well tuned in frequency at low sound levels, perhaps as sharply 

tuued as auditory 11erve fihers.' 

In 19 2, laser interferometry was fir r used to measure basilar membrane dis-

placement (Khanna & Leonard 1982). Using the laser interferometry method it 

was observed that the organ of Corti is deformable. The reticular lamina deforms 

5"" 10 Limes more than the basilar membrane does. When a brief "step .. current 

is applied, the reticular lamina is pulled downwards nearly 25 nm and the basilar 

membrane is pulled upwards about 5 nm. This deformation changes the dimen-
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4.2. THE OUTER HAIR CELL MODEL 

sion of the cochlear section, and therefore is likely to alter the attributes to the 

affected site. 

Only mammalian cochleae contain OHCs, these OHCs modulate their shapes 

when they are electrically stimulated. While the inner hair cell (IHC) is com

pletely wrapped by supporting cells, the outer hair cell is only cradled by a single 

Deiters' cell at its base, which 'leaves its lateral wall largely free of cellular con

tact , directly exposed to the perilymph that fills the organ of Corti ' (Geisler 1998). 

This means that we can consider the OHCs as a factor , if not the only factor , in 

alterations to the dimension of the cochlear section. 

The diameter of an OHC is 10 J.Lm, independent of its location, but the length 

varies from 10 J.tm to 90 J.Lm from high to low characteristic frequency locat ions 

(Pujol et al. 1992). This length difference is closely· correlated with the corner 

frequency of the hair cell membrane electrical circuits, which will be discussed 

later. The lengths of the IHCs also vary systematically depending on cochlear 

location, but not as significantly as those of the OHCs (Lim 1980). 

Mauy stuclit>s have coufirmrd that clepolari r.atiou of isolated OHCs leads to cell 

body axial contractions, while hyperpolarization leads to elongations (Santos

Sacchi 1992, Dallos et al. 2008). These modulations are only a few percent of 

the cell's length at most. However, even though these deformations are relatively 

small, they are still bigger than the displacement of the basilar membrane. 

The relationship between OHC length and membrane potential is shown in Fig

ure 4.3. 
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4.2. THE OUTER HAIR CELL MODEL 

0.45 

- 180 

Figure 4.3: OHC length change over OHC membrane potential change (Santos
Sacchi 1992). 

This experiment avoided the stereociliary barrier by directly applying a holding 

potential across the outer hair cell membrane and also blocking the ion-channels 

(Santos-Sacchi 1992). The study found that the DC component of the mechanical 

response of the OHC decreases as driving voltage decreases, while the AC compo-

nent increases. Because of its anatomical position and connection, the length of 

the OHC in response to stimulation depends on the overall level of the stimulation 

and the proportion of energy absorbed by the cochlear section site on which it 

resides. 

Studies show that the stiffness of tlw OHC doesn't stay the same, either. The 

relation between the change in stiffness of the OHC and its membrane potential 

(He & Dallos 1999) is shown in Figure 4.4 below. Note that in this experiment the 

OHC is isolated and not actually in vivo - the resting potential is slightly higher 

(-55.7 mV) than the actual resting potential (-70 mV). Nevertheless, the study 

shows that the stiffness decreases when the OHC is depolarized, and increases 
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when hyperpolarized. 
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Figure 4.4: OHC s t iH'u<•ss dta ug<' agaiust OHC IIICIJJhrauc pot <'u l ial (1-I<· & 
Dallos 1999) . 

We will investigate whether these observed physiological changes may serve the 

purpose of increasing the sensitivity of the system at the sensory cell level. 

4.2.1 Modulation of system attributes affects the system response 

We propose to introduce change whi h modify the damping and stiffness of the 

damped resonant model characterized by mass (m) , damping (c) and t iffness (k) , 

which thu indirectly influence the y tern gain a well a other properties. such as 

phase movement. Therefore the whole system is slightly more complicated than 

before, as it is now described as a 2nd ord r inhomogeneous differential equation 

wi th non-constant coefficients. If our hypothesi i true the nonlinear behaviour 

of the cochlear section in response to sounds should be predicted. In outline, if 

we con ider equation 4. 7 for a fixed input , then we see that the amplitude (A) 

would decrease if the stiffnes::; ancl clamping ratio increases; and simultaneously 9 

could either get bigger or smaller, i.e. either a phase lead or a phase lag would 

occur, depending on the value of the (~ w0 ) pair. 
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4.2. THE OUTER HAIR CELL MODEL 

The (~, w0 ) pair effectively deterwiues the resouauce gaiu and phase. A trav-

elling trajectory of the system in the ~w0 plane predicts the response trajectory. 

Studies in the auditory brain stem using distortion product otoacoustic emissions 

(DPOAE) in vivo, have shown that OHC motility could contribute more than 

40 dB to the hearing sensitivity of mammals (Liberman et al. 2002, Dallos et al. 

2008). Let us suppose that the stiffness k and damping constant/ coefficient c 

of a cochlear section are determined only by the stiffness and the length of the 

OHCs residing at the site. We then assume that the change in the dimension of 

the cochlear section, which is related to the contact area with the endolymph and 

perilymph fluids , results in a change of the clamping coefficient. As we know from 

earlier in this chapter , for a damped resonant system, the undamped natural fre-

quency is a function of stifFness, and damping ratio is a function of both stiffness 

and damping coefficient. The equations can be rewritten as, 

k 2 
- =wo 
m 

c If - =2~ -
m m 

The undamped natural frequency w0 determines the ratio of k and m . With a 

starting value for ~ = f.s (0 < f.s < 0.707, e.g. ~s = 0.01) , ~ can be found, 

too. With the knowledge of the resting k-to-m and c-to-m ratios, as well as the 

percentage change ink and c (6.k: the "stiffness change%" as shown in the upper 

panel of Figure 4.5; 6.c: the "length change %" as shown in the middle panel) , is 

k 2 -(1 + 6.k) = w0 m 
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4.2. THE OUTER HAIR CELL MODEL 

c ~ -(1 + .6.c) = 2.; -
m m 

(4.14) 

According to equation (4.13) and (4.14) , we can find w0 and.;. Therefore we are 

able to plot (.;, w0 ) trajectories as a function of OHC membrane potential. From 

low OHC membrane potential to high, the relationship between damping ratio and 

natural frequency is shown at the bottom of Figure 4.5. Note, the corresponding 

result to low OHC membrane potential is at the right hand side, marked with a 

red 'o '. 

r::t::: : : ' ' : : : 
?&16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 

0.015.------.-----.--------.--.-----:::-:-----::----c---:-:o 
- Trajectory corresponding to V rn 

lJJI 0.01 

0 .0~~00 7000 

0 Starting Point at V m= -1 60mV 

---------~~~=&4 1 

8000 9000 
t
0 

(Hz) 
10000 11000 12000 

Figure 4.5: Stiffness (upper, from He & Dallas 1999) and length (middle, from 
Santos-Sacchi 1992) changes in response to the OHC membrane potential, and 
the relation between damping ratio and natural frequency as functions of chang
ing stiffness and length (bottom) . As we can see from the bottom panel, wher
ever the trajectory starts, the parameter pair (fa ,~) always travels toward the 
top-left corner. Here fo = ~, is in Hz. 
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4.2. THE OUTER HAIR CELL MODEL 

For the same cochlear section, the damping ratio and undamped natural fre

queuc.v are function::; of OHC ::;tiffuc::;::; awl leugth, which are both fuuctiou::; of 

OHC membrane potential (as He & Dallos 1999 and Santos-Sacchi 1992 showed). 

As resonance attributes of the section change progressively with cell membrane 

potential, the response of the section alters. In other words, the movement of 

the ((. w0 ) pair, in response to changing membrane potential from low to high , 

determines the trajectory of the nonlinear gain of the response. Each level of the 

membrane potential is mapped to one particular value of the attribute pair; each 

attribute pair contributes to the system response gain. Therefore, if we draw the 

n• pon e cti trihuriou i11 re po11 ·e to rlifferem stilttulu: frpqurudes over a crrr.ailt 

range of ((, w0 ), we can observe the consequential system gain based on these 

attribute pairs. 

In Figure 4.6, the gain-distributions in response to three tone frequencies (as three 

::;urfaces in the figure. refer to equation 4.~) on the ~w0 plane are drawn. As the 

figure shows, the gain is largest when the damping ratio ( is 0, which indicates 

that the s.vstem of that specific at tribute pair i.e.(O,w0 ) , is an undamped resonance 

system with the resonance frequency of w0 . It is not surprising to notice that three 

peak::; , each corn· ·pondiltg to a ::ipf'cifir toue frequenc:v. appPar in the figure. If 

we draw a vertical line starting from one point on t he horizontal plane and go

ing upwards, since each point on t he plane represents one pair of attributes, the 

intersection points the line encounters would indicate the gain. The gain trajec

tory for each tone when the membrane potential increases from low to high ( -80 

mV-40 mV for example), is marked in Figure 4.6 (cyan, magenta and blue lines). 

· ote that although the trajectorie in the figure are plotted for the full range of 

membrane potential, it is not necessary for the entire range to be visited. Most 

of the time, the membrane potential only increases to a point less than 40 mV, 
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Figure 4.6: Parameter pair trajectory, projected onto each of three frequency 
responses. The three peaks corresponding to the gain to specific tone frequen
cies (8, 9 and 10 kHz). If we draw a vertical line starting from one point on 
the horizontal plane,i.e. wo~ plane, and going upwards, since each point on the 
plane represents one pair of attributes, the intersection points the line encoun
ters would indicate the gain, which is dependent on the input frequency. The 
gain trajectory for each tone when the membrane potential increases from low 
to high (-80 mV-40 mV for example), is marked in cyan (8 kHz), magenta (9 
kHz) and blue lines (10 kHz). 
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4.2. THE OUTER HAIR CELL MODEL 

therefore the pair may only move up to that point. 

To make it more clear, an equivalent contour plot is shown in Figure 4.7. A 

schematic of the route of the trajectory is drawn as a red arrow starting from 

a dot. When the tone frequency is less than the CF, the trajectory moves to

ward higher gain (Figure 4.7a). When the tone frequency is equal to the CF, the 

trajectory moves to higher gain instantaneously, then moves toward lower gain 

(Figure 4.7b). When the tone frequency is higher than the CF, the trajectory 

moves to lower gain (Figure 4.7c). 

Similarly, as we have mentioned earlier, responding phase is also a function of 

(~ w0 ), i.e. cj; =- arctan( 2~wo~ ), as shown in Equation 4.7. In Figure 4.8, phase w0 - w 

distributions to a range of stimulus tone frequencies are shown. For the same tra-

jector.v, due to the bending effects of the phase response, when the tone frequenc.v 

is less than CF, the phase response is moving towards phase lag (or decrease of 

the phase). When the tone frequency is equal to the CF, the scale of the phase 

move is smaller, and could be either phase lead or phase lag. When the tone 

frequency is higher than the CF, the phase response is moving towards phase lead 

(or increase of the phase) . 

Up to the point we have discussed so far , the trajectory of the response is depen-

dent on the OHC membrane potential. Therefore the membrane potential of the 

OHC will be studied closely in next section. 
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Figure 4. 7: Contour plot of the gain for three stimulus frequencies in parameter 
space. A schamatic route of trajectory is drawn as a red arrow starting from 
a dot. (a) When the tone frequency is 8000 Hz, the trajectory moves toward 
higher gain. (b) When the tone frequency is 9000 Hz, the trajectory moves to 
higher gain instantaneously, then moves toward lower gain. (c) When the tone 
frequency is 10000 Hz, the trajectory moves to lower gain. 
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Figure 4.8: Parameter pair trajectory in phase distribution. Similarly to Fig
ure 4.6, parameter pairs project to phase responses, dependent on the input 
frequency. When the tone frequency is 8000 Hz (i.e. less than CF), the phase 
response is moving towards phase lag (or decrease of the phase). When the tone 
frequency equals to the CF=9000 Hz, the scale of the phase move is smaller, 
and could be either phase lead or phase lag. When the tone frequency is 10000 
Hz (i.e. higher than the CF), the phase response is moving towards phase lead 
(or increase of the phase). 
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4.2.2 Membrane potential of the outer hair cell 

How can the membrane potential of the OHC be determined? In order to do this, 

we shall have a closer look at the electro-mechanical and electro-chemical aspects 

of the OHC. An anatomical cross-section of the cochlea is shown in Figure 4.9. 

Figure 4.9: A cross section of the cochlea (Note the tectorial membrane, 
in green color, is detached from the organ of corti in this photo, From 
http://www.udel.edu Courtesy of B. Kachar, NIDCD, NIH). 

The endolymph of the cochlea has a high concentration of potassium ions (about 

150 milliMolar, in the guinea pig) , and a low concentration of sodium ions (about 

1 mMOL) (Sellick & Johnstone 1975). The endocochlear potential in the scala me

dia is +60 to + 100 millivolts relative to that of the vascular system. This positive 

charge is provided by the stria vascularis, which is composed of three cell layers 
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and is richly supplied with blood. Among these three layers, the one immediately 

next to the scala meclia contains rare cells which have positive intracellular resting 

potentials of about +80 mV. The perilymph of the cochlea, however, contains a 

high concentration of sodium ions and low concentration of potassium ions. The 

electrical potential of the perilymph is approximately equal to that of the vas

cular system. The rt:>asou for the existeuce of two fluid systems in the cochlea 

is probably that the sound-sensors need the special chemical composition of the 

endolymph, and the neurons connected to those sensory cells need the different 

chemical composition of the perilymph, e.g. low in potassium. 

For a generalised hair cell, deflections of the stereocilia bundle eau e the trans

duction channels to keep opening and closing at a very fast rate. The probability 

of a channel opening is small when the stereocilia are at rest. This probability 

is greatly increased when the stereocilia bundle is deflected , for instance 200 nm, 

and the higher rate of opening and closing of the channel provides about 5 pi

coamperes (pA, 10- 12 A) on average and the maximum channel current is 9 pA 

(Geisler 1998). It has been estimated that there are up to two channels per tip 

link for the mammalian cochlea (Beurg et al. 2006) . The transduction mechanism 

is extremely sensitive. Several experiments show that at behavioural thresholds 

the stereociliary tip displacements are in the order of 0.3 nm (Hudspeth 1989). If 

a cilium is 5 J.Lm of length, the displacement-induced angular rotation is less than 

5~·g0 x 1!0 
:::::: 0.0034 degree. 

