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ABSTRACT 

In this work the electrical responses of the ear to 

sound stimulation are studied experimentally and by 

mathematical models. The comparison of the experimental 

data with the mathematical formulation of the dynamic 

processes is ,achieved by computer simu,lation of models of 

the mechano-electrical conversion process in the haircells. 

Using this method we clarified the relation between 

microscopie events and macros~opic electrical potentials 

measured in the cochlea. In particular we show that: 

the assumption of a one-tq-one relationship between 
the ,cochlear p,otentials and the behaviour of a 

'single cochlear transducer is not valid; 

the restrictive assumption of linearity of the 
transduction process over a very wide int~nsity 
range is not necessary; 

and the pa~adoxical behaviour of the cochlear 
potentials? in response to the stimulation of the 
efferent cochlear pathways is explicable in the 
terms of kno~n physiological mechani~ms. 
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CHAPTER a 

INTRODUCTION 

In this work the electrical responses of the ear to 

sound stimulation are studied experimentally and by 

mathematical models. The experimental work is approached 

with the philosophy of 'process identification' familiar 

from system theory, and the synthesis inherent in the 

formulation of system models of the various parts of the 

peripheral auditory apparatus is based on evaluation of 

physiological facts from a system analysis viewpoint. 

The understanding of phenomena associated with the 

cochlear potentials is of great importance for two reasons, 

first because in the living ear only a few system performance 

parameters can be measured due to experimental difficultie~ 

and secondly because these potentials are manifestations of 

the sensory processes in the ear. 

In explanation of the first reason, performance param­

eters can be classified as subjective or objective. Phenomena 

associated with the sensation of hearing (loudness, pitch, 

masking, etc.) are considered to be subjective system param­

eters. In themselves, these seldom can be used as a 

measure of the physiological system performance because the 

underlying mechanical, neural and biochemical events are not 

1. 



well understood. Objective performance parameters are those 

which can be observed, physiologically and expressed in terms 

of physical quantities. 

Such physical quantities representing the performance 

~the sound stimulated ear ca~ be evaluated in terms of: 

(a) the acoustic input impedance of the ear as 
measured at the eardrum; 

(b) the motion of the ossicles and the transmission 
characteristics of the middle ear; 

(c) the motion of the basilar membrane; 

(d) the electrophysiological response of the cochlea; 

(é) the neural pulse pattern of the acoustic nerve; 

(f) the excitation pattern of the cortical and 
subcortical brain structures. 

In any given experiment a suitable parameter for 

measurement must be selected, the choice of which is 

governed by practical and theoretical considerations. The 

parameter in question must be easily measurable, must yield 

reproducible measurements and exhibit small subJect-to-

subject variations. 

Measurability is a very important factor in choosing an 

auditory system parameter for an experiment. In auditory 

work the acoustic input impedance is measured with relative 

ease. However, while ossicular motion can be recorded with 

capacitive probes, the surgical procedures and the measuring 

2. 



1 apparatus necessarily exclude the measurement of other 

factors of interest. On the other hand the motion of the 

basilar membrane is very difficult to observe because the 

surgical procedure is by necessity destructive. As regards 

the neural pulse pattern, this oannot as of yet be observed 

with sufficient detail, due to the fact that pres€nt micro­

electrode observations are restricted to only a very small 

percentage of the total number of nerve fibers in any one 

preparation. Gross electrodes, on the other hand, record a 

spatio-temporal summation of the pattern in which details 

are not distinguishable. On the cortical level similar 

measurement problems exist compounded by our sketchy 

knowledge of the anatomy of the nervous pathways. 

Consider finally the cochlear potentials as a measure 

of the behaviour of the auditory system. These potentials 

are relatively easily determined experimentally, even in 

humans, and therefore are universally utilized in metabolic, 

pharmacological and other physiological rese~rch related to 

th~ cochlea and in the study of the communication channel 

characteristics of the auditory system. 

We turn now to the second reason for the significance 

of the cochlear potentials, namely that they are closely 

related to the sensory processes of the audit ory system. 

It is generally believed that the cochlear potentials are 

3. 



generated by a mechano-electrical conversion process in 

the sensory cells and that they are manifestations of the 

mechanism initiating the activation of the sensory nerve 

fibers. 

The description of sensory process in terms of 

mathematical models requires a part physiological and part 

mathematical view. In this work the comparison of expe-

rimental dat& with the mathematical formulation of the 

dynamic processes is achieved by computer simulation of 

models of the Middle ear, the basilar membrane and the 

mechano-electrical conversion process in the haircells. 

Using this method we are able to clarify the relation 

between microscopic events and macroscopic electrical 

potentials measured in the cochlea and to establish the 

general constraints which determine the behaviour of the 

cochlear potentials from the physical point of view. In 

particular we show that: 

the assumption of a one-to-one relationship between 
the cochlear potentials and the behaviour of a single 
cochlear transducer is not valid; 

the restrictive assumption of linearity of the 
transduction process over a very wideintensity range 
is not necessary; 

and the paradoxical behav~our of the cochlear potentials 
in response to the stimu~ation of the efferent cochlear 
pathways is explicable' in the terms of knbwn 
physiological mechanisms. 

4. 



5. 

A reasonably detailed account of the anatomyand the , 

functional physiology of the mechano-acoustical part of the 

auditory system is given in Chapter 2. However, this 

chapter by no means comprises a complete summary of aIl 

related physiological knowledge, but is restricted to areas 

directly relevant to this work. 

In Chapter 3 the electrophysiology of the cochlea is 

discussed in considerable detail, with particular attention 

given to the cochlear microphonic and summating potentials. 

An attempt is made to summarize diverse experimental results 

in a systematic fashion in preparation for later 'process 

identification' studies. 

The physiology and functional characteristics':of the 

cochlear transducer are treated in Chapter 4, followed by 

a detailed analysis of the generation of the cochlear 

potential in Chapter 5. The existing theories of the 

generation and distribution of the cochlear potentials 

are re-examined and some basic assumptions are shown to 

be unnecessary. Also, a new concept is introduced, namely, 

a possible mechanism of interaction between neighbouring 

sensory cells. 

In Chapter 6 we report on experimental work designed to 

provide quinea-pig cochlear-potential data in a form suitable 

for system evaluation in the engineering sense. Towards this 



end the cochlear potentials were measured as a function of 

frequency ~nd stimulus intensity at various points of the 

cochlea. In this chapter a complete description of the 

experimental tech~iques and instrumentation is given 

followed by the presentation and discussion of the results. 

Models of the mechano-acoustical part of the guinea-pig 

ear are discussed in Chapter 7. From previous work the 

transfer functions of the guinea-pig middle ear and cochlea 

are given. The computer simulation of the basilar membrane 

motion is accomplished by the convolution technique and by 

state variable methods. It is shown, however, that in this 

case the convoiuti~n techniqueis too time consuming and 

therefore the models are reformulated in terms of state 

variables. The solutions of the state equations of the 

model of the guinea-pig ear are also presented with details 

of the problems of actual computer Implementation. 

Chapter 8 deals with the modelling of the cochlear 

potential generators. The latter are considered as distinct 

potential sources whose behaviour along the cochlea is a 

function of anatomical position and of the auditory stimulus. 

The modelling of the individual cochlear transducer involves 

the specification of the mechanical-to-electrical 'conversion 

law' and the analysis of electrical filtering effects arising 

from membrane capacitances. The potential distribution in 

the fluid of the cochlea is also considered. 

6. 



In Chapter 9 the results of the computer simulation of 

the cochlear potentials are presented. Utilizing the models 

derived in Chapters 1 and 8 we first investigate the 

linearity of the mec~ano-electrical conver~i~n process in 

the cochlear transducer. Then frequency responses of the 

various cochlear potentials are established and the 

potential magnitudes are related to the input intensity. 

Finally, the efferent input to the individual cochlear 

transducer is considered. 

The work is summarized in Chapter 10 where the 

implications of the experimental work and the computer 

simulation of the cochlear potentials are also discussed. 

7. 



CHAPTER 2 

PHYSIOLOGICAL BASIS 

In order to place subsequent ·developments in the proper 

context, the treatment of the subjects of Chapters 2 and 3 

are admittedly somewhat general and are intended to be descrip~ 

tive. There are three a~eas fundamental to this work as a 

whole, and they are treated in considerable detail, namely 

the dynami~s of the middle ear and the motion of the basilar 

membrane (Chapter 2), and the electrophysiology of the inner 

ear (Chapter 3). 

This Chapter describes the anatomy and functional 

physiology of the outer, middle, and inner ear. Our main 

interest is the behaviour of the ear of the gui~ea pig, but 

not all relevant measurements were carried out on this 

animal. Therefore, it was necessary to examine data ~athered 

from other mammals, including man. Fortunately, it was found 

that there are great anatomical and physiological similarities 

bet~een the auditory apparatus of the various ani~als, thus 

permitting careful generalizations in regard to funct~on. 

Fig. 2.1.is the information flow diagram of the ear. The 

outer ear receives the sound pressure variations and conducts 

these to the eardrum. The eardrum serves as a boundary 

between the outer and middle ears, with the middle ear 

8. 
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transmitting to the inner ear the motion of the eardrum 

induced by the pressure variation. In the inner ear some 

mechanical selection of the frequency components first 

takes place, followed by electromechanical conversion of 

the vibrating energy. Then in the final transduction stage, 

the axons of the acoustic.nerve are stimulated to transmit 

towards higher nervous centers in terms of action potentials 

the information received by the ear. 

2.1. The outer ear 

The outwardly visible ear flap (pinna) and the ear 

canal (external auditory meatus) form the outer ear. The 

pinna plays a role in the localization of sounds and it 

also modifies the frequency response characteristics of 

the outer ear as a whole (1). The external auditory 

meatus is essentially an open ended pipe. The length of 

this pipe is about 2.5 centimeters ~or man and less than 

l centimeter for the guinea pig. At the inner end, the 

ear canal is terminated by the flexible eardrum (tympanic 

membrane). Due to its shape and size thê e~r canal 

serves as a resonator whose resonant frequency is in the 

frequency region of the highest sensitivity of hearing. 

The maximum pressure amplification of 5-10 db is achieved 

by the meatus in the frequency range of 2000-5000 Hz (2). 

The constancy of the elastic properties of the eardrum is 

10. 



of prime importance for hearing. The meatus also keeps the 

temperature and the humidity of the eardrum relatively 

constant and independent of the environment. 

2.2. The middle ear 

At the eardrum tpe incident acoustic pressure variations 

are changed into mech~nical vibrations. In the middle ear 

the vibrations are transmitted towards the inner ear by the 

ossicular chain consisting of three small coupled bones. 

These bones are called descriptively the hammer (malleus), 

the anvil (incus) and the stirrup (stapes) (Fig. 2!2). The 

mode of vibration or the chain as a whole has been recently 

described by Guinan and Peake (3) who showed that at fre­

quencies below 3 kHz the os sicles move as a rigid body. At 

rrequencies above 3 kHz the stapes and incus movements lag 

behind the malleus displacement. The displacement amplitude 

is linearly related to sound pressure up to 130 SPL. The 

eardrum vibrates somewhat like a stretchable, funnel-shaped 

piston at low frequencies above 2400 Hz (4). The hammer is 

partially embedded in the eardrum and it is coupled to the 

incus by a joint whose rigidity is a runction of frequency. 

The stapes appears exactly like a small stirrup with a 

footplate which rits into one of the entrances of the inner 

ear, namely the oval window. 

Il. 



The motion of the ossicles, up to a frequency of 

approximately 200 Uz, is determined by suspending ligaments. 