This angle is even less than the random deflections of the stereocilia bundle in

duced by the Brownian motion of the surrounding fluid molecules (Denk et al. 

1989). Furthermore, this process is very fast: channel opening times of less than 

50 microseconds have been measured in some hair cells. Note that numerous 
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cycles of channel opening and closing can happen during one occurrence of the 

bending of the stereocilia. 

Adaptation has been observed when the stereocilia are statically deflected , and 

this mechanism seems to relate to the internal concentration of free Ca2+ ions- the 

channels on the stereocilia re-centre the cell 's current-versus-displacement curve, 

and the ·-resting po it ion" of the mechano-electrical transduction channel opening 

is changed (Mammano et al. 2007). It has also been proposed t hat adaptation is 

eau ed by the action of myosin molecules. i. e. the myosin "adaptation motor" can 

move along the tip-link and reduce tip-link tension until a new balance point is 

reached. However, there is little direct support for the latter explanation (Geisler 

1998). 

In the mammalian cochlea, many studies estimate that the maximum possible 

(leflection for the OH C stereocilia bundle is virtually equal t.o the deflect ion of the 

basilar membrane in the region of that OHC (Chan & Hudspeth 2005). When the 

basilar membrane is deflected downwards toward the cala tympani by the pres

sure difference across the cochlear ection , the stereocilia on the OHC are dragged 

inwards by the tectorial membrane. Transduction channels are mostly closed. On 

the oth r hand, when the basilar membrane is deflected upwards in the direction 

of scala vestibuli, the stereocilia on the OHC move outwards, the openings of the 

transduction channels increase, allowing potassium ions to enter the OHC body. 

When the stereoceilia bundle is deflected outwards. the drive on potassium to 

enter the cell body is mainly the potential gradient. As K + ions appear in large 

concentrations on two sides of the cell's apical area, the concent ration-driven com

ponent is relatively small, and the K + ion Nernst potential is near-zero (Geisler 
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1998). 

The ion cha1mels on the stereocilia are nonspecific cation- elective tran duction 

channels (Geisler 1998). The pressure message in the perilymph is transferred 

from mechanical movements of stereocilia through transduction channels to the 

hair cell electrical potentials. The power ( P1 , in watt) absorbed by an ideal me

chanical object from mechanical movement can be calculated by the multiplication 

of the magnitude of the object's damping (D) with the square of its velocity (v), 

i.e. P1 = D x v2 . For the hair cell , a stereociliary deflection of 1 J.Lm produces a 

transmembrane potential of about 100 mV (Denk & Webb 1992) , and the form 

of power changes from mechanical to electrical. The power (P2) dissipated in the 

hair cell can be calculated by the multiplication of the conductance (G) with the 

square of the voltage across the cell (E), i.e. P2 = G x E 2. Geisler has made a 

detailed calculation for an input sound frequency of 160 Hz, and at this frequency 

there is 'a lOO-fold boost in the power of the signal as it changes media, a factor 

that decreases as the square of the stimulus frequency.' (Geisler 1998). Therefore, 

he suggested that the tereocilia function as valve which an control t.he flow 

of more power than they themselves absorb. The OHC intracellular K + concen

tration is as high as that in scala media. It is the electrical potential gradient 

rather than the Nernst potential factor that pushes K + into the hair cell body 

when stereocilia deflect. \Vhen the receptor potential i large enough, the cell is 

depolarised. 

The transduction current is not only dependent on the angle of stereocilia de

fl ection, but also the time period over 'vhich this deflection occurs (Stauffer & 

Holt 2007). Figure 4.10 demonstrates the time course of the transduction current 

in the OHC, while the stereocilia tip is at different displacements from -20 nm 
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to 675 nm. ote that for each specific stereocilia displacement , the tran. duction 

current increases gradually with time before saturating. Given this time-course, 

it is clear that if the stereocilia flip in a sinusoidal fashion, only frequencies of less 

than 100 Hz would induce the largest possible transduction current. For frequen

cies much higher than 100 Hz, the stereocilia displacement would not be able to 

induce full transduction, no matter how large it is. 

675 nm 

I 
-20 nm 

_j 

_j 50 pA 
10 msec 

Figure 4.10: 'fransduction current adaptation with various stereocilia displace
ment on OHC (Stauffer & Holt 2007). The figure shows the time course of 
the transduction current in the OHC, while the stereocilia tip is at different 
displacemeut1; from -20 um to fi75 11111. Note that for each specific st.crcoC"i li<t 
displacement, the transduction current increases gradually with time, before 
saturating. 

A steady current runs through the hair cell even when there is no sound stimu

lation. It is called the 'silent current ' (Zidanic & Brownell 1990), and is similar 

to the 'dark current ' of retinal receptor cells. This current is required in order 

to register decreases in the OHC's apical conductance. Maintenance of such a 

steady current is necessary for providing the receptor mechanisms with something 

to modulate. 

In a living cochlea, receptor potent ials of IHCs and OHCs at basal cochlear loca-

74 



4.2. THE OUTER HAIR CELL MODEL 

tion in response to a pure low frequency tone of 84 dB sound pressure level (SPL) 

have been recorded as Figure 4.11 shows below (Russell et al. 1986). The fact that 

the OHC receptor potential is symmetrical in the figure shows that the OH Cl rest-

ing potential may be close to the midpoint of its operating range, which means 

about 50% of the transduction channels are active at the resting point. However, 

we notice the frequency is not at the characteristic frequency (CF) of the location, 

i.e. the tone frequency is far lower than the CF of the measuring point; therefore 

the OHC didn't reach its maximum possible receptor potential. This means the 

resting potential of this OHC doesn't necessarily stay at the midpoint when its 

receptor potential is higher than its depolarisation threshold potential, say -25 

mV. For the OHC, the resting potential is· likely to be associated with and held 

by t.he "silent current". 
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Figure 4.11: Receptor potential produced in an IHC and an OHC by a low 
frequency tone. Input stimulus is a about 0.35 Pascal, 20 x log10 ( 28~3~5 ) = 86 
dB. Note the symmetric receptor potential change of the OHC, relative to its 
resting state. 
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4.2.3 Electrical circuit analogy 

In the inner ear. there are various streams of potassium ions that flow from the 

endolymph, through the organ of Corti supporting cells, to the stria vascularis 

and back to the scala media. As shown in Figure 4.12, there is one particular 

stream of potassium ions which flows through the endolymph, the organ of Corti, 

the perilymph, the stria vascularis, back to the endolymph, that forms a closed 

current loop which includes the OHCs and which can be represented as an elec-

trical circuit composed of electrical devices and elements. 

A Vest1bule 

Cochlea 
I 

Cochl:r GJ 
duct sect1on 
(Side V•CW) 

Scala vestibuli 
(perilymph) 

Reissner's 
membrane-

..---~-

Organ of Corti 

Sporal 
hgament 

Scala tympani 
(perilymph) 

·---~' 
Figure 4.12: A cross-section of the cochlear partition, showing chemical compo
sition within the different media and the direction of potassium ion flow (Mam
mano et al. 2007). The arrows indicate the flow of potassium ions, through the 
endolymph, the organ of Corti, the perilymph, the stria vascularis, back to the 
endolymph, that forms a closed current loop. 

The OHC is analogous to a parallel resistor-capacitor (RC) circuit (Geisler 1998): 

ion-channels perform as conductors (conductance: G) that vary based on sur

rounding changes. Layers of ions on both sides of the basolateral membrane form 
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capacitors (capacitance: C). The corner frequency (as explained later) of an 

OHC membrane electrical circuit is equivalent to the stimulation frequency which 

induces a comparison between the ion-channel component and the membrane-

charging component. In an ideal circuit this frequency is determined by the ratio 

§. The basic circuit analogy of OHC is shown in Figure 4.13. 
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AW Manbrane Capacitance 

Figure 4.19: Mapping between the electrical circuit elements and the physio
logical parts. The electrical circuit is placed on an OHC with three stereocilia, 
drawn with dash lines. The rest of the circuit corresponding to biological parts 
are indicated by dash arrows. Scala media potential: around +80 m V. Resis
tance: R_ sm. Scala tympani is considered 'ground '. Outer Hair Cell Resting 
Potential: -60 mV "'-70 mV. Membrane resistance: R_ bas. Membrane capac
itance: C. 

Corner frequency, or cutoff frequency, is the muumum frequency or energy of 

an incident wavelength required by an electron to overcome its binding energy 

(Valkenburg 1974). An OHC's corner frequency determines the minimum stim-
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ulation rate at which stereocilia deflections allow the basolateral membrane to 

become charged, so activating its proper working mode. Once the OHC mem-

brane is charged, i.e. the stimulation frequency is "acceptable" to the OHC, its 

stereocilia will function as valves for the OHC transmembrane potential. This will 

allow the OHC to depolarise at different levels depending on incoming acoustic 

levels. As we will discuss later, the large receptor potential produced in this way 

finally results in the OHC influencing the cochlear section of the same site and 

enhancing its response. The corner frequency of each isolated OHC falls far below 

the CF of the location from which it was taken . As shown in Figure 4.14 (left) , the 

largest corner frequency measured is about 1000Hz at the basal cochlea of guinea 

pigs. It has been founcl that 'specific capacitance' (i.e. capacitance for a unit 

area of plasma membrane) doesn't change with OHC length (Geisler 1998). How-

ever , 'specific conductance' decreases as OHC length increases along the cochlea 

from base to apex (Figure 4.14, right) , which provides the evidence of systematic 

change of corner frequencies along the cochlea . 
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Figure 4-14: Corner frequency and specific conductance over different lengths 
of OHCs along the guinea pig cochlea (Preyer et al. 1996). 
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In summary, when the incoming sound frequency is too low, the OHC behaves 

like a resistor, therefore the membrane potential simply follows input AC current 

(Geisler 1998). No matter how large the amplitude of the stimulation, the OHC 

DC voltage stays at the resting potential; therefore its shape in average will not 

change. In this condition, the cochlear section responds linearly to sounds of in

creasing levels. When stimulation frequency increases to approximately the corner 

frequency, the OHC starts to store energy and the portion of transduction current 

devoted to charging the ion sheets inside and outside the basolateral membrane 

starts to increase. Therefore, the OHC tends to become depolarised and its shape 

auct stiffuess start ro change accordingly. This moctulatim1 leads ro the cha11ges 

in attributes of the damped resonant system, which leads to a nonlinear response 

as the sound level increases. However, as frequency increases, the transduction 

current reduces in each deflection period of the tereocilia; and so at higher fre

quencies the upper bound of the membrane potential drops. This behaviour is 

explained more formally below. 

The OHC receptor potential changes with the transduction current, which is de

termined by stereocilia bending angle and frequency. The larger the angle is, the 

larger the transduction current in each cycle. The higher the frequency is, in 

other words the shorter time for each cycle, the lower the transduction current 

at each deflection (Srauffer & Holt 2007). In order to change transmembrane po

tential, the current must go through the basolateral membrane, which is usually 

considered to resemble parallel resistors and capacitors (Geisler 1998), to charge 

the capacitors. The total OHC basolateral membrane conductance, G008 , of such 

circuit is: 

Gbas = IG + jwCI (4.15) 
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where G is the conductance of the ion channels in the basolateral membrane, 

C is the capacitance, w is the angular frequency of the input stimulation (in 

radian/sec) , j is standard imaginary unit, i.e. l = - 1. Thus the transduction 

potential Vs is 

Ys(t) = i(t) 
Gbas 

(4.16) 

where i is the transduction current. 

As we have mentioned earlier, for OHCs, the unit area capacitance is more or 

less invariant; however, the unit area conductance is inversely proportional to the 

length of the OHC (Preyer et al. 1996). The corner frequency, § (in radian/sec) , 

of each OHC is inversely proportional to its length. As we know the length of 

OHCs at cochlear locations increases from base to apex. Therefore, the corner 

frequency of the OHC systematically increases as the CF of the site of the cochlear 

partition it sits on increases; however, the former is much lower than the latter. 

If the transduction current frequency is much lower than the corner frequency, 

i.e. G» wC or w« §, the current would be treated as direct current. The capaci

tor doesn't perform its role in this RC parallel circuit and only resembles an open 

circuit, therefore the system follows Ohm's law, 

V,.(t) = i(t) 
G 

( 4.17) 

where V,. is the receptor potential, i is the transduction current , and G is the 

conductance of the ion channels. 

Suppose the corner frequency is 10 Hz, and the stimulation frequency is 5 Hz, 
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i.e. w« §, then the averagely charged potential is nearly 0. The capacitor charg

ing process is shown in Figure 4.15. 
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Figure 4.15: Capacitor charging process when the corner frequency is lower 
than the stimulus frequency (corner frequency = 10 Hz, stimulus frequency = 

5 Hz). V8 is the transduction potential, Vr is the receptor potential. 

When the stimulation frequency becomes higher than the corner frequency, w > §, 

the conductivity of the RC parallel circuits starts to increase. The portion of trans

duction current that contributes to charging the basolateral membrane potential 

increases accordingly. Therefore the resting transduction current becomes more 

and more negligible. 

If the stimulation frequency is higher than the corner frequency but not too much 

higher than the CF of the cochlear section, then the receptor potential of the 

OHC, Vr , is the solution to the equation below: 

i(t) = GVr(t) + cd~it) ( 4.18) 

where i is the transduction current, G is the conductance of ion channels, and C 

is the capacitance of the ion sheets across the OHC membrane wall. The equation 
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4.18 can be converted in a standard form 

dVr(t ) G V: ( ) = i(t) 
dt + C r t C ( 4.19) 

where 

i(t ) = M·coswt 

M is the magnitude of the transduction current, here M=l. The receptor poten-

tial is 
M Cw c 

V..= V cos(wt- arctan-G ) + ce-ct 
G2 + (Cw)2 

(4.20) 

where c is an arbitrary constant. If we increase the stimulation frequency from 

the previous example to f = 20 Hz (f is frequency in Hz) , then w > § and the 

capacitor mean potential is increased to 0.25, as shown in Figure 4.16. 

Figure 4.16: Capacitor charging process when the corner frequency is higher 
than the stimulus frequency (corner frequency = 10 Hz, stimulus frequency = 
20 Hz). When stimulus frequency is greater than the corner frequency of the 
OHC, a greater DC receptor potential appears. 

At this point the OHCs have the tendency to function and nonlinearize the re-
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sponse of the cochlear partition of the same site. That is to say, when Vr increases, 

the OHC is apt to be depolarized and the hair cell body contracts. When the 

stimulation frequency keeps growing toward the CF of the cochlear section, even 

though the increase of w tends to compromise the membrane potential (because w 

is proportional to the conductance), the increase of the transduction current due 

to increasing mechanical response of the basilar membrane, M puts the membrane 

potential to a rising state, therefore the OHC gets shorter. However, when w is 

too high, there is less current in each stereocilia deflection delivering less charge 

to the capacitor, therefore the membrane potential drops with the decrease of the 

transmembrane current. 

Several electrical elements are chosen to form this circuit. Here we describe the 

circuit elements before showing the full circuit diagram for the OHC model. 

V Endolymph 

A constant value to represent the constant potential provided by 

the stria vascularis. As we mentioned earlier, the outermost three 

cell layers of the stria vascularis provide a positive charge to the 

scala media, which is around +80 mV. Note that the OHC intracellular potential 

is about -70 rnV, therefore the Eudolymph-iutracellular poteutial difference is 

around 150 mV. Also see stereocilia controlled voltage source below. 

V silent current 

' T Vsilentcurrent A DC voltage source. Even when no sound input comes in, the 

' OHC in a healt.hy ear is usually in an "active" state. A so-called 

'silent current' also passes through the transduction channels 

in the stereocilia bundle. Thus a voltage source of 20 m V is added to provide the 

"silent cmTent ". 
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Transduction current direction 

--11 ------[)1-- ....,_ A diode. The K + ions flow into the hair cell via the stereocilia 

transduction 
current dtrection 

transduction channels. Due to a huge endolymph-intracellular 

potential difference, the ions flow only in one direction, i.e. they 

do not flow out into the scala media through these transduction 

channels. A diode is used for this reason. The K+ ions flow from the perilymph 

into the scala tympani, through the stria vascularis, and back to the endolymph. 

Then this current splits into two major routes before completing the circle. One 

route is through the supporting cells and back to the stria vascularis; the other 

enters the sensory cells, and goes toward the perilymph and the stria vascularis 

(Mammano et al. 2007). The present model focuses on the second route. Therefore 

the circuit consumes only a fraction of the total K + current. 

• 
:onuoaed Voltage Sourte 

Voltage source controlled by mechanical move

ment of hair bundles 

resistance. 

A controlled voltage source for the outer hair cell cir-

cuit. According to Ohm's law, an electrical current go-

ing through a resistor is equivalent to the voltage dif-

ference between the two ends of the resistor divided by 

the resistance, ~, where R is inversely proportional to 

the probability of opening of the transduction channel. 

This is equivalent to an alternating voltage over a static 
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R sm (Rscatamedia and Rscatatympani) 

--/111/L- A resistor. Currents from the OHCs flow through two scalar resis-

R_sm tances (scala media and scala tympani) toward the vascular system-

the electrical 'ground'. For simplicity, a resistor is created to include 

both, as Rsm=3e6 Ohms. 

' l 
VrevT 

' 

V intracellular-perilymph 

A DC voltage source. We remember that the boundary between 

endolymph and perilymph that exists in the inner ear does not occur 

at the basilar membrane but at the reticular lamina (Geisler 1998). 

The OHC lateral wall is directly exposed to the perilymph that fills the organ 

of Corti, and the basolateral membrane maintains a negative reversal potential 

compared to an extracellular reference potential of 0 m V. Vrev = Vrevl =0.07 V. 

~ 

~ R oas 

' 

' j_ 

T 
-:._035 

• 

R basolateral membrane 

A resistor. The conductance of the basolateral membrane is mod-

elled here as its inverse, which is a resistance Rbasotateralmembrane· 

C basolateral membrane 

A capacitor. The capacitance of the ion sheets across basolateral 

membrane . 

V m 

A voltage measurement. The basolateral membrane po

tential is the charged potential across the ion sheets on 

either side of the membrane. 
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R voltage dependent potassium channel 

~ 

K Ch ~ 
i 

A resistor connected to a diode. When the membrane 

potential rises to more than -35 mV, a group of selec-

tive channels open. They let potassium ions flow out 

V-dependent _], 
current direction T of the cell. A diode of 0.035V forward-voltages is cho-

sen so that the current flows as soon as the potential 

difference across the diode is greater than or equal to 

0.035V. Once this branch is conducting a current, the 

time constant of the capacitor discharge is shortened due to increased conduc-

tance. 

~ 
_L 

Perilymph potential 

A ground symbol. The electrical potential in the scala tympani 

(perilymph) is usually considered to be 0 m V. Therefore an electrical 

'ground' is added to the circuit. 

Putting all the elements into position as in Figure 4.17, a Resistor-Capacitor 

circuit which simulates the electrical properties of the OHCs is constructed. 

At rest, i.e. when there is no input to this circuit, only direct current (DC) flows. 

As we mentioned earlier, the reversal potential of the OHC to the perilymph, as 

well as the silent current source, provide power to the system. This power main-

tains the resting potential of the OHC, Vm = -0.07V. 

When there is a sinusoidal input signal, mechano-electrical transduction occurs 

at the hair bundle. Stereocilia in the hair bundles are deflected together via the 

tip link, which opens more transduction channels to let more potassium ions flow 
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Figure 4.17: Electrical circuitry analogy of the OHC with mechano-electrical 
transduction voltage as input and membrane potential as output. Rsm repre
sents the resistance in scala media and scala tympani. V'sitentcurrent is a DC 
voltage source to produce ··silent current". Transduction current direction is 
a diode which restricts the K+ current direction on the transduction channel. 
Rbas is the inverse of the conductance of the ion channels in the basolateral 
membrane. Cbas is the capacitance of the ion sheets across the basolateral 
membrane. Vrev is to maintain the negative intracellular resting potential of 
the OHC. Kch is the inverse of the conductance of the voltage dependent K+ 
channels on the basolateral membrane. V-dependent current direction is a 
diode which restricts the ion flow direction, i.e. only outflow is allowed. Vm 
represents the membrane potential of the OHC. 
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4.3. AN ADAPTIVE NONLINEAR COCHLEAR SECTION 

in, and closes all channels to stop potassium inflow. This happens in a periodic 

manner in response to the input. The circuit is designed to emulate this pro

cess by adding a forward voltage to the diode in the current direction, Vfarward 

= Viransdu_min + Vauclose + Vdarkcurrent, where Vauclose = V,.ev· If the transduction 

channels are all closed, then an open circuit forms and the current is zero. Thus 

the membrane potential is nearly equivalent to the reversal potential, because 

there is close to zero potassium current flowing through the basolateral mem

brane. When the input signal falls, so does the transduction potential, i.e. the 

hair bundle deflects to a point where all transduction channels are closed, the 

currellt direct.iou diode is tumfd off and tllf trausductiou currellt becmues 7.ero. 

When the signal rises, the transduction current again follows, and the membrane 

potential increases. However, when the membrane potential is increased to a cer

tain value, voltage-dependent potassium channels on basolateral membrane open, 

which increases the conductivity, and brings the membrane potential down. This 

is implemented by the voltage dependent current diode. 

4.3 An adaptive nonlinear cochlear section 

A mechanical factor decides the maximum resonant vibration magnitude if the 

attributes of the system are fixed. Thf maguitude iucreasfs liuearly with the 

stimulation level. The OHC, however, nonlinearizes this procedure- it drives the 

cochlear section to vibrate at extremely low stimulation levels and reduces this 

positive effect by saturating at high stimulation levels. This stimulus dependent 

change in gain is something a linear system cannot achieve. 

The OHC membrane potential (Vm) is influenced by the mechanical input, and the 

resulting changes in OHC morphology in turn affect the mechanical attributes of 
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the cochlear section, which influence the vibrations of the section, and thereby the 

OHC membrane potential. This forms a feedback loop. As we have discussed, the 

time period of each deflection cycle for the hair bundle on the OHC is inversely 

proportional to the stimulation frequency. For the same level of vibration, Vm 

reaches higher values in response to lower frequencies than in response to higher 

frequencies due to the time course of the transduction current. The larger the 

Vm, the more the OHC will contract, if not saturated, and it will exhibit lower 

stiffness. The shorter the OHC, the t,hinner the cochlear section and the change 

of axial stiffness of the OHC contributes to the axial stiffness of t.he cochlear sec

tion. This process temls t.o "prod" the clisplace!llellt, of the lllechanical vibrar,ion 

until it reaches its equilibrium state. Therefore the hair cells are more inclined 

to depolarise at lower frequencies than at higher frequencies. This phenomenon 

contributes to the feedback gain. 

When the OHC membrane potential falls within a certain range, the attributes 

of the cochlear section start to change due to the shape change of the OHC, and 

the actual response alters accordingly. This new change feeds into the system and 

causes the affected section t.o respond more strongly towards its new preferred 

frequency. 

The change in mechanical attributes are determined by the OHC membrane po

tential for a healthy cochlea. The (~, w0 ) pair moves toward smaller values as the 

OHC beco111es shorter ami less stiff when Vm increases. What we consider now is 

how to map the change in V m to changes in (~, w0). A function optimisation study 

was conducted in order to determine this relat,ionship. Functions were fitted to 

r,he length and stiffness data (Snntos-Sacchi 1992), as shown below in Figure 4.18, 

the fitting function is shown in Equar.ion 4.21. 
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Figure 4.18: Outer Hair Cell length change in percentage as a function of 
lHcmhrall<' poteutial fitted by a I3oltt-:1llalllt timdiou (the lcugth of the OHC is 
about 60 J.Lrn ) (Santos-Saccbi 1992). The Boltzrnann fi tting function is shown 
in Equation 4.21. 

(4.21) 

where 

bo = 0.0381 bl = 28.0549 b2 = 24.1106 b3 = - 0.0314 

The stiffness change function of Vm (He & Dallos 1999) is shown in Figure 4.19, 

the fitting polynomial is shown in Equation 4.22 

(4.22) 

where 

ao = -29.98 a1 = -0.5307 a2 = 0.0002152 a3 = 4678e-005 a4 = 3.087e-007 

90 



4.3. AN ADAPTIVE NONLINEAR COCHLEAR SECTION 

-;::R 
~ 
f/) 
f/) 

Cl> 

:E .. 
Cl) 

<I 

Outer Hair Cell Stiffness(V ) 
m 

100~--~----~----~----~--~ 

50 

0 

-~~00 -150 -100 -50 0 50 
Membrane Potential (mV) 

Figure 4.19: Outer Hair Cell stiffnes percentage change function of membrane 
potential (He & Dallas 1999) fitted by a polynomial, see Equation 4.22. 

The membrane potential induced changes in length and stiffness cont ribute to the 

new mechanical response. It is reasonable to consider that the cochlear response 

is correlated to the membrane potential of the OHC; therefore the response of the 

cochlear section where the OHCs are located is used as the feedback signal to the 

OHCs. 

4.3.1 System structure 

If the receptor potential is used as the amplitude criteria (iso response) for the 

OHCs and IHCs, and the iso-displacement for the basilar membrane, then we see 

that their tuning curves in t he 18KHz region of the guinea pig cochlea are quite 

similar, as shown in Figure 4.20 (Kossl & Russell 1995). A close relationship be

tween the OHC AC receptor potential and the basilar membrane displacement can 

be observed. This implies that the transduction potential of the OHC is highly 

correlated with the displacement of the basilar membrane. Sound wave-evoked 
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vibration of the basilar membrane feeds back to affect the stereocilia ion-channel 

conductauce, or deflection angle of the OHC, which results iu OHC membraue 

potential fluctuations. Therefore. the basilar membrane movement can be em-

played to be fed back to the transduction potential voltage source of the OHC in 

the model. Through this link the two parts, i.e. a damped resonant system and 

an OHC electrical circuit analogy, are connected. 

80 
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CL 60 
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CD :s. 
Qj 

40 > 
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:::1 20 0 
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10 30 

Frequency (kHz) 

Figure 4.20: Frequency tuning curves of hair cells and basilar membrane. Cri
teria: 0.35 nm for the basilar membrane, 0.5 mV AC receptor potential for 
OHC, 0.8mV DC receptor potential for IHC (Kossl & Russell 1995). A close 
relationship between the OHC receptor potential and the basilar membrane 
displacement can be observed. This implies that the transduction potential of 
the OHC is highly correlated with the displacement of the basilar membrane. 

The design of the complete model circuit is shown in Figure 4.21. The OHC ba

solateral membrane conductance ( Gbas = -R1 
) and capacitance ( Cbas) have been 

ba$ 

assigned based on guinea pig OHC data. The data of the change in OHC axial 

stiffness, as well as the change in cell body length versus membrane potential, 

are modelled in the figure as orange and magenta coloured squares, respectively. 

The percentage change of the length (l.6cl < 1) and stiffness(l .6kl < 1), as shown 
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in the Length Change Lookup Table (in magenta) and Stiffness Change Lookup 

Table (iu orauge) . sec Figure 4.21 , feed back to tbe dimension aiHl :stiffi1ess of the 

cochlear section, so that the new k and care 

knew = ~ ( 1 + ~k) 
m m 

(4.23) 

Cnew = ~ ( 1 +~c) 
m m 

(4.24) 

The output of this model , either displacement or velocity, can be measured as 

a function of the stapes displacement. Each cochlear section is characterised by 

the parameters R008 , C008 , k/m, and cfm. Stiffness and length lookup tables Yar:v 

according to the CF of the cochlear section. The rest of the parameters are 'uni

versal ' across the cochlea. Responses of the model corresponding to one cochlear 

section (CF = 100 Hz) to different tones are shown in Figure 4.22. In thi fig

ure, the stimuli and responses in several aspects (the OHC membrane potential, 

transduction current , and the basilar membrane velocity) are :shown with different 

input frequencies of the same amplitude. 