Above this frequencl the ossicles vibrate about their center 

of gravit y which roughly coincides with the axis fixed by 

12. 

the ligaments. Vibrations are transmitted to the cochlea by 

the movement of the footplate of the stapes, whose motion is 

very complex but is b~st described either in terms of pressure 

generated .at the. oval window or as the volume displacement of 

the fluids of the inner ear. 

The primary function of the ossicles is considered to be 

impedance matching. The middle ear co~ples the low acoustic 

impedance of the air at the eardrum to the high acoustic 

impedance of the fluid fi lIed cochl~a. To mini~ize trans­

mission loss, impedance matching is ne~essary. The required 

pressure transformation is effected partly by the difference 

in area of the eardrum and the footplate of the stapes and 

partially by a lever action of the ossicular chain. In cats, 

for example, the effective area.ratio is approximately 24 and 

the lever ratio is between 2.5(7) and 2.0 (3). 

The secondary roles of the middle ear are twofold. 

First, the delicate structures of the inner ear must be 

protected against the effects of high intensity sound. To 

achieve this the mode of motion of the os sicles changes in 

the presence of potentially harmful sound pressures by 
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increasing the effective attenuation. In this regard, two 

small, reflexly activated muscles which are attached to the 

malleus and the stapes respectively are thought to play an 

important role. Also, in order to eliminate unwanted 

interference, the arrangement of the os sicles is such that 

bone conducted vibrations have the least effect (8). 

Secondly, it appears that the Middle ear and the reflexly 

activated muscles attached to the ossicles play a role in 

the differentiation of several simultaneous sound stimuli 

(9,10). Chewing and talking can also produce Middle ear 

muscle contractions thereby changing the transmission 

properties of the Middle ear and producing a selective effect. 

13. 

The Middle ear of the guinea pig is structurally somewhat 

simpler than the human ear, but the two are essentially 

similar. The Most important anatomical difference between the 

human and the guinea-pig Middle ear is that the latter is 

enclosed, together with the cochlea, in an air filled cavity, 

the bulla. This anatomical arrangement has important expe­

rimental implications, because depending on whether the bulla 

is kept intact or opened during the surgical procedure, the 

transmission characteristics of the Middle ear change. 

2.3. The inner ear (11) 

The cochlea of the guinea pig is a snail-shaped bony 

capsule of about four complete turns while the human cochlea 



is a similarly shaped cavity of two and three-quarter turns 

in the temporal bone. Their lengths are 18 and 35 mm 

respectively. The largest cross-sectional area of this 

cavity is at the basal end where the oval and the round 

windows are located. The cochlea is divided into three 

longitudinal channels, the scala vestibuli, the scala media 

(cochlear duct), and the scala tympani (Fig. 2.3), by the 

partitioning membranes called the basilar and Reissner's 

membranes. The scala tympani and scala vestibuli communicate 

through a small opening (helicotrema) at the apical end of 

the cochlea. These two scalae are filled with fluid called 

perilymph while the cochlear duct is filled with another 

fluid called endolymph. These fluid compartments are 

respectively common with corresponding compartments of the 

other vestibular receptors. 

The sensory elements are enclosed in the cochlear duct 

(Fig. 2.3). The tectorial membrane partially overlaps the 

elastic basilar membrane on which the sens ory elements of 

the cochlea ~nd their supporting structures lie. These 

sensory structures are composed of arrays of inner and 

outer haircells, radial and spiral nerve fibers and 

associated nerve endings, the whole complex being called 

the organ of Corti. 

14. 
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The electro-mechanical conversion of the original sound 

energy takes place in the haircells. Each of these cells 

contains 60-70 hair-like protrusions (cilia) which extend 

into the scala media and are attached to the tectorial 

memb~&ne. The body of the haircell is surrounded by 

supporting cell structures which are in turn firmly con­

nected to the basilar membrane. Each haircell is innerv­

ated by afferent and efferent nerve fibers which pass 

through the spiral lamina and leave the cochlea as parts of 

the auditory nerve. The number of haircells depends on the 

species, being about 10000 for the guinea pig and 40000 for 

the human. The auditory nerve contains approximately the 

same number of fibers. 

The stimulation of the haircells is the result of the 

movementof the basilar membrane. The result of this move­

ment in the organ of Corti is that the tectorial membrane 

slides with respect to the former, and the shearing action 

created bends the cilia. This bending initiates neural 

excitation, by some process as yet unknown,'~ut one which is 

16. 

also common to the semi-circular canal and otolithic transduction. 

The motion of the basilar membrane is very complex, and 

since models of this motion will be examined in a later 

chapter, we now turn to an examination of the mechanical 

properties of the cochlea. 
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203010 Mechanical properties of the cochlear partition 

Almost all the basic measurements of the various physical 

parameters of the structures of the inner ear were first done 

by Bekesyo The following paragraphs outline his work and 

resultso 

The cochlear partition is not under tension and conse­

quently it is not a stretched membrane (12). The behaviour 

of the basilar membrane in this respect is similar to 

unstrained skin's. Also, the elasticity of the cochlear 

partition increases by a factor of 100 from the basal end 

of the cochlea where it is fixed to the apical end where it 

is relatively loose (12,13). The elasticity of the cochlear 

partition also varies in the transverse direction at any 

cross section of the cochlea. The damping of the cochlear 

partition has been determined in a series of experiments 

comprising direct observation of the motion of the cochlear 

partition when the oval window is subjected to a loud 

click (14). 

The viscosity of the perilymph (.0197 cgs units) has 

been also measured by Bekesy (15). From density measurements 

of the fluid (1.034 g/cm 3 at 37°C) he also concluded that 

the velocity of sound waves in the perilymph is approximately 

the same as in water (1400 mm/msec). 

17. 



t. 2.3.2. Motion of the cochlear partition 

Due to the extremely small amplitudes of the mechanical 

movements (Fig. 2.4) it is very difficult to measure the 

displacement of the cochlear partition as a function of 

displacement of the stapes (16). This was aChieved, however, 

by Bekesy utilizing stroboscopie illumination and microscopie 

silver crystals to make the membrane movements visible. 