Depending on the initial conditions and inputs , a nonlinear system produces be-

haviour of great richness. r onlinear equations are usually difficult to solve analyt-

ically. Powerful tools such as Laplace and Fourier transformations do not apply 

to nonlinear systems. However , the system behaviours are guided by resonance 

theories. 
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Figure 4.21: The computational model of the feedback damped resonant system comprises the outer hair cell electro
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Figure 4.22: Responses of the model when CF = 100Hz and tone frequency 
= (a) 90 Hz, (b) 100 Hz, (c) 110 Hz. Top panel: The stapes displacement. 
2nd row: Outer Hair Cell Membrane Potential. 3rd row: Outer Hair Cell 
Transduction Current. Bottom: Basilar Membrane Velocity. 

4.3.2 Efferent implementation 

The olivocochlear bundle is the last stage of the mammalian auditory efferent 

pathway, whose cell bodies are located in the Superior Olivary Complex and whose 

axons project onto the cochlear OHCs. The Medial Olivococlear Complex (MOC) 

is the best understood as a projection of olivocochlear system (Guinan 1996). It 

has been ob erved that MOC efferent signals could eau e the outflow of positive 

ions in the OHC, which could be equivalent to decreasing the resting potential 

and reducing the chance for the hair cell to be depolarized from the same sound 

stimulation. Thus the model OHC resting potential can be reduced with each 

efferent signal. 

The well known effect of :\10C efferent activity is to damp the cochlear response, 
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thus increasing the threshold for the same stimulation. Dallas et al. (1997) found , 

however, that for individual OHC~ the ACh-iucluced iuhibitory effect iucrease~ the 

motile response of the OHC. The experiment was conducted on isolated OHCs 

from young albino guinea pigs. In the whole-cell voltage-clamp mode, when ACh 

i applied, the range for the change of the cell length becomes larger, and stiffness 

becomes smaller. 

stimulus 

control 

Figure 4.23: Calcium ions are shown to be important for ACh-induced efferent 
df<'cts 011 OHC d<'ctrotnotility. Position of isolated OHC cnticnlar plate cltang(' 
as electrical stimulation change with time. When only ACh applied without 
calcium ion the OHC motility is not affected. \Vhen calcium ions are included 
the OHC motility is greatly enhanced (Dallos et al. 1997). 

We notice in Figure 4.23 that Ca2+ plays an important role in the efferent effect 

on the OHC motility. Frolenkov et al. (2003) also demonstrated in their experi-
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rnent t.hat the stiffness of the OHC is related to the intracellular concentration of 

free Ca2+, i.e. the stiffness decreases with iucreasiug iut racellular couceutration of 

Ca2+. They suggested that the seeming elongation of OHC that occurs with the 

introduction of ACh is not likely to be driven by circumferential contraction of the 

lateral wall, but is a passive mechanical reaction to the decreased stiffness. This 

implies that with increased intracellular concentration of Ca2+, the damping ratio 

~ of the OHC increases due to its relation hip with stiffness k which decreases, as 

we discussed earlier, ~ = 
2
Jicm. An over-damped response increases the isolated 

OHC motility and therefore the cell is even more depolarized. Increased baso

latf'ral membrallf' roucluc.tivi ty iuducf's 1norf' outflow of K +, and tries to bring 

the membrane potential down. Therefore a battle for a new balance between two 

forces starts. If the over-damping force wins, the cell is depolarized. Free Ca2+ 

concentration decides the degree of reduction in stiffness on one side of the battle

field; it also increases the K + conductivity of the OHC wall thus tending to bring 

the stiffness up as Vm decreases, which is another side of the uattlefielcl. Therefore 

we may consider intracellular free Ca2+ the bullet which starts the war between 

the two sides. Based on Cooper's experiment, the force of over-damping is more 

significant in the slow effect (Cooper & Guinan 2006). Therefore the damping 

ratio of the cell becomes greater and natural frequency lower, which means a gain 

reduction. Therefore for the same amount of input, the response is lower. 

This efferent modulation of OHC membrane properties theoretically left-shifts 

thf' sr.iffnf'ss modification fmlC'tiou as clraw11 iu magf'uta iu Figurf' 4.24. For tlw 

same receptor potential caused by the transcluction current , when an efferent sig

nal comes in, the stiffness of the outer hair cell will change slightly. 

This change doesn't last long - as soon as the efferent signals withdraw, the func-
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Figure 4.24: ACh induced efferent effect on OHC electromotility. The calcium
induced stiffness modulation can be modelled by left-shifting this curve, as 
shown in red line (Dallos et al. 1997). 

tions shift back to their original position. Therefore the membrane potential of 

the OHC undergoes an interesting process as a result of which the cochlear sec-

tion constant ly changes in respon e to both sound stimulation aud efferent signals. 

In this chapter we have described an adaptive nonlinear model. Based on the law 

of conservation of energy, the response follows the 2nd order differential equation 

of a damped-resonant system. This provides the physical basis for the cochlear 

amplifier. Changes in stiffness and length decrease the gain of the amplifier, which 

leads to a compression. 

The current study sheds light on the understanding of the nonlinear nature of 

the cochlea as a result of changes in t he morphology of the OHCs. This view of 

the cochlear section, as a dynamic interaction between active OHCs (which play 

a critical role in stimulus-driven adaptation) and a passive basilar membrane, is 
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very innovative. In addition, a comprehensive circuit analogy has been designed 

to demonstrate these dynamics. 

The next chapter will present model simulations of some well known nonlinear 

aspects of the cochlear response. 
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Chapter 5 

Results 

After constructing the model based on physiological data regarding the basic 

structure of the cochlear partition, our next question is: will this model explain 

real biological data? In this chapter, we simulate typical nonlinear behaviours of 

the cochlea recorded from either the basilar membrane in vivo or the ear canal in 

living mammals based on the theory of a damped resonant cochlear section with 

adaptive coefficienr . 

The electrical properties of the outer hair cell (OHC) membrane versus OHC 

length for the whole cochlear partition are shown in Figure 5.1. These basic ele

ments for the model were extracted from biological data. 

Changes of axial stiffnes and length of the OHC body are both determined by 

its membrane potential. This one-to-one mapping extracted from classic isolated 

low characteristic frequency (CF) OHC compliance measurements (Figure 5.2) is 

assumed to be fast enough to be able to phase lock to very high input frequen

cies. The membrane electrical properties determine the OHC motility by taking 

in stereocilia bundle input. 
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Figure 5.1: Specific Couductance. Specific Capacitance. Corner Frequency of 
the OHC of different lengths and their corresponding CFs at the cochlear sites 
where they reside. The model uses biological data (upper two panels) (Geisler 
1998), which produce particular OHC corner frequencies corresponding to the 
best frequencies of the cochlear sections upon which they reside (lower two 
panels). 
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Figure 5.2: A schematic drawing of OHC electro-mechanical transduction. The 
coloured blocks are from the SIMULINK model. During each period of OHC 
membrane potential (Vm) fluctuation around the resting potential, the stiffness 
(upper waveform) and length (lower waveform) of the OHC change as shown. 
Notice both changes are in the opposite direction to the Vm. 
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5.1. ELECTRICAL RESPONSE OF THE OUTER HAIR CELL 

5.1 Electrical response of the Outer Hair Cell 

Intracellular recordings of OHC membrane potential in vivo require a great deal of 

precise and careful work. Dallos (1985a) managed to observe electrical responses 

of OHCs at a low CF cochlear location in anesthetized albino guinea pigs, by 

inserting a recording electrode through the cochlear bone to reach the OHC (Fig

ure 5.3). For that the intracellular potent ial of the OHCs is different from their 

vicinity, the successful arrival of electrode to the OHC can be confirmed by look-

ing at the electrical potential, even though there is no direct visual access. 

sv 

OHC IHC 

Figure 5. 3: A cross-section of the cochlea shows how a recording electrode 
reaches one of the OHCs(Dallos 1985b). The abbreviations iu the figure: (sv) 
stria vascularis (he) Hensen's cell (tm) tectorial membrane (rl) reticular lamina 
(ot) outer tunnel (de) Deiters ' cell (OHC) outer hair cell (ns) Nuel space (pc) 
pillar cell (IHC) inner hair cell (is) inner sulcus. The scale shows units of 
micrometres. 

The magnitude of direct current (DC) and alternating current (AC) in the mem-

brane potential of the OHC has been recorded at cochlear apex location. Different 

sound levels are presented and the recordings are shown in Figure 5.4. The model 
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result is shown at the right. Note the AC gain is relatively large at low levels 

therefore maybe inducing greater negative damping, which will be discussed in 

Chapter 6. 

The receptor potential re ponse function to different timuli frequencies is shown 

in Figure 5.5. The model results plotted next to the animal results demonstrate 

qualitative imilarities (OHC electro-mechanical fingerprint i tuned for BF=800 

Hz) . The electrode (as shown in the figure) increa c the resistance of the section 

to motions. This may explain why the receptor potential is relatively small. We 

should also retuetuher that. the ourer middle ear filtrr i 11ot itwluded, which prob

ably is the reason for slight deviation between the animal and the model result 

function . 

These smoothly changing membrane potentials provide a graded representation 

of the sound intensity during the playing of the sound. 

The electrical property of the OHC is important for the study of cochlear nonlin

earity, due to its close relation with the mechanical modulation of the cell body, 

and its function in feeding the response back to the system. The gain of the 

system is constantly changed if the input stimuli are sinusoidal. The cochlear 

ection response influences the OHC membrane potential; the membrane poten

tial triggered mechanical change influences the system gain thus influencing the 

cochlear section response. Equilibrium will be reached after a transient stage. 

The response becomes stable as long as the stimuli persist. 

Just as in any physical object, there are limitations. The mechanical change 

for each OHC only varies within a limited range of membrane potentials, and 
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Figure 5.4: The AC and DC receptor potentials of the OHCs in response to 
increasing sound levels of CF frequency, in animal (a) and the model (b). The 
OHCs recorded are located at the apical area (CF = 800 Hz) of the cochlea. 
Time responses to dilfcrcut souud levch; are showu <tt the right. The electrode 
(as shown in Figure 5.3) increases the resistance of the section to motions. This 
may explain why the receptor potential in animal experiment is relatively small. 
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Figure 5.5: Frequency response function (left: AC, right: DC) at five sound 
levels from (a) (b) guinea pig and (c) the model (CF = 800 Hz). Note the 
model result does not include the outer middle ear function. 
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only up to a certain degree. We already know that the membrane potential is 

usually in the range of -140 mV to 40 mV as a result of electrical and chemical 

characteristics of the cell 's environment. Therefore it might be easier for us to 

think that each OHC has a "fingerprint" of mechanical properties, and this very 

fingerprint influences the gain of the site it resides on, as well as distinguishes 

itself from the other OHCs at other cochlear locations. 

5.2 Compressive nonlinearity 

It has been observed that the response characteristics of the basilar membrane in 

normal living cochleae are both frequency and level-sensitive (Robles & Ruggero 

2001). The Quality factor of the response curve measured as the basilar membrane 

velocity is large at low sound levels and decreases as the sound level increases, 

and the peak of the tuning curve moves towards lower frequencies as the sound 

level increases. 

The cochlear partition response can be 10,000 times larger than the response 

of the stapes to weak stimulation. As the intensity increases, the cochlear parti

tion to the stapes response ratio drops abruptly (Robles & Ruggero 2001). 

Based on my model: 

1. The parameters of the resonance module can be set for the BF = 9000 Hz. 

2. The RC circuits of the OHC can be set as shown in Figure 5.1 (Corner 

Frequency) 
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Figure 5.6: Chinchilla frequency-level-response curve (Robles & Ruggero 2001). 
The curve is sharper at lower sound levels. As the sound level increases, not 
only does the curve become less sharp, but also the best responding frequency 
shifts toward lower frequencies. 
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However , the check table for the change of stiffness and length of the cell body in 

response to the membrane potential is for OHCs from low CF location, i.e. the 

finger print of the OHC does not match the CF location of the basilar membrane. 

Therefore we need to fit the parameters to the CF of the measuring point in this 

experiment. 

Now comes the problem of looking for the parameters of Equation 4.21 and 

4.22, in order to fit the nonlinear gain function of the chinchilla as shown in Fig-

ure 5.7, which is derived from Figure 5.6. 

The gain of the particular cochlear section with natural frequency of w0 and damp

ing ratio of ~ is the magnitude of the solution to the 2nd order inhomogeneous 

differential equation. 

A= Level 
J (w2 - (27r !)2)2 + (2~wo27r !)2 

(5.1) 

Bringing ~ = 
2
J/;n, w0 = ~ to the equation we get the gain as a function of 

cochlear part ition stiffness and length. 

A= Level 

J(~- (27rf)2)2 + [22Ji<m ~21rjj2 
Level 

(5.2) 

NotE' WE' havE' ao knowledge of thf' origiual value~ of stifhlf'Ss all(l lf'ugth of t ltf' 

cochlear partition. Therefore, we suppose k0 , eo are the original values of stiffness 
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Figure 5. 7: Level response gain functions extracted from Chinchilla data at CF 
= 9 kHz (Robles & Ruggero 2001). We can see from this figure that the gain 
of the cochlear section decreases with the input level, to those frequencies that 
are close to the CF. The steepest curve is the response to the tone frequency 
of the CF. 
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5.2. COMPRESSIVE NONLINEARITY 

and length (at rest state). 6.k, 6.c are the changes of each value. Then the am-

plitude function can be written as, 

A= Level 

V(~ (1 + 6.k) - (2nf)2)2 + (~(1 + 6.c)2nf)2 
(5.3) 

In actual animal experiments, the best responding frequency (wr) of the basilar 

membrane location of interest is measured at the beginning as a preparation pro

cedure. Suppose the damping ratio is ~0 , the initial ~' ~ can be replaced by, 

(5.4) 

(5.5) 

So we have the gain function written as, 

A= Level (5_6) 
/(( wr ) 2 (1 + 6.k)- (2nf)2)2 + (2~ wr (1 + 6.c)2nf)2 V Vl- 2(o2 ~ 

We have known that the change of stiffness and length of the OHC, i.e. 6.k and 

6.c, are functions of the membrane potential, Vm . And Level is, 

leveldB 
Level = Pre f · l0-2o- (5.7) 

Where Pref i the reference pressure, which u ually is by definition the pressure 

of the weakest tones that average human can hear, typically 20 x w-6 Pascal or 
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Newton/m2 
. And leveldB represents SPL level in decibels. 

Thus, 

10
LeveldB 

Pref . 20 

A=--;===================== 
(Cqrt~--2~0 2 ) 2 (1 + 6.k) - (2n /)2)2 + (2~ A(1 + 6.c)2n !)2 

(5.8) 

Where, 

6.c= 

With the knowledge of the initial best responding frequency, the level response 

fuuction of the chiuchilla results eau be fitted with 20log....L , by searching for 
Pref 

the most suitable parameter set of ~o , ao, a1, a2, a3 , a4 , bo , b1 , b2 b3, StartVm, 

EndVm, with constraints of 

bo 
- 1 < --=vm-+--:-b-1 + b3 < 1 

1 + e b2 

Therefore, the amplitude response of the system to the incoming sound level can be 

simulated. The logarithmic amplitude of any sound can be determined simply by 

taking the logarithm (base 10) of the ratio of that sound's pressure compared to a 

reference pressure. Finding parameters by maximizing a function and maximizing 

its logarithm are equivalent; we can use the logarithm of the pressure ratio in place 

of the pressure in the fitting procedure. For sound pressure p, for example, the 
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5.2. COMPRESSIVE NONLINEARITY 

corresponding decibel sound pressure level (dB SPL) is calculated as 

P = 20 log _E__ 
Pref 

Where pis the incoming pressure in Pascals, P in decibels. 

(5.9) 

If 0 dB SPL represents our most sensitive thresholds and 140 dB SPL represents 

painfully and dangerously loud sounds, the range of incoming sound pressures with 

which the ear must deal covers more than seven orders of magnitude, whereas its 

output signals (the firing of auditory nerve fibres) are functionally limired in rate 

to approximately two orders of magnitude (Geisler 1998), which means there is 

a compression in the process by which a sound signal is transferred through the 

cochlea. 

Suppose p1 and p2 are two pressures in Pascals, P1 and P2 are their correspon-

dences in Decibels. Then 

20log p2 = 20log(~(p2 ) ) 
Pref Pref Pl 

P1 P2 
= 20log- + 20log-

Pref Pl 
(5.10) 

Therefore, 

(5.11) 

As sound pressure p increases in a linear manner with a slope of r , the sound 

pressure level P will increase linearly with a slope of 1, plus a constant 20 log r. 

In other words , linearity means that with every order of magnitude by which the 
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5.2. COMPRESSIVE NONLINEARITY 

pressure p1 increases or every unit by which the sound level pressure P1 increases, 

the sound pressure level P2 increases by a gradient of 1 above a constant value, 

which is proportional to the 10th logarithm of r. 

For the case of a nonlinear relationship, however, p2 is no longer proportional 

to p1 . Thus the relationship between P2 and P1 is slightly more complicated due 

to an involvement of the non-constant 20 log r. Therefore the equation above is 

written in a more general sense as shown in equation below. 

P2 = P1 + 20log r (5. 12) 

If r is constant, p2 is linearly proportional to p1. If r is non-constant, P2 and p1 

are in nonlinear relationship. 

The response level figure (Figure 5. 7) of the chinchilla cochlear section provides 

clear comparison . Suppose the input sound level is P1, and response level is P2 ; 

Figure 5.7 shows the nonlinear response, i.e. 20logr. We may notice that r is 

large at low P1 , and gradually decreases as P1 increases. 

In order to build a model that conforms to biological data, the ( nonlinear) gain 

SPL rt>spoHst> should h<· fir,wd to fi11d tlw hesr rurws for OliC length a ll(! stifhwss 

change. The (~,w0 ) trajectory is expC'cted to be unique if stiffness-Vm and length

Vm are fixed (Figure 5. ). The change of stiffness and length are shown below. 

Within the range of mechanical attributes altered by OHC electro-mechanico

electrical transduction, the model is able to reproduce the chinchilla cochlear 

response, when a certain Vm range is chosen for each frequency. The result is 
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Figure 5.8: Best fit stiffness change (upper) , length change function (middle) , 
and the resulting trajectory at (~,wo) plane (bottom). The functions are derived 
from Equation 4.21 and 4.22 with newly fitted parameters. 

shown as below. 

If the Vm is proportional to the pressure stimuli and uniform across all frequencies 

(Figure 5.9b), the gain is shown in Figure 5.9a. 

Comparing this to the chinchilla data shown in Figure 5.10 below, we notice the 

overall gain range is approximately the same as in the animal results. However, 

the nonlinear gain for each frequency is around 20 dB to 30 dB less than in the 

animal data. 

The reason could be that there are other factors influencing the nonlinearity of the 

cochlear response. For example, the fluctuation of the cell body electro-motility 

could provide an extra force on top of the fluid force the basilar membrane re-
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Figure 5.9: The compressive responses of the model. (a) Nonlinear gain, i.e. 
basilar membrane responses in comparison to the stapes responses, for SPL 
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Figure 5.10: Level-response curve from the animal (upper) (Robles & Ruggero 
2001) measured at the location of CF = 9 kHz, and from the cochlear section 
model which is set at CF =9kHz (lower). The slopes of the gain functions to 
different input frequencies appear to be similar between animal result and the 
model response. 
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ceives. The model is capable of taking this 'negative damping' force into account 

as we will discuss further in Chapter 6. 

In response to high frequencies , the period for the deflection of the stereocilia 

is even smaller than the average period during which the OHC is at rest. Shorter 

clPflPcrion period m eau · l<'ss displarPJllent of the stereocilia i u each period, thus 

less transduction current (Stauffer & Holt 2007). Thi may eau e the membrane 

potential of the OHC to drop to an even more negative value than it is at equilib

rium state. The result of this process is the elongation of the OHC body and the 

iltcrPHIPltt of stiffliPSS of rlw basolareral wall. Thr gaiu should br largr ar low lrvel. 

An interesting coincidence is that the slope of both tiffne change and length 

change found from this fitting proce are smaller. The original data are from long 

OHCs at apex, i.e. low CF locations, while the location Ruggero et al measured 

is at a much higher CF location with shorter OHCs. This seems consistent with 

the compliance study of isolated OHCs across all cochlear locations (Hallworth 

2007). 

Not only is the model able to show the magnitude results of the basilar membrane 

response in vivo, it also fits surprisingly well on pha e re ponse from the same ex

periment. The basilar membrane phase change over levels has been demonstrated 

as nonlinear, in vivo. The model reproduces the phase changes with the same 

t.rPII(l as tlw auimal dat.a, sre Figure 5.11. Wr discuss t.hr sig11ificaucr of thrsr 

phase changes in relation to negative damping in chapter 6. 

For comparison purposes, the DRNL model result for the same data is shown in 

Figure 3.8 and 3.9 of Chapter 3, respectively. 
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Figure 5.11: Intensity dependence of the basilar membrane phase responses 
at location of CF = 10 kHz (a) in chinchilla in vivo experiment (b) in model 
rc:-;ult . The phases shown in the fig11rc an ' iu rcfC'n'ucc with th<' phase respou:-;cs 
to 80 dB sound level of tone frequencies. The model reproduced the phase shift 
behaviours observed in animal data. An input frequency below the CF causes 
the response phase lag with increasing sound level, frequency above the CF 
results in phase lead. 

In summary, the model is able to replicate the compressive response of the cochlea. 

This implies that nonlinear phenomena could be contributed by the OHC electro

motility. 

5.3 Two tone suppression 

Two Tone Suppression is the phenomenon that the response to one tone is reduced 

by the simultaneous presence of another tone. As inner hair cell and auditory nerve 

fibres are more sharply tuned than the basilar membrane, they re pond compara-

tively more strongly to the preferred best frequency than the probe tones, which 

are either higher or lower than the best frequency. 

The phenomenon of two tone suppression in auditory nerve fibre (ANF) firing 
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rate response has long been observed. When the suppressor tone is added to the 

pritue toue, the firing rate of the auditory nerve drops. But it l1as beeu proposed 

that the source of two tone suppression should be at the basilar membrane. 

Rhode & Cooper (1993) played two tones to cats while measuring their basi

lar membrane responses with a laser interferometer. In the experiment a tone of 

F1 =34kHz was presented alone, then a second tone with frequency F2 = 1 kHz 

was added with increasing intensity, whilst the basilar membrane location of CF 

= 34 kHz was monitored. The interesting phenomenon they found was that as 

SPL level of F2 increases systematically, the response of the monitored basilar 

membrane site to F1 is also suppressed systematically (Figure 5.12). 

So here we conducted the same experiment in the model. The result is impres

sively similar to the cat experiment (Figure 5.13). In the model, when the second 

tone is added, the section responds to both stimuli. The membrane potential is 

increased, thus the gain of the section is reduced. Again, the outer middle ear is 

not included in the model. Therefore, the second tone is assigned one of three 

levels: 0, lower and higher. The response ofthe model to the primary CF stimulus 

(F1) is shown in Fig 5.13a. Following the experimental convention of Rhode & 

Cooper (1993), the response at the primary CF location, when the secondary tone 

stimulus (F2) at a low level is added, is shown in Figure 5. 13b. When the level 

of the secondary tone increases, we can see the primary CF response is further 

reduced in Figure 5.13c. The amount of suppression is more than 50%. This ef

fect is naturally generated by this model without any change of parameters. The 

pattern of t he model's suppressed results are very similar indeed to the cat data. 

The hypothesis behind this model, i.e. that the change in physical properties of 

the OHCs may influence the basilar membrane response, appears to provide an 
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Figure 5.12: Two tone suppression in cats. (A) Entire basilar membrane re
sponse over 14 ms. (B) the basilar membrane response when the tone F1 played 
alone (C-J) the basilar membrane response when the level of the second tone F2 
increases (Rhode & Cooper 1993). Note the result (A) is the raw response and 
(B-J) have been high pass filtered from the raw response to remove frequencies 
below 20 kHz. This is reasonable because the AN is more sharply tuned than 
the basilar membrane. The level of F1 is 64 dB. The level of F2 is from 0 dB 
to 100 dB (B-J). 
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elegant explanation for the nature of the cochlear nonlinear mechanics. 
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Figure 5.13: The model results of two tone suppression. (a) The response to 
the primary tone which is played alone. (b) (c) shows the responses to both the 
primary and the secondary tones, with increasing level of the secondary tone. 
(b) corresponds to Figure 5.12(D) , and (c) corresponds to 5.12(1) . 

5.4 Distortion Products 

It has been reported that the ears actually make sound which can be recorded 

from the ear canal. This non-invasive technique widely used in clinics to evaluate 

the function of the inner ear is called OAE (Otoacoustic Emission). Kemp called 

it t he "cochlea echo" (Kemp 2003). When two tones of less than half an octave 

apart from each other are present at the same time, among the frequency corn-

ponents in the ''echo'' wave, not only the original rwo, but other frequencies are 

found. This is called Distortion Product Otoacoustic Emission (DPOAE). The 

most prominent one, relatively easily recordable from the ear canal, is the cubic 

DPOAE, the frequency value of which is the smaller input frequency (Fl) times 

two minus the larger input frequency (F2), i.e. 2Fl-F2. 

The source of this phenomenon has been proved to be inside the cochlea (Kemp 

2003). It has been reported that DPOAE is most detectable when the distortion 

product occurs at a "loudnes enhancement" centre, i.e. a very ensitive cochlear 
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Figure 5. 14: A typical recorded DPOAE using microphone from the ear canal. 

location. It has also been found that the cubic DPOAE is easily recorded when 

the frequency ratio f2/fl is around 1.2 in humans, rhesus monkeys, and 1.35 in 

cats (Geisler 1998). 

The recorded OAE is t he sum of the echo energy from all cochlear partition 

sites. If the model could reproduce the DPOAE frequency component at one site 

where CF = DPOAE frequency, then it means the model is capable of DPOAE 

phenomena. 

Figure 5.15a shows two frequencies of the same level (Fl ,F2) and the spectrum 

of the input stimulus. Figure 5.15b shows the recording at CF = 2Fl-F2 in the 

response of the present model. The third frequency is clearly shown in the figure. 

The model, in the absence of stimulation, is sensitive and on the edge of oscil-

lating. When stimulation is applied, the gain decreases with its level. However, 

when the stimulation is low, the gain is relatively large for the stimulat ed section. 

A mixture of two tones can introduce more frequency components, which are rela-
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Figure 5.15: Waveforms and spectrums of the input (a) and output (b) of 
the model. Waveforms (upper panel) and frequency components (lower panel) 
extracted with FFT of the input stimulus (the stapes stimulation) and the 
model response at CF = 1300Hz (i.e. 2Fl-F2). A distortion product component 
is shown in the response. 

125 



5.4. DISTORTION PRODUCTS 

tively small. If a cochlear section, with the characteristic frequency of one of these 

frequency components, is sensitive enough, the large gain will cause the section to 

resonate with the component. This is how this model generated DPOAE without 

modifying any parameters. 

The model can also generate other DPOAEs, such as those shown in Figure 5.16. 

The upper panel shows the frequency components of the input stimuli. The mid-

dle shows the cubic DPOAE (i.e. 2F1-F2). The bottom also shows 3F1-2F2 

DPOAE. Both the middle and the bottom panels show the model responses from 

the recordings at CF = DPOAE frequencies. 

Normalized stimuli frequency components ( F1 = 800 Hz, F2 = 900 Hz) 
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{b) Frequency spectrum of the model response at CF = 2Fl-F2 

Figure 5.16: (Continued on Next Page.) 
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Normalized model response frequency components ( CF = 600Hz ) 
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(c) Frequency spectrum of the model response at CF = 3Fl-2F2 

Figure 5.16: Frequency components extracted from both stimuli and the output 
of the model at distortion product CF (a: input signals. b: cubic DPOAE 
recorded at CF = 2Fl-F2. c: another DPOAE recorded at CF = 3Fl-2F2). 

5.5 Medial olivocochlear efferent simulation 

To understand the nonlinearities in the changes in the physical properties of the 

OHCs, we must consider the membrane potential of the cell and the K + current 

flow through the cell. The membrane potential is proportional to the degree of 

shortening of the cell body, i.e. the higher membrane potential is, the shorter the 

OHC body berollles (the more it contracts). The net influx rate of K + during 

stimulation I K+ , decreases as the membrane potential increases. This is because 

there are voltage-dependent potassium channels distributed on the basolateral 

membrane of the OHC with a threshold of -35 mV (Geisler 1998), and this leads 

to an efflux of K +. When acetylcholine (ACh) is released from the pre-synaptic 

efferent nerve terminal by an action potential, it binds the post-synaptic acetyl-

choline receptor (AChR) at the base of the OHC body, and this leads to the influx 

of Ca2+. With many repetitions of this process, the intracellular concentration of 

Ca2+ could become relatively high. This in turn opens up the calcium-dependent 

potassium channels and induces the effiux of K +, i.e. a current IK+ _[Ca2+J. 