Recently Johnstone and Boyle also succeeded in measuring the 

displacement of the cochlear partition by using the Mossbauer 

technique (17). 

18. 

By using a sinusoidal displacement input at the stapes, 

Bekesy obtained the so-called tuning curves of the cochlea 

(Fig. 2.5). These curves represent the amplitude and phase 

responses of the basilar membrane for various points as a 

function of frequency. They were obtained for a constant 

displacement amplitude at the stapes and were given by 

Bekesy in the normalized form shown. Fig. 2.6 shows similar 

data for the guinea pig. If under the same experimental 

conditions the whole length of the cochlear partition is 

observed, the maximum response at any given frequency (MRF) 

can be mapped in terms of distance from the stapes (Fig. 2.7). 

Due to the changing dimensions and the varying mechanical 

properties along the cochlear partition the amplitude of 

maximum displacement (AMD) of the cochlear partition is also 
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and tympanic membranes at the threshold of hearing. 
The upper solid and dashed curves represent the 
tympanic membrane displacement calculated by Lawrence 
using different data. The lower solid line is the 
amplitude of movement of the basilar membrane at the 
threshold of hearing.(From Lawrence18 ) 
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a function of the distance from the stapes. The ratio of 

volume displacement of the stapes to peak displacement of 

the basilar membrane is shown in Fig.2.8. 

It is to be noted that no reference is made by Bekesy to 

the absolute values of.the sound intensities used. This is 

unfortunate and it is probably due to the tremendous expe­

riment al difficultiesBekesy faced when doing these measure­

ments. Although the. sound pressure level was not explinitly 

measufed it was within phYfiological limits. In order to 

satisfy himself that the system is linear within these limits 

(up to 140 db SPL), Bek~sy measured the amplitude of vibration 

of the stapes with the results shown in Fig.2.9. The 

indicated area represents the physiologically permissible 

region of ~mplitudes(2l). I~ all subsequentwork we will 

assume that the displ~cement of the cochlear partition is 

linear as a function of stapes displacement. 

In regard to the actual time domain phenomena, ~ekesy 

observed that a sudden displacement of the stapes results in 

a pseudo-travelling wave of displacement along the cochlear 

partitio~. Sinusoi~al excitation shows a similar pattern 

of displacement (Fig.2.l0). 

Based on Bekesy's work the following conclusions can 

be drawn regarding the dynamic behaviour of the cochlea. 

Pressure waves generated by the stapes in the fluid reach 

22. 
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the apical end of the cochlea almost instantaneously '(in 25 

microseconds). Due te differences in scalae cross-sections, 

flow around the helicotrema, and the energy absorbing effect 

of the round window, the phase and magnitude of the pressure 

on the two sides of the cochlear partition will bè'different. 

This net 'pressure difference will set the cochlear duct into 

motion but the response of any one point will be a function 

of the pertinent local parameters, specifically of the 

elasticity, mass, friction and coupling of the elem~nts of 

the membranes. Since these physical characteristics change 

along the cochlea, the partition sustains a pseudo~travelling 

wave. Thi~~.av&-cannot b~ classified as a true travelling 

wave since the energy transfer is not between subsequent 

membrane elements. Evidence indicates that the energy 

necessary to sustain this motion of the membrane is 

transmitted to it by the fluid. 

25. 



CHAPTER 3 

ELECTROPHYSIOLOGY OF THE COCHLEA 

Cochlear potentials exi.t which are closely related to 

the sensory processes of the cochlea. These potentials can 

be observed eithe! by differential electrodes placed in the 

scala tympani and scala vestibuli (Fig.3.l) or by an 

electrode placed on the round window. The potentials thus 

recorded are classified as the endocochlear potential (EP), 

the cochlear microphonic potential (CM), the summating 

potential (SP), and the total nerve action potential (AP). 

The endocochlear potential is observable in the unstim­

ulated ear as a dc potential and according to Schmidt and 

Fernandez (221 it has a value between 6 mV and 100 mV, the 

actual value depending on the species. The same investigators 

also observed that there was no apparent connection between 

the size of the endocochlear potential and the measured 

cochlear microphonic potential, contradicting a hypothesis of 

Davis (see Section 5.1.1) who postulated a causal relation­

ship between them. Although much effort has been spent on 

the investigation of the EP, there is still no conclusive 

evidence for the functional importance of this potential. 

26. 
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The action potential may be looked upon as the spatio-

temporal summation of the electrical activity in the fibres 

of the acoustic nerve. The AP has the general waveform shown 

in Fig.3.2b, as recorded at some point along the cochlea. 

3.1. The cochlear microphonic potential (CM) 

When the ear is stimulated by sound the cochlear micro-

phonie potential (CM) is observable as an ac pot~ntial 

between two electrodes placed in the scala tympani and scala 

vestibuli respectively (Fig.3.2a). Although the CM is also 

observable between either scalae and a reference electrode, 

or between the round window and a neck electrode, only 

differential electrod~s placed in opposition on two sides of 

the basilar membrane will record pure CM without other 

potentials, especially the AP, complicating the waveform. 

The cochlear microphonic potential is a function of many 

factors. Symbolically this functional relationship may be 

written as 

where 

CM = fn(f,x,SPL,I l,OCB,al,a2, ••• ,a) po n 

CM = magnitude and phase of the cochlear 
microphonic potential 

f = frequency of the stimulus 

SPL = sound pressure level at the eardrum 

x = distance from the stapes 

28. 
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l pol 

OCB 

= polarizing current through the 
organ of Corti 

= olivocochlear bundle stimulation 

= other physiological and chemical 
factors 

Observations of the CM as a function of frequency vere 

published by Tasaki et al (24) vho used differential elec-

trodes in tvo or more turns of the cochlea of the guinea pig. 