As IK+ _ [Ca2+J is dependent on the intracellular concentration of calcium, [Ca2+], 
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which decreases slowly after each ACh application, and there is IK+ _v"' related 

to tlte membrane poteutia1, which ma:v poteutiall:v go up, the efflux of K +, could 

persist for a relatively long period of time, even after the efferent signal has ceased. 

The changes in OHC membrane potential and intracellular Ca2+ concentration 

are the main electro-chemical changes reported during the application of the ef

ferent signals (Dallas et al. 1997). For the reasons outlined above we assume that 

this process is characterized by a quick onset and a slower offset or recovery, and 

that the offset time constant increases with the number of efferent applications. 

Cooper and Guinan recorded the displacement of the basilar membrane with and 

without MOC stimulation. Their results are as shown in Figure 5.17. The model 

behaves in a similar way, as shown in Figure 5.18. 

The slope of the basilar membrane level-response function increases after the 

application of ACh. The main gain drops the most at low to mid SPL. In the 

model, the stiffness-change membrane potential function is shifted in the direction 

of lower poteutial. · to simulate the fact that stiffltess decreases after ACh applica

tion. The results of the model clearly show the same slope change as the animal 

results. However, because there are time-dependent issues, for example the intra

cellular Ca2+ circulation/dispersal time, it takes a certain amount of time for the 

balance to be reached. 

So far the simulation has demonstrated one clear theoretical principle: as OHC 

membrane potential increases, the natural frequency of the cochlear section de

creases, and the damping ratio increases. Based on this principle, together with 
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Figure 5.11: Level-response function of guinea pigs with or without MOC stim
ulations. Level-Response function recorded from guinea pigs in normal condi
tions (blue line) and with MOC stimulation (green dashed line), at CF = 18 
kHz (Cooper & Guinan 2006)). 
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Figure 5.18: Model result (CF = 9 kHz) for ACh induced efferent effect by 
shifting stiffnes change function leftwa rds as shown in Figure 4.24. 

Ca2+ -iuclucecl stiffue::;::; reductim1 of OH C lateral wall atLrilmted to uuspecified 

cytoskeletal proteins (::VIammano et al. 2007), the ACh efferent signals' influence 

on the gain of the cochlear section can be studied. To demonstrate the result of 

the hypothesis, an animal experiment is fully simulated. 

The response of the basilar membrane was recorded in anesthetised guinea pigs 

during scenarios of ( 1) quiet , (2) sound stimulation alone, (3) sound with efferent 

application (Cooper & Guinan 2003). A special strategy was employed to observe 

timf' routinuous f'ffects 011 tlw rf'spousf' iu thf' basilar Tllf'lllbrallf'. A schematic: 

drawing of the experiment is shown in Figure 5.19. 

Animal data show that the basilar membrane response to pure tone stimuli (Fig-

ure 5.21A) is attenuated by directly stimulating the MOC bundle using electrical 

shocks (Figure 5.21B) . In a representative experiment in anaesthetised guinea 

pig, Cooper & Guinan (2003) measured the basilar membrane velocity and rela-

tive phase change during two t ime intervals for each tone burst. The first interval, 
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Figure 5.19: Experiment in anaesthetized guinea pigs by Cooper and Guinan, 
2003. A burst of electrical shocks is applied at the floor of the 4th ventrical 
via a bipolar electrode, while a pure tone of !9000Hz, 35dB is present. The 
response of the corresponding basilar membrane location is recorded. 
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referred as the 'early window' is timed to occur just before the onset of the MOC 

electrical pulses (marked 'o' in Figure 5.21D); and the second interval ('late win

dow', marked 'x' in Figure 5.21D) is located just before the end of those electrical 

shocks. Control measurements were also taken in the absence of electrical shocks 

(Figure 5.21D). 

In their experiments, Cooper &:. Guinan (2003) observed two differellt kinds of 

iVIOC effects. The 'fast' effect consists of a reducr.ion in vibration amplir.ucle and 

<l phase lead which happens immediately after a iV!OC efferent electrical shock 

burst. Thr 'slow' dfec:t, which can hr ohservrd afr.rr the cffrrrnt burst stops, is a 

gradual decrease relative to the original vibration amplitude and an accumulating 

phase lag further and further away relative to the original phase as more MOC 

bursts are applied. 

These amplir.ude effects can be explained using a time-varying attenuation func-

tion. In order to simulate this experiment, a function ATT(t) was employed as 

shown in Figure 5.20 and Equation 5.13, to describe the temporal dynamics of 

the attenuation. 

ATT(t) = l H(u)p(t- u)du ( 5.13) 

Where 
__ ,_ 

H(t) =Cone 'off 
n 

p(t) = 2: o(t- t;) 
i=l 

Ton, Toff are o11ser, a11d offset titue coHstants, 0 is the Dirac delta (6(0) ---+ oo, and 

zero elsewhere). ATT(t) is the resulting time-varying attenuation factor and t;>O 
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Figure 5.20: Temporal dynamics of the function H(t). 

ms are the times that the electrical shocks occurred. 

It might be easier to think in the (~,w0 ) parameter plane again. The pairs (~,w0 ) 

define different trajectory regions of the model behaviour. This attenuation is 

proportional to OHC membrane potential. If modulation of system mechanical 

attributes (~,w0 ) changes the system response to the same stimulation frequency 

(which occurs as a consequence of modulation of OHC membrane potential), OHC 

transmembrane potential must play an important role. Any factor tlmr affects this 

potential is likely to influence the mechanical response of t.he basilar rnemhrane. 

vVhen efferent signals come in, the OHC resting potential is modified clue t.o 

the escape of positive ions from the OHC. As a result, the OHC transmembrane 

potential alters, consequently, the mechanical response of the system changes, too. 

If we imagine a large number of points made of similar material as a cochlear 

section, spread like a 2-dimensional "blanket". with atrributes (~,wo), systemati-

cally changing all over the blanket. Apply input vibration stimulation and observe 

the blanket's vertical position. The blanket vertical position changes in response 

to the stimuli, the amplitude and phase of the response is shown in Figure 5.22. 
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Figure 5. 21: Model simulation of Cooper & Guinan (2003) experiment, using 
the time-varying ATT function described above. (A: input tones. B: electrical 
stimulations show the arrival times of ACh. C: model result. D: measure times 
to evaluate fast and slow effects [fast: x slow: o]) . 

134 

5 

5 



5.5. MEDIAL OLIVOCOCHLEAR EFFERENT SIMULATION 

Now we want to choose a band from this blanket to make a cochlea, with a range 

of sub-bands around the major band. How can we choose? After an exploration 

of the model parameters (see Figure 5.22), a region of feasible parameter values 

is determined. Once we have identified a potential range of parameter values, i.e. 

, we could start modelling the experimental results reported in Cooper & Guinan 

(2003). 
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Figure 5.22: Amplitude (A), phase (B) and best frequency (C) as a function 
of (~,wo) pairs (D) in response to a pure tone of 19,000 Hz. The yellow line 
indicates the best frequency of 19,000Hz, and the trajectory starts from a point 
on the yellow line. 

0 7 

Figure 5.210 shows the simulated basilar membrane response; which demonstrates 

that a simple time-varying attenuation can qualitatively explain the basilar mem

brane amplitude changes measured in this study. We then simulated the ex

periment by making physiologically-motivated changes to the cochlear filtering 

function instead of simply using the time-varying gain (attenuation) function. 
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I3ased on neurophysiological utot ivatious, we model changes iu stiffuess alHl clamp

ing in our model as functions of changes in the cell membrane potential, which for 

simplicity is currently represented by the ATT(t) function described previously. 

The resulting model includes the following refinements which allow it to reproduce 

the animal experimental results: The time constant T 0 J 1 increases as each shock 

arrives, while on remains unchanged; a saturation factor is included in order to 

reflect rhe hypothesized increase in rhe OHC resting potential a argued below. 

The changes in OHC membrane potential and intracellular Ca2+ concentration 

are the main reported changeti during the application of the efferent signals. For 

the reasons outlined above we assume that this process is characterised by a quick 

onset and a slower offset or recovery, and that the offset time con tant increases 

with the number of efferenr applicat ion . Due to the fixed Stria Vascularis and 

environment potentials, the OHC membrane potential saturates gradually with 

the number of ACh applications. 

The animal data shown in Figure 4.24 is engaged to find mappings between natmal 

frequency (w0 ) with membrane potential. The right panels in Figure 5.23 show 

the preliminary modelling results. The left panels show the experimental data 

(Cooper & Guinan 2003). When the efferent ignal arrives, the basilar membrane 

vibration amplitude decreases (upper panel, left plot) and a phase lead occurs 

(lower panel, lefr plot). This effect builds up over ti111e aurl a turates at a r.err.aiu 

point. Amplitude plots (Figure 5.23A) are scaled to match the animal data scale 

while the phase unaltered. Figure 5.23 shows that t he model reproduces both the 

·fat,. and ·'slow" effect · qualitatively to a reasonable degree. 
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1-o-------
lOCI 150 200 i5Q --

(a) stimuli (b) response 

Figure 5.23: The basilar membrane amplitude (upper panel) and phase (lower 
panel) measurements in Cooper & Guinan (2003) (a) and the corresponding 
computational simulations (b). 

The key insight from thi imulation i that the effective cochlear filters change 

in response to ound and to efferent timulation in way which can be predicted 

by changes in the tiffne. and dimen ion of the OHC . re ulting from changes 

in the OHC membrane potential. Therefore, time-continuous basilar membrane 

responses, which are usually recorded either in anesthetized animals or by otoa-

coustic emission, can be predicted. 

5.6 Summary 

In this chapter we have demonstrated that the current model is able to reproduce 

some of the nonlinear behaviours of the cochlea. Therefore the theory this model 

is based upon is potentially a suitable explanation for part of the mechanism 

underlying in ide the cochlear re ponse. In particular, the :\IOC efferent effect 

shown in Section 5.5 provides further support for this idea. To the best of our 

knowledge, thi i the only model to account for all of the effect de cribed here. 
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Chapter 6 

Discussion and future work 

'The simplest nonlinear systems do not necessarily possess simple dynamical prop

erties.' Robert May (1976) 

6.1 Summary of the model 

The model I have proposed here is comprised of two parts. First of all, the res

onant system emulates the cochlear partition with a default best frequency and 

a sharp rPspouse rurvP ar :.klB- 20dB souHd prPssurP lPvPI. The curvP is iuftu

enced indirectly by the outer hair cell (OHC) membrane potential , the response 

of which is frequency dependent. Secondly, the OHC modulates attributes of this 

resonance system. The OHC membrane potential depends on the transduction 

curreut. T he OHC membrane potem ial is modelled as a low pass filter with a 

voltage-dependent potassium channel emulated by means of a diode in order to 

limit the infinite growth of the membrane potential (Figure 6. 1). Hence, the OHC 

membrane potential in the current model is level and frequency sensitive. For 

each site on the cochlear partition, the OHC low pass filter parameters, i.e. cell 

ruemurane coucluctauce all<l capacitauce are defined uy animal data. This data 

determines a cut-off frequency within the range 1-1000Hz at each cochlear loca

t ion. This design will allow us to expand a single section model to the entire 
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cochlear partition. As a part of the resonating cochlear section, the mechano-

electrical (i.e. membrane potential change due to the bending of the hair bundle) 

and electro-mechanical function (i.e. the membrane potential dependent stiffness 

and length change) of the OHC modulate the gain of the system adaptively to 

the sound stimuli. This is a feedback system because the bending angle of the 

hair bundle is dependent on the cochlear section displacement, which is one of the 

outputs of this model. The OHC electro-mechanical function can be estimated 

either by direct measurement on isolated cells in vitro or by optimizing curve fi t

ting parameters to model a basilar membrane-to-stapes response function from in 

vivo animal studies. Thus it is possible to simulate the entire peripheral response 

across all locations based on the theory proposed in the current study. 

DJ· 

OmV 

Figure 6.1: The electrical circuit diagram is drawn onto a photo of an OHC to 
analogise K+ current flow through the OHC. The transduction current enters 
from the bending of the stereocilia bundle on top of the OHC. The bending 
angle is dependent on the local vibration amplitude. This is modelled through 
a controlled voltage source. The wall electrical property of the OHC membrane 
is modelled by parallel RC branches (see Chapter 4 for more details). 
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Each hair cell 's mechano-electrical behaviour is random, as the stereocilia move

ment is random, but within certain constraints. The set of attributes for each 

cochlear section changes freely, but within certain limits. Within these limits, the 

displacement of the cochlear partition along the cochlea tube never exceeds the 

predefined range. Thus, each partition section is a very reliable component which 

we can depend upon to manipulate sound signals in certain ways (by changing 

their attributes) before passing them on to the rest of the auditory system. 

The compressive nonlinear response observed in animal basilar membrane is re

produced by this model. The response curve appears compressive because of its 

sharpness at low sound pressure levels, and wider frequency bandwidth at high 

sound pressure levels. This make the response curve look more fiat. However it 

is not really compression; as a matter of fact , the gain of the system decreases 

with increasing levels of stimulation, around the characteristic frequency (CF) 

of the location. At low sound levels there may be very transient positive feed

back. When the OHC attributes change towards the value that corresponds to 

the best response to the stimuli on the curve of the system gain at (~ ,w0 ) plane, 

then there is a positive feedback. In other words, as long as the projection of 

the attribute pair moves toward the peak, the closer it is, the higher the gain 

will be; the higher the gain the further it moves, until it reaches the peak. This 

positive feedback should occur quite quickly. The basilar membrane's job seems 

to be relatively coarse tuning to allocate and order frequency components to cor

responding places. The OHCs are responsible for deciding how much gain the 

frequency component should be assigned by a particular cochlear section, based 

on the intensity of the component as sensed by that section. Therefore the OHCs 

are responsible for further fi11e tuning. 