One electrode pair vas also implanted very close to the 

beginning of the cochlea and vas used as a reference for 

Turn-l measurements. The outputs of the second, third and 

fourth turns vere compared vith the output of the first turn, 

thus providing relative amplitude and phase curves as a 

function of frequency (Fig.3.3). The absolute amplitude and 

phase vere not established since the sound pressures cor-

responding to a constant Turn-l CM potential vere not 

30. 

measured due to.experimental difficulties. This unfortunately 

resulted in the somevhat misleading curves of Fig.3.3 vhich 

indicate that the cochlear microphonic potential transfer 

characteristics are essentially those of a lov pass filter. 

This is in contradiction vith the expected characteristics as 

predicted by other observations and studies. 

In particular, the tuning characteListics of the cochlea 

as observed by Bekesy (16) and his evidence that the CM is 

proportional to the displacement of the cochlear partition (25) 
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would indicate that the CM vs frequency plo~ is somewhat 

similar to the mechanical tuning curves. The amplitude 

results of Tasaki, Davis and Legouix (24), however, do 

not show the expected frequency response characteristics. 

Zwislocki (26), and more recently Laszlo (2~, analysed 

this problem and found that the sole reason for the 

discrepancies is that Tasaki and his co-workers used the 

round window CM potential as the constant reference. 

Tqnndorf (27) improved on some of Tasaki's tech­

niques; the results are shown in Fig.3.4. He attempted 

to control the sound pressure level in front of the ear­

drum for various frequencies and for electrode pairs 

placed in various turns of the cochlea. However, 

Tonndorf did not measure the sound pressure level at 

the eardrum, but instead, calibrated the acoustic· source 

used in his experiments in a l cc acoustic coupler. The 

voltage corresponding to a constant SPL in the coupler was 

applied to the sound source during the experiment. 

It is now apparent (see Chapter 6) that neither of 

these observations is sufficiently accurate because the 

techniques do not ensure constant SPL and cO,nsequently the 

results must be treated with caution. 
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Tasaki et al also published data on the changes of the 

CM as a function of 6PL and the variation of this relation-

ship vith electrode position (24). It can be seen from 

their results (Fig.3.5) that the voltage of the CM is a 

linear function of the 6PL for a wide range of sound 

intensities and frequencies. The CM is unique among the 

other cochlear potentials in that it reproduces the stimul-

ating frequency waveform vith great fidelity. Although the 

low frequency waveforms become distorted when the CM vs 6PL 

relationship becomes non-linear, for high frequencies a 

sinusoidal waveform is reproduced up to the point of over-
. . 

loading of the ear and beyond, vith little distortion. It 

is also notable that the CM appears to have no measurable 

threshold, the lower limit being imposed on the observations 

by noise arising from physiological sources and from the 

instrumentation. 

It is quite difficult to describe the variation of the 

CM vith electrode position at constant frequency and 6PL 

because only a few data points are available (24). Also, 

Turn~2 and Turn-3 data were not taken from the same animals 

and since the true 6PL in front of the eardrum was not 

measured the absolu'te values of the published data do not 

34. 

allov direct comparisons. This is not to say, of course, that 

the functional relationships are not accurately shown by Fig.3.5 

but that these experimental results must be considered as 

relative vith respect to some unknown 6PL. 
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• The CM potential may be modified temporarily and 

reversibly by externally applied polarizins currents. Tasaki 

and Fernandez (28) found that if the scala vestibuli is made 

positive with respect to the scala tympani the CM potential 

is depressed (Fig.3.6). Furthermore, they observed the 

relationship between the strength of the current and the CM 

potential amplitude for fixed input sound intensity and 

frequency (Fig.3.7). These investigators concluded that the 

dc polarizing current does not spread from one turn to the 

next and that the electrical attenuation of the cochlea is 

6 db/mm along the cochlear partition. 

~servations indicate that the activity of haircells can 

be modified by central stimulation of the olivo-cochlear 

bundle (OCB) in the brainstem and that this modification is 

reflected in CM potential changes. In particular, it was 

found that stimulation of the crossed olivo-cochlear fibres 

results in the augmentation of the cochlear microphonic 

potential observed with gross electrodes (29,30). In a more 

recent study Sohmer (31) evaluates the effect of OCB stimula­

tion on the CM for different auditory inputs. By varying the 

frequency and intensity of the sound stimulus, Sohmer estab­

lished the functional relationships shown in Figs.3.8,3.9 and 

3010. Unfortunately in his experiments the location of the 

CM electrode was not varied but was kept on the round window. 
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1.1 mV for 500 Hz. Direction of current: positive 
trom scala vestibuli to scala tympani.{From Tasaki 28 ) 
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Fig.3.9 Typical cochlear microphonic augmentation in 
response to pure tone stimuli of increasing. intensity 
during olivo-cochlear bundle stimulation. (From Sohmer3l) 
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Fig.3.l0 Typical cochlear microphonic augmentation in response 
to constant intensity tone pips of different frequencies during 
olivo-cochlear bundle stimulation. (From Sohmer3l) 



The evidence of Fex (32) shows that the OCB stimulation acts 

on the haircell in a direct efferent fashion. If this is so, 

then the centrifugally-controlled efferent outflow will ·have 

a direct effect on the CM potential augmentation. 

3.2. The summating potential 

Observations of the cochlear potentials produced in 

response to transient stimulation indicate the presence of a 

39. 

dc potential which was given the name "summating potential"(SP) 

by Davis and his co-workers (33). While sti~ulating the ear 

with high frequency tone bursts, the su~mating potential 

appears as a shift in the base line of the oscilloscop~ trace 

on which the cochlear microphonics is superimposed (Fig.3.2a). 

This shift may be negative or positive, the polarity depending 

on the location of the electrodes, frequency of the tone burst, 

anoxia, sound intensity, hydrostatic pressure distribution in 

d 
the cochlea and centrally controlled efferent action. 

Although many studies have been made on the SP it is 

difficult to give a consistent description of its behaviour, 

the main reason for this being the great variability between 

preparations and the unpredictable individual changes during 

experimentso These changes reflect the fact that the SP is 

a sensitive function of the general physiological state of 

the experimental animal, the surgical processes, drugs and 



the eharaeteristies of the sound stimul~s (34). The 

general functional relationship may be stated as 

where 

SP = fn(f,x,SPL,V I,OCB,Cll,Cl2, .•• ,Cl } po n 

SP = magnitude and polarity of the summating 
potential 

f = freql'.eney of stimulus 

x = distance from the stapes 

SPL 

V pol 

= sound pressure level at the eardrum 

= polarizing current through the organ of 
Corti 

Cll,Cl2,""Cl = n 
other physiological and biochemical 
factors 

To describe the SP as a function of frequency. Davis et 

al (34) placed differential electrodes (Fig.3.1) into the 

cochlea at different positions along the basilar membrane and 

measured the magnitude of the SP and CM simultaneously for 

various frequencies. From these observations two semiquan-

titative observations emerged~ 

(l) the SP/CM ratio increases as the frequency 
increases and 

{2} the SP has very small negative or even positive 
values for frequeneies below 3000 Hz. 

In similar experiments Konishi and Yasuno (35) placed 

de eleetrodes in various turns of the guinea pig cochlea at 

known distances from the round window and used sinusoidal 
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stimuli of knovn frequency to obtain the results shovn in 

Fig.3.ll. Although their quantitative data are the best 

available, the observations vere taken un~er conditions 

vhich make it. difficult to compare the behaviour of the 

SP!vith the behaviour of the CM. 

In particular, the measurements vere not taken vith 

differential electrodes although tvo electrodes vere use,d, 

one in the sc-ala vestibuli, the other in the scala tympani 

or the neck muscles. Thus-, common mode potentials repre­

senting relatively remote events vill be picked upby the 

~lectrodes. This is the reason they observed SP responses 

in the foutth turn for 8 kHz stimulus frequency. (It 

vould be interesting to knov the size of the CM they 

observed simultaneously!) Furthermore, although it is 

mentioned in the paper that stimulus intensity vas measured 

in front of the eardrum vith a probe microphone, the exact 

arrangement vas not specified. Consequently, it is 

difficult to judge the accuracy and reliability of their 

SPL measuring Methode 

The behaviour of the SP as a function of the electrode 

position in the cross-sectional plane of the cochlea and 

the electrode placement along the basilar membrane is also 

of primary interest~ According to Davis (34) the SP is 

best observed betveen scala media and neck reference 
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electrode or a scala tympani reference electrode. When an 

exploring electrode is advanced into the scala media from 

the spiral ligament, large increases in the size of the SP 

and the CM are observable. The spatial distribution of the 

SP is different, however, from the distribution of the CM, 

probably because the SP and CM have different frequency 

components and consequently the electrical Impedances for 

the two potentials are different. On the basis of experi­

ments using explorin~ electrodes Davis, and later Konishi (35) 

confirmed that the SP is generated in the same haircell region 

as the CM. 

Observation of the distribution of the magnitude of the 

SP along the basilar membrane shows that the SP, like the 

CM, is a function of location. However, this function is 

not the same one for the CM ana the SP, according to 

Davis (34), who found that the distribution of the magnitudes 

of the two potentials is quite different. It appears that 
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the negative SP is related to the "eddy region" of the mechan­

ical pseudo-travelling wave sustained on the basilar membrane 

and so the SP is more closely associated with the MRF than 

the CM. This association is a function of location along the 

cochlea since the ratio of the SP and CM is larger at the 

higher MRF points, moreover, the absolute value of the neg­

ative SP also increases as the MRF increases. Unfortunately, 



from the available sources in the literature (34,35), a 

detailed description of the spatial distribution of the 

SP cannot be given~ because the actual data have never 

b~en pUblished. 

The complex functional relationship between the 

magnitude of the SP and the SPL of a sinusoidal stimulus is 

governed by the stimulus frequency and the location of the 

measuring electrodes. Observations are made difficult by 

the fact that the magnitude and polarity of the SP are 

altered by static pressure changes wh~ch arise from middle 

ear muscle contractions and mechanical i~jury due to surgery. 

It is difficult to obtain consistent and reproducible measure­

ments and consequently, publishèd data are often qualitative 

and incompleteo 

Fig.3.l2 shows the SP vs SPL function for various 

frequencies as measured in the basal turn of the cochleaof 

a guinea pig (35). In Fig.3.l3 the SP- vs SPL and the CM vs 

SPL functions are compared showing that at least for the 
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given location and stimulating frequency, the SP will increase 

monotonically in the entire intensity range and the CM attains 

a maximum around 100 db SPL (36). 

Investigations of the effect of the polarizing current 

on the SP generated by continuous tones have only been 

partially successful because experiments yield inconsistent 
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results (35). It has been observed, however, that in many 

cases both the CM and SP increase when the polarizing 

current flows from the scala v~stibuli to the scala 

tympani and both potentials decrease for reverse current 

direction. Reversing the current often also changes the 

SP polarity from negative to positive. Other data 

indicate that the SP vs SPL and CM vs SPL funct~ons shift 

along the SPL axis, the amount of shift being ~roportional 

to the intensity and direction of the applied current. 

There is no quantitative data on the ~ffect of olivo­

cochlear bttndle stimulation on the SP. By observing sound· 

and OCB ·stjmulation evoked dc potentials Fe~ (32) demon­

strated that when the sound stimulus gives rise to a 

positive SP there is little interaction bet~een the 

efferent activity and the activity evoked by sound; the 

potentials simply summate. On the other hand, if the sound 

gives ri se to negative SP, the OCB stimulation has little 

effect and the sound evoked dc activity (the negative SP) 

seems to occlude the efferent system evoked activity. 

At this point it would be logical to discuss the func­

tion and generation of the cochlear potentials. However, 

this topic is so closely related to the physiology of the 

organ of Corti andin particular, the haircell, that the 

discussion of the function and generation of the CM and SP 

will be deferred to Chapter 5 while the properties of the 

cochlear transducer will be appraised first. 