141 



6.1 . SUMMARY OF THE MODEL 

The fundamental way to change the gain of a particular section is to change 

the natural frequency and the damping ratio of the section. For the parameter 

pairs, the starting point is manually set. The OHC resting potential is static; the 

natural frequency and damping ratio are also set to the resting state. The curves 

of mechanical properties for isolated OHCs are membrane potential-dependent. 

The trajectory of the parameter pair is based upon these curves; therefore, the 

model can explain the membrane potential dependence. The model has given us 

promising results based on thi hypothe is. The efferent tudy provide fur ther 

support showing that direct applicat.ion of thi. ··rule'' generate responses which 

are remarkably consistent with the animal data. 

The nonlinear gain in the model is never really as large as in the animal data, even 

though the results of the model are qualitatively consistent with them. There are 

a number of conceivable reasons for this . Firstly, considering the properties of the 

OHC::.; at different cochlear locations are also different, t he OHC aL the low CF 

location of one species may not be a good representation for the one at a high 

CF location of another species, so some of the parameters we have used may not 

be correct. There are also nonlinear factors other than the OHC electro-motility. 

For exam pie the tectorial membran<:> has be<:>n shown to influence cochlear uou

linearity (Lukashkin et al. 2009). Another factor which we believe to be of great 

importance, namely the possibility of 'negative damping', will be discussed in this 

chapter. What our study suggests though is that the OHC mechanical changes 

eau t heoret.icall.v iuft ueuce the uouliueari ty of r he cochlear respo11se ancl therefore 

contribute to the typical nonlinear behaviours which have been measured in a 

variety of psychoacoustic and physiological experiments. 

Phenomenological models are of great value for the demonstration of auditory 

142 



6.2. A DISCUSSION OF THE RESULTS 

pre-processing, but fundamental questions about the processing mechanisms have 

not yet been answered. In this thesis we have tried to study not only what we 

observe, but also what produces what we observe. The model design stems from 

the known characteristics of the cochlea at the cellular level. If we look at the 

problem in the right way then we are able to simulate very similar responses to 

the real biological system. Therefore, this allows even more phenomena and their 

biological bases to be investigated. There are several aspects which stem from 

this study that could be considered in more depth, which we will look at in the 

next section. 

6.2 A discussion of the results 

The auditory nerve fibres alone can carry ound information of limited frequency 

and level. At each ite, the auditory nerve fibres can only signal an intensity range 

of around two orders, i.e. 1:100 of firing rates, while the natural sound intensity 

human perceive i up to five orders (some even suggested seveu order · (Geisler 

1998)) , thus compression is required to map two intensity ranges. 

The level-response results to different frequencies are consistent with the chinchilla 

basilar membrane results, when the attributes' trajectory follows OHC electro

motility functions recorded from isolated OHCs. This demonstrates the plausi

bility of our resonance hypothesis on the cochlear section. If, however , the OHC 

stiffness and length increase with membrane potential, the basilar membrane re

sponse will be in a different pattern because the trajectory will be in a different 

direction in the parameter space. The system gain constantly changes in response 

to the incoming pressure, therefore it shows a gradual and elegant transition. 
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The two tone suppression results match animal data as well. When the second 

tone is added, more transductiou current flows iuto the OHC circuit. The gain 

of the cochlear section decreases accordingly, because the parameter trajectory 

move in the direction of depolarization. Therefore. the re ponse to t.he first tone 

is decreased. We may interpret that the decreasing of this response is due to the 

decreasing of system gain caused by the presence of the second tone. Thus, the 

first tone is considered to be "suppressed". The model results are very consistent 

with the animal results proving once again that our theory could be right. 

Thr gE>uE>ration of distortio11 product i a not hE>r phE'ltOTll E'IIOlt rE>fiE>rtillg r hE> 11011-

linearity of a living cochlea. The cochlear section is very sensitive to small stim

ulations. When two tones are presented at the same time, a third frequency 

component can be generated. The cochlear section with the CF of this third fre

quency responds to this component. Based on the same principle, the cochlear 

secLion1:l could respond to other cli1:itortion product componenL1:i of significance, if 

there are any, which are generated by the pair of tones. 

In this model we are concerned with the adaptive modulation of the gain rather 

than force generation. However, the alternating current (AC) in the OHC model 

showed another interesting nonlinear behaviour. Consider that nonlinear com

pression in the model only matched the animal data qualitatively, and the gain 

range was smaller in the model. This may be due to the fact that the AC-induced 

force was not included in our model; it would insert more gain into the system 

and produce results even more similar to the animal results. Nevertheless, the AC 

behaviour is observed in the model response although not yet utilised. This adds 

credit to our hypothesis. 
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The results from efferent experiments also showed our hypothesis to be reasonable. 

The trajectory of the parameters can explain the amplitude and phase change of 

the basilar membrane response when an efferent signal is applied. In addit ion, the 

Cooper & Guinan (2003) experiment. also showed different efferent effects when 

the tone frequency was lower than CF, compared to when it was higher than CF. 

lu the former case, the fast effect iu amplitude is similar to the CF response, but 

on a smaller scale (Figure 6.2B). In the latter case, the fast effect is opposite to 

the CF response (Figure 6.2D). These results are consistent with the model and 

with our hypothesis. 
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Figure 6. 2: Amplitude and phase change of the response of a basilar membrane 
site (CF = 19kHz) to different tone frequencies in the presence of a sequence 
of MOC pulses. Empty triangles indicate fast effects; filled dots indicate slow 
effects (Cooper & Guinan 2003) . :\ote the amplitude responses in fast and slow 
effects at frequency higher than CF (D) are opposite to (B) and (C). 

We know that the pressure wave propagates relatively slowly inside the cochlea in 

a longitudinal direction because of complex fluid mass interactions between the 

three ducts. The periodic forces , which different sites of cochlear part ition receive, 

arrive at different times, earlier for the sites at the base, and later for those at the 
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apex. Based on the law of conservation of energy, the force introduced from the 

middle ear reduces as the pressure wave propagates inside the cochlea. Each site 

responds to a single frequency tone with a phase delay related to the decrease of 

its characteristic frequency. This may lead to the phenomenon that von Bekesy 

observed - a travelling wave with peak response at one location in the cochlea. 

In von Bekesys opinion, the ear is not a transmitter of sound energy because it does 

not need energy from external sources in order to work. It is more like a triggering 

s:v tern such as an amplifier (http:jjwww.kfki.hu/fszemlej archivum/ fsz9905/bekesy). 

In dead cochleae, as attributes of the cochlear partition are systematically ordered, 

the response of the damped resonant sections from base to apex naturally exhibit 

a phase gradient, not only as a result of travel time (we may assume the com

plicated mass fluid interactions in three ducts of the cochlea slow it down) , but 

also as a result of a resonance-related phase delay. Living cochleae show only 

distance-related phase gradients (Robles & Ruggero 2001). An extra phase lag 

has been found in the OHC-dysfunctional cochlea, as compared with the normal 

cochlea at the same site. Before furosemide application, the phase is in tune with 

the tectorial membrane mechanical input. After furosemide, not only does the re-

sponse magnitude curve become less sharp, but also the phase is delayed relative 

to that before the application, as shown in Figure 6.3. The reduction in phase 

response with frequency can be explained as follows: for all frequencies arriving 

at a CF site at the same time, the higher frequency takes a greater number of 

cycles than a lower one, over the same period of time. 

The phase equation </> = - arctan( 2~wo~) shows that there is systematic phase dif-
w0-w 

ference along the basilar membrane at different CFs. The further away the basilar 

membrane slice from the stapes, the more the resonant phase delay if the OHC 
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Figure 6.3: Frequency spectra of basilar membrane response to clicks before 
and after application of furosemide, which has been shown to stop OHC electro
motility, in chinchilla cochleae (Robles & Ruggero 2001). Reduction in OHC 
function results in an increased phase lag. 

10 

attributes are held constant (Figure 6.4) . The phase delay at CF (9000 Hz) in 

Figure 6.3 is about one third of a period (one period is 1/ 9000 second). Therefore, 

the resonance-related phase delay can be calculated as 3~0 = 120 degree. For the 

same CF , the phase responses lag wit h increasing tone frequency (Figure 6.3). 

Comparing this result to Figure 6.4 (phase plot) , it seems to be consistent with 

the model phase response at CF : the phase lag at CF is around 120 degrees, and 

the phase lag increases with increasing tone frequency. When the OHC is active, 

the phase lag in Figure 6.4 will be greatly reduced. 

The ' energy boost" of the cochlear ampbfier is no longer evident in dead cochleae, 

t herefore the response is passive. T hat is to say, if the cochlea is dead , there will 

be an increased phase delay relative to the living, active cochlea, because the vi-

brations fail to be in tune with the force imposed on the site. In living cochleae, 

however , the phase lag at a part icular site, in response to tone frequencies near 

the CF of the site, becomes smaller as the sound level increases. The phase lag 
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Figure 6.4: Model results showing a resonance-related phase lag across the 
entire cochlea in a 'dead' (non-active) model, assuming the pressure arrives at 
the same time at all cochlear sites. Magnitude is normalized as seen in upper 
panel. 

in Figure 6.4 would be much smaller if it was a living cochlea, and the amplitude 

could be sharper depending on the sound level. This is consistent with the animal 

results (see Figure 3.2 and (Ruggero & Temchin 2007)). 

As we have mentioned, von Bekesy's travelling wave results were observed in dead 

cochleae. As a damped resonance device without active modulation of resonant 

attributes the cochlear responses appear to be in the form of a travelling wave. 

This is partly because of the arrival time of the compression and rarefaction force, 

and partly because the resonance attributes are distributed regularly along these 

sites. But for one cochlear section alone, considering the response as a travelling 

wave may not be as convincing as considering it as the resonance of a group of 

loosely connected (or even disconnected) resonant receivers. The mechanism in 

the transmission of vibration from the stapes to the cochlear sites that initially 

148 



6.3. LIMITATIONS OF THE MODEL AND FUTURE WORK 

triggers the mechanical response on each section is still not clear. One side be

lieves the tUedia is fluid , tl1e other side believes it is the basilar me1ubraue. The 

debate about whether there is a travelling wave on the basilar membrane is still 

ongoing. 

6.3 Limitations of the model and future work 

The purpose of building this model was to investigate a hypothesis regarding the 

om e of cochlear nonlinearities, and to investigate how the efferent signal could 

influence the response. The OHCs play an importan t role in the response of the 

section. However, the OHC is only one part of the section. Each cochlear section 

has mass, and its movement is subject to friction as well as elasticity. Being a 

part of the whole section OHCs can only account for a part of the whole mechan

ical attributes of the section. In developing this model we have tried to address 

some fundamental issues, even though there are still many aspects which were not 

considered. 

The responses based on a range of valid OHC membrane potentials, were fi tted 

with Ruggero's data (as mentioned in the previous chapter). If the OHC electro

motility-caused attribute modulations of the cochlear section were the only factor 

playing a role in cochlear nonlinearity, then the membrane potential in response 

t.o different input frequencies aud levels should match the data. However, even 

the optimised results only show up to three orders of magnitude in compression, 

rather than five. The reasons could be: 

1. The OHC used for the length and stiffness data i from the apex of the 

cochlea, i.e. a low characteristic frequency region, while the Ruggero data 

149 



6.3. LIMITATIONS OF THE MODEL AND FUTURE WORK 

was measured at mid to high CF regions. The modulation range of the hair 

cells rna:v be differe11t at differeut locatious. 

2. Negative damping contributes to the nonlinearity. 

3. There are other couplings such as the tectorial membrane which may play 

a role. 

This model is in a sense similar to a parametric oscillator, which is a harmonic 

oscillator whose parameters oscillate in time. However , the parameters in this 

model are not only time varying but, more importantly, they depend upon the 

output of the system. For this reason we favour the notion that 'negative damp

ing' could play an important role in further sharpening the tuning curve. Negative 

damping is a force which is proportional to the velocity of an object, but in the 

same direction as the velocity, considering the term 'negative' here. As the system 

gain is dependent on the overall OHC state, whether the OHC electro-motility 

is cycle-by-cycle or not does not affect the response of this model. However, a 

brief mechanical pulse at the beginning of each cycle would impart a positive feed

back to the cochlear section; i.e. the extra compression may be due to negative 

damping from the OHCs. This factor has not yet been included in the model yet, 

but a proposed extra link is shown in red on the model diagram re-plotted below 

(Figure 6.5). 

The basilar membrane actually receives driving forces from a combination of two 

systems. One system is the OHC-inclusive cochlear section; the other is the 

electro-motility generator. As a passive resonant system, the basilar membrane 

is driven by both the input stimulation through the adaptive damped resonant 

system, but also by an AC-induced fluctuation force from the OHCs, i.e. negative 
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COCI1L.EA.R SECT to-t 

......... , .... 

Figure 6.5: A schematic link which includes a negative damping force to the 
system (as shown in red color). The force is extracted from the fluctuations in 
the length of the OHC. 

151 



6.3. LIMITATIONS OF THE MODEL AND FUTURE WORK 

clamping. Figure 6.5 is a simplified version, for negative clamping force is assumed 

to ue proportional to the fluctuatious iu the OH C leugth. vVe will further discuss 

the significance of this extra link in Section 6.4. 

The membrane potential of the OHC model can only increase with stimulation. 

The larger the increase in Vm, the larger the nonlinear gain. When the resting 

potential is set to -70 mY, the gain range is smaller than when the resting poten

tial is set to -140 mY. The OHC body can elongate when the membrane potential 

is lower than its resting potential (Dallos et al. 1997). However, this will only 

increase the complexity of the model, which is built to investigate our hypothesis. 

Therefore, this feature has not been included in this model. It would be more re

alistic if the membrane potential could be either higher or lower than the resting 

potential. 

In the modelling study we considered 01-IC length and stiffness changes as changes 

for the whole cochlear section. Hallworth (1995) has shown that the OHCs' axial 

stiffness might contribut-e only marginally w t.he overall stiffness of the cochlear 

partition. However, small changes around CF still could produce a large change in 

basilar membrane response (Cooper & Guinan 2003). We have simply considered 

the OHC attributes as determining the attributes of the whole cochlear section, 

and so far we have not found any major discrepancies with the animal data. But 

this aspect still needs some attention. 