CHAPTER 4 

ON THE 'COCHLEAR TRANSDVCER 

From a functional poi~t of view, the haircells are the 

last link in the chain of mechano-acoustical components of 

the ear and May be classified as specialized mechano­

receptors. The haircells are the transducer.s in which the 

mechanical energy originating in the input sound is finally 

transformed into eleotrical and/or chemical events of the 

nervous system. 

The method by which the mechanical motion of the basilar 

membrane acts on the haircell is not known. Bekesy stated 

that since shearing forces are present between the top of 

the haircells and the tectorial membranes, these forées will 

bend the hairs (cilia) extending from the top of the haircell 

thus transmitting energy to it (37). Recently it was found 

that these hairs do not buckle when subjected to shearing 

forces. Thus, it has been suggested by Hawkins (38) and 

Engstrom et al (39) that the hairs act as microlevers, 

passively transmitting energy to the hairb~aring end of 

the haircell. 

Although the exact mechanism of energy transfer from 

the surrounding structure to the haircell is in doubt, the 

observation of the cochlear potentials (CM) indicates that 
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deformation of the organ of Corti, and thus the haircell, 

results in the ~eneration of proportional electric 

potentials (25,4o). The actual site of the generation 

of the CM .nd SP seem~ to ~e located somewhere between 

the top of the haircell and the tectorial membrane. As 

indicated by Bekesy's evidence (25) the potential generator 

is probably an active 'device' and since the excitatory 

mechanical movements are extremely small it is probably 

on the molecular scale (18). 

Although the details of the mechanism by which the 

acoustic nerve fibers are excited are not known, it is 

generally accepted that the CM and SP represent a 

generator potential which is responsible for initiating 

neural discharge (11,41). 

4.1. The structure and anatomy of the sensory structures 

of the ear 

The microscopie structure of the organ of Corti has 

been the subject of investigations for over a hundred years. 

The early work of Corti (42), Hensen (43), Retzius (44), 

Held (45) and others has been followed by the more recent 

efforts of Duvall (46), Engstrom (39,47,48,49), Flock (50), 

Hawkins (38) and Wersall (51). In current research an 

effort is being made to systematically investigate the 



submicroscopic structural patterns of the haircells and 

surrounding structures (52,47). 

In the sections which follow, all references are to the 

guinea-pig cochlea except where otherwise explicitly stated. 

4.1.1. Haircell arrangement and the organ of Corti 

Haircells are classified according to their anatomical 

location on the organ of Corti as outer haircells (OHC) and 

inner haircells (IHC). Microscopically, the two types of 

haircells are different since two distinct cell shapes, 

haircell orientations and connecting nerve-endings are 

distinguishable (Fig.4.l). 

The haircells are arranged in three rows of OHCs and 

one row of IHCs with the tunnel of Corti dividing the two 

types of cells. The schema of the arrangement is shown in 
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Fig. 4.2 and 4.3. The plan view of the top of the organ of 

Corti shows a very regular grouping of the haircells (Fig.4.4). 

According to Schuknecht (53) a count of the population density 

in 9 different regions of the cat's cochlea revealed uniform 

haircell distribution. In particular, the average number of 

cells was found to be 416 OHC/mm and 120 IHC/mm. A similar 

counting of haircells o~ the guinea pig by us showed that in 

this animal there are about 340 OHC/mm and 90 IHC/mm. 
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Fig.4.1 Schematic ~rawing ot an inner (A) hairce11 and 
an outer (B) hairce11. C-centrio1e. Att.NE-atterent nerve 
ending. Ett.NE-etterent nerve ending. IP-inner pi1lar. 
DC-Deiters ce11. M-mitochondrion, Nu-nucleus. (From Wersal1 51 ) 

TM OHe 

TSP 

Fig.4.2 Schematic survey ot the structure ot the organ 
of Corti in mammal. ORC-outer hair ce1ls. IRC-inner hair 
cells. TM-tectorial membrane. TSP-tunnel spiral fibers. 
(From Wersa1l 5l ) 
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Fig.4.3 Schematic section through the organ of Corti 
vith afterent and efterent nerve fibers. Note the 
ditterent orientation of the IRCs and ORCs vith respect 
to the basilar membrane. (From Wersall5l) 

IHe 

c 

Fig.4.4 Schematic draving of the organ ot Corti seen 
trom the surface vith outer hair cells (OHC) and inner 
hair cells (IHC). The centrioles (C) of inner and outer 
hair cells are tacing toward the stria vascularis.(From 
Wersall5l) 



Although the regular grouping of the haircells is 

observable all along the cochlea, the size of cells and 

their relation to the width of the basilar membrane changes 

as a function of distance from the stapes. This was 

investigated quantitatively by Hawkins (38) who found that 

the upper diameter of the OHC is approximately constant at 

7.5-8.0.microns throughout the cochlea. The length of the 

OHC is about 25 microns in all three rows in the first turn, 

while in the fourth turn it changes from45 microns in the 

first row to 65 microns in the third row. Hawkins also 

notes that only about a third of the total width of the 

basilar membrane is taken up by the IHCs and OHCs, the rest 

being occupied by supporting cells. 

The cross-sectional view of the organ of Corti shows the 

different spatial orientation of the haircell bodies and 

their relation to the surrounding supporting cells (Fig.4.3). 