The time constant of the transduction current is not considered in this model, 

and it could be one factor in determining the final gain. The reason that it is 

not considered is because it is necessary to keep the number of variables as low 

as possible. More variables introduce further complexity and would not help in 
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understand the fundamental issue. Including this time constant will probably be 

necessary when negative damping is considered. This may be included in an ex

tended version of the model. 

This model explains the 'broken-stick' function of the DRNL model. For the 

response of a specific site of the basilar liiembrane, in the DR.NL model, the re

sponse is a result of combining two resonance responses: linear and nonlinear 

pathways of different best frequencies, bandwidths and gains. The broken-stick 

function represents the nonlinear gain in the nonlinear pathway. It consists of a 

linear gain and a compression gain, where the linear gain is static and the com

pression gain decreases with the stapes velocity. Both the linear response and the 

compression response in the nonlinear pathway increase with the increasing sound 

level, but the ultimate frequency response in this pathway is determined by the 

smaller value. The current model, in a sense, is very similar to DRNL, except that 

the gain changes in a more natural way and this model is more closely associated 

with specific biological mechanisms. 

6.4 Negative damping 

One important conclusion from the model is that the mechanical response of the 

model to the force introduced directly from the stapes vibrations is consistent with 

the animal results. ?vleanwhile, the fluctuation of the OHC electrical response in 

the model could introduce another force. This AC-induced mechanical force in 

the OHC body is a second product from this response. Alien & Fahey (1993) 

concluded based on a theoretical consideration, that there must exist a second 

resonant impedance. 
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Resonance theory together with negative damping may be used to analyze spon

taneous otoacoustic emissions (SOAEs). The basilar membrane's position in the 

cochlear section is below that of the OHCs; hence the OHC generated mechanical 

force can pull it up when the section moves up, and push it down when the section 

moves down, like a periodic push given to a child on a swing. The displacement 

and velocity results from the current model can be seen as the motion of the basi

lar membrane when the force is from the whole cochlear section resonating with 

the pressure wave. Russell et a! observed that the cochlea consumes more energy 

thau it receives from the stapes and gave the first direct evidence by showing that 

the basilar membrane displacement leads the driving force in phase (Lukashkin 

et al. 2007). This tells us that there are in-tune forces generated in the cochlear 

section, also known as negative damping. One source of this force could be an 

AC-induced mechanical force from OHCs onto the basilar membrane. This OHC 

generated force could also be the source of SOAEs, for this force is not introduced 

uy the incoming sound stinmli. The OHC axial ftucruations in the current rnodel 

provide such a source of such a force to the basilar membrane, which could be 

included in an extended version of the same model. 

Although not yet implemented, we can still carry out a preliminary study of neg

ative damping and SOAEs in the current model. Not only would the parameter 

of stiffness and length influence the system's behaviour, we must also notice there 

are other variables in this system. If, for example, we increase certain currents 

insidP the OHC module, there will he fluctuations of Vm, thus the SOAE could 

occur due to negative damping force generated by OHCs. If the fluctuations in 

OHC length are treated as an input force, the model can produce SOAE effects 

(Figure 6.6). Interestingly, it has been reported that injection of DC current to 

the inner ear causes SOAE (Wit et al. 1989). The silent current may increase with 
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temperature which influence the Brownian motion of the stereocilia bundles. A 

correlation between the body temperature and SOAE occurrence in frogs has also 

been reported (van Dijk et al. 1996). 

018 

10·10 1o·'s 1;'0 10° 
Dart current (A) 

Figure 6.6: The basilar membrane responses correspond to different level of 
silent current when no input stimulation is presented, which may be the physical 
cause of spontaneous otoacoustic mission (SOAE). \Ve can see from the figure 
that as long as the silent current stays normal and low the response amplitude 
keeps nearly static. When the silent current is above certain level, the model 
starts to self-oscillate due to negative damping force. 

lL is possible that negative damping contribmes differently w high CF and low 

CF nonlinear responses. Most negative damping is shown in the apical segment 

of the cochlear partition for instance, at CF = 800Hz and 150Hz sites according 

to a Dallos experiment (Dallos 1985a). Hall worth studied isolated OHCs from a 

high CF location and demonstrated that there is no voltage-dependent compli

ance in those OHCs while the length change still exists (Hallworth 2007). So it 

seems that at low CFs the OHC-related nonlinear response may include negative 

damping as well as mechanical attribute modulation, while at high CF, it mainly 

includes mechanical attribute modulation. The oscillation of the OHC cell body 

contribmes to the vibration of the basilar membrane. But at different sites, the 

weight of thi. contribution ma:v be different. 
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6.5 Hardware models of cochlear processing 

The model presented in this study is suitable for implementation in chips, due 

to its on-line adjustment capability. Currently available hardware implementa

tions of cochleae, such as the silicon cochlea of Hamilton (Hamilton 2009) , still 

cannot achieve the large gain at low sound levels found in the animal data (see 

Figure 6. 7). It appears that adjusting a system's gain by modifying its Q factor 

is not sufficient. 
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Figure 6. 7: (a) The silicon cochlear responses (left) , the chinchilla cochlear 
responses (right) (Hamilton 2009). For a comparison purpose the result of the 
current model is shown in (b). 

Another silicon cochlea implementation of a different feed-forward gain control 

model was published recently (Soumyajit Mandal & Sarpeshkar 2009). This model 

simulated cochlear response by changing different parameters. As een in Fig-

ure 6.8, these results are still not consistent with biological cochleae: the gain is 

not big enough, and the peaks of the response barely shift with increasing inten-

sity. 
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Stage number 

Figure 6.8: Spatial responses of the silicon cochlea to three different frequencies 
at different power levels of -30, -20, -10, and 0 dBm (Soumyajit Mandal & 
Sarpeshkar 2009) . Stage number corresponds to the distance to the stapes. 

Figure 6.9 shows level-response function to CF frequency, and to frequencies less 

than CF. We may notice that the input and output range is nearly the same, thus 

there is little compression in this function. 

The hypothesis as well as the model presented in this thesis provides a good start

ing point for the implementation of a silicon cochlea which matches the biological 

system much more closely. In addition to its similarity to electrophysiological 

cochleae, the model can be improved and used as a test bed for new discoveries 

in physiology, and psychoacoustic research. 

F\·om an efficiency point of view. the elements which influence the information 

processing at auditory peripheral level should be runeablf biologically. Efferent 

projections and their influences on cochlear mechanics provide possibilities for 

more efficient auditory information processing. This study can be extended based 

on the model presented here. 
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Figure 6.9: (a) Compression curves of the bidirectional RF cochlea (Soumya
jit Mandal & Sarpeshkar 2009). The result from the current model is shown in 
(b), demonstrating better compression at maximum response frequency. 

The real biological process contains more variables, which also interact with each 

other. There is a lot of room to improve the model and each improvement brings 

the lllodel clo ·er to compleLiou. Real t itue rrereuL sigitals could be produced from 

a higher level model to allow us to observe the electro-physical behaviours of the 

model and investigate comparisons with animal experiments. 

6.6 Conclusions 

Nonlinearity is everywhere in nature, and is fundamental in how we are built as 

conscious human beings. Nonlinear system behaviour is of great richness and 

could lead to chaos within the system. The complexity of nonlinearity lies in 

the interaction between simple parts. This is why it is better to understand a 

nonlinear system by building a circuit model, as we have done in this study. In 

addition, we can understand more fully the significance of each part , which helps 

to give us a deeper comprehension of the physiological picture. 
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The goal of this model is to understand the dynamics between OHCs and the 

basilar membrane by assembling biological facts. The fundamental mechanism of 

resonance in this dynamic is quam.ified by building a model iu SI.i\·!ULINK, coll

sisting of the OHC circuit and a resonance module connecting and interacting with 

<·!ach other through biological data, which naturally a11d effortlessly achieved 'gain 

control' and produced phenomena on which phenomenological models are based. 

Since it uses elements with biologically intuitive meanings, the model frame can 

be verified, e.g. transduction current can be measured, and expa11ded when there 

is new understanding of the intra-cochlea properties. 

The cochlear sections are Inapped to the parameter space of st-iffness and damping 

ratio, with each section taking up a small area on the plane, and they are next 

to each other in a line roughly parallel to the natural frequency axis. The mean 

stiffness and damping in each responding site of the cochlear partition change as 

sound level increases. The model reproduced OHC electro-motility related non

linear phenomena based on this assumption. From an energy efficiency point. of 

view, this could be a good strategy for a biological system to use. 

A consensus on the source of cochlear nonlinearity still has not yet been reached; 

this model was built and studied to gain insight into the source of this phe

nomenon. The OHCs perform as the drive of the nonlinear behaviour on the 

basilar Ineinhraue. The presem 111odel has, for r.he first. t.illle, cmmect.ed hiologir.al 

facts arising from rnechano-electro-mechanical effects of the OHC with the non

linear phenomena observed on basilar membrane in vivo. The results show that 

the OHC is able to cause most of the cochlear nonlinearity. The frequency and 

level-dependent AC and DC components in the OHC membrane potential pro-
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duced by this model also suggest the existence of AC-induced negative damping. 

This force could be added to the basilar membrane site on top of the resonance 

drive which the site receives. 

The model supports our hypothesis that the mechanical attribute modulation 

of the cochlear <;<!C:tion (by OHC axial elecrrn-mot.ility) influence;; the cochlear 

response, and the results are quantitatively or qualitatively consistent with non

linear phenomena in psycho-acoustic experiments. This is so far the only model 

which can reproduce all of these effects. In addition, rhe ACh-introduced de

creases in OHC axial sr.iffnrss has shown to hr c:onsistrnt with r.lw fast and slow 

effects recorded on the mammalian hasilar membrane. 

The principles we have derived and the insights we have gained from this model 

are essential to build electrical devices that can process sound information in a 

similar way to the cochlea. Such a device could adaptively enhance low level 

sounds while compressing high level ones, with low energy consumption. With 

top-down efferent signalling, the device will be likely to show efficiency on audi

tory information pre-processing when there is attention involved. The nonlinear 

nature also makes the model a useful platform to test the hypotheses and explain 

observations in physiological experiments. The model is expandable to suit new 

discoveries and therefore could be a computational counterpart to the biological 

cochlea. 
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Appendix A 

Relation between natural undamped 

frequency and damped frequency 

For t.he differential equar.ion 

y"(t) + 2~w0y'(t) + w~y(t) = ~ coswt 
m 

(A.l) 

In order to calculate a particular solution, we consider the right hand side as 

complex exponential input with radian frequency w 

i/'(t) + 2~wof/(t) + w~y(t) = ~eiwt 
m 

(A.2) 

where y is a co1nplex solution for the differential equation with complex input 

~eiwt, eiwt = cos wt + i sin wt (Euler's formula). Thus the particular solution Yp(t) 

can be calculated by 

(A.3) 

Then 
1.. eiwt 

Yp(t) = D 2 + 2~woD + wfi (A.4) 
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where D is a polynomial operator. According to the substitution rule (P represents 

polynomial), 

P(D)e'"" = P(o:)e"x (A.5) 

Thus 

(A.6) 

Din equation A.4 can be substituted by iw as shown in A.7, 

.leiwt 

Yp(t) = (iw)2 + 2~wo(iw) + w6 (A.7) 

Thus 

Yp(t) = Re(Yp(t)) 

1 (w02 - w2) cos wt + 2~w0w sin wt 
-

m (wo2- w2)2 + (2~wow)2 
~ cos(wt + cp) - -r========~===== 

J(wo2- w2)2 + (2~wow)2 
(A.8) 

where 

2~wow cp = arctan 2 2 w0 -w 
(A.9) 

To find the natural damped frequency we need to find Wp by looking for the 

maximum of Yp corresponding to w, or the minimum of the denominator of Yp· 

Suppose a function 

(A.lO) 

Because 
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Therefore 

min jQ(w) 

is equivalent to 

min Q(w) 

Now let 's look for the minimizer wP. 

Therefore 

(A.ll) 

To verify that Q(wp) is minimum rather than maximum, we take the second 

derivative of Q(w) at w = wp 

(A.12) 

Because for wp to be a real number in (A.ll) , 1 - 2e must be greater than zero, 

i.e. 

(A.13) 

Therefore 

cPQ(w) 
0 dw2 > 

That is to say, Q(w) is convex when 1 - 2e > 0. Thus the denominator Q(wv) is 

minimum, ~ is maximum. 
Q(wp) 

Therefore if w0 is the natural undamped frequency, ~ is the damping ratio, then wp 

(see A.ll) is the best responding frequency, i.e. the natural damped frequency. 
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Appendix B 

An example set of parameter values 
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Model Parameter list 
Symbol Annotation Value 

~ 
1/m 1 e9 

klm 3.2e9 
.14-

elm 38.4497 
:.--

B V stria vascu/arls 0.08 V 

• V silent current 0.02 V t Vsilentcurrent 

' 

--- --[>t-- ---
Current direction Resistance Ron: 0.001 Ohms 

Forward voltage: 0.09 V 
transduction 

current direct1on 

-~- Rsm 3e6 Ohms 
R_sm 
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~ 
V rev 0.07 V 1 

~ :r (intracellular _perily 
T m ph) 

Note: Vrev = Vrev1 

• 
~ R ba~ R basolateral membrane 7.8e7 Ohms 

T 

• C_basolateral 5.22e-012 F 
_L membrane 

T 
C_bas 

• 

t ,~. ~Q V m Range: -0.07 - 0.04 V 

• K_Ch 3e6 Ohms 

h ~ K. 

I 
~g~ epend "I * e "" t 

' Voltage dependent Resistance Ron : 0.001 Ohms 
potassium channel 

Forward voltage: 0.035 V 
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l 
_1._ Perilymph potential ov 

~ !\ f-
Stiffness Change t:J.J.. !V., )= a .. \'~ +a , \ ·~ + a!\'.; + a1 V,. + 1111 

"""""' function of V m 84=3.0868e-9 83=4. 6779e-7 
Stiffrw I'> ookup Td e 

82=2.1531 e-6 81=-0.0035888 

8o= -0.44957 

~ 
Length Change 

Llc(V,. ) = b, 
+ b4 function of V m \ .,+h_ 

I+ e 1~ 

L Lo kur a 
b1=0.03339 b2=-16.924 

b3=33.9777 b4= -0.0117 
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