It is important to note that the geometric relationship 

between the surrounding structures and the haircells is 

different for the OHCs and the IHCs. Consequently, the 

orientation of the'hairs with respect to the haircell body 

and possibly the reticular and tectorial membranes is not 

the same for the two types of cells (Fig.4.l). It is rather 

difficult, however, to ascertain the exact orientatioh of 

these structures in vivo, since the preparation of histologi­

cal specimens invariably introduces distortions of the 

critical areas. 
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4.1.2. The sensory hairs of the OHC and IHC 

According to Wersall (51), the hairs (or cilia) of the 

OHCs form a bundle consisting of 3 rows shaped like a 'W' 

pointing always towards the stria vascularis. On the other 

hand, the hair bundle of the IHCs is arranged in four or 

five rows shaped like the 'wings of a bird'''(Fig.4.5}. The 

number of hairs per haircell has been investigated for a 

number of mammals, including man (45,54,55). For the guinea 

pig Engstrom et al (39) found that in the basal and middle 

turns each OHC bears about 115 hairs, while on the IHCs only 

35-40 hairs per cell were observed. It is noteworthy that 

while on the vestibular and other haircells both stereo and 

kinocilia are present, on cochlear haircells only stereocilia 

are observable. Each haircell, however, contains on the 

hairbearing cell surface, a structure called the basal body, 

which may be analogous in function to the kinocilia of other 

sensory cells. Structures similar to the basal body in 

other sensory cells have been observed to be capable of 

responding to·minute amounts of energy and may represent 

the ultimate 'sensor' of the ear (Fig. 4.6b). 

The cross-sectional view of the hairs and neighbouring 

structures under a phase-contrast microscope allowed 

Engstrom and his co-workers (39) to conclude that the hairs 
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Fig.4.5 Hair Bundle Arrangements. (After Wersal1 5l ) 

55 • 



e of the OHC are not continuous with the tectorial membrane. 

There is no evidence to show that the tops of the hairs of 

the IHCs are in direct contact with the tectorial membrane 

when the structure is at rest. 

From the works of Engstrom et al (39), Hawkins (38) 

and Iurato (55) we can also learn the general shape and 

size of the cochlear stereocilia (Fig.4.6a). The individual 

hairs are always somewhat club-shaped and appear to be 

narrowest Just above the cell surface proper. The mechanieal 

rigidity of the eochlear stereocilia appears to be high and 

when mechanically displaced, slight bending of the hairs is 

seen under microscopie observation before they snap. 

4.2. Mechanical dynamics of the haircells 

It is rather unfortunate that it is not possible ~o draw 

any definite conclusions regarding the mechanical dynamies 

of the organ of Corti from available physiologieal data. At 

best one can hypothesize on the basis of the little which is 

known of the dynamie properties of the haircells. 

The several possible means by whieh the hairs may 

receive some form of mechanieal deformation from their 

environment are now discussed. 

56. 



• 
o 

70 A 

Il--- dia 
tHC: 0.35 li' 

OHC: 0.15 li 

1ength 

2.5-5 li 

57. 

Fig.4.6a Schematic drawing of cochlear stereocilia. PM is 
the plasma membrane, R the rootlet. The small arrows indi­
cate the two outer membranes of the hair.(From Engstrom39) 

", ,', .:: .... ; .. ~.~ 
: .~ . .~ ...... 

Fig.4.6b Schematic drawing of structure of hairs and 
centriole on top of the hair cell in the organ of Corti. 
H-hair. N-neck of hair. R-rootlet. Cu-cuticle. Cl -
centriole 1. C2-centriole 2. Sp-spikes.(From Wersal151) 



4.2.1. Hair bending as a mechanical stimulus for the 
haircell 

The first and perhaps most obvious possibility of 

mechanical stimulation of the hairs is bending since the 

relative motion of the tectorial and basilar membranes will 

result in a shearing motion between them (37). This hypoth-

esis is very attractive because it is simple, structurally 

feasible and it can be shown that it satisfies many exp er-

imental phenomena. There are some assumptions inherent in 

this bending theory which should be kept in mind. Firstly, 

it is tacitly assumed that the tectorial membraneis rigid, 

but this may not be so. Secondly, parallel motion of the 

two membranes is not necessarily permissible, because the 

hairs cannot withstand pull and so complex motion" is 

required on the part of the tectorial membrane. Thirdly, 

most hairs do not seem to touch the tectorial membrane (39) 

and thus they cannot be bent by the motion as supposed. 

We would like to add.a possible corollary to the 

original bending t~eory. It may be possible that the hairs 

of the haircells are not directly stimulated by the relative 

motion of the two membranes, but are set in motion by the 

fluid streaming between the tectorial and basilar membranes. 

This would explain why MOSt hairs do not touch the tectorial 

membrane and may also be an explanation of the particular 

pattern hairs form on the haircells (see Fig.4.5). 
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4.2.2. Pressure as a mechanical stimulus for the haircell 

An alternate mechanism proposed for the mechanical 

stimulation of the haircell ~s pTessure acting on the hairs 

and/or cell body (56;57,58). lt is imagined that the dis-

placement of the membranes changes their relative positions 

in some manner and this results in the change of pressure 

exerted on the hair, haircell and supporting cel~ complexe 

At first glance this hypothesis appears to be perfectly 

feasible, since almost any type of movement vith rigid or 

viscous membranes vill produce some sort of deform,tion of 

the cochlear structures producing pressure changes:on the 

hairs'or cellbody. One must consider, hovever, that pull 

on the hairs is not possible and that the hairs are very 

rigid, possibly permitting little deformation. Although it 

is conceivable that the pressure. is transmitted to the cell 

body through the hair (39,38), according to Bekesy (59), 

experimental evidence indicates that shearing: forces. are the 

primary factor in stimulating the haircells. 

4.2.3. la the assumption of mechanical stimulation of the 
h~ircell necessary? 

There is also a possibility that the haircells are not 

stimulated in a direct fashion by mechanical movement at all. 

Naftalin (60) proposes an alternate mechanism according to 
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which the mechanical~to-electrical transduction takes place 

through the special che~ical properties of the tectorial 

membranes. The char~e distribution of the tectorial membrane 

suggests a biased semiconductor arrangement somewhat in the 

same fashion as suggested by Wei (61). 

It is a180 conceivable that the movement of the 

membranes only serves to establish contact between the top 

of the hairs and the tectorial membrane. This means that 

depending on the particular displacement patterns established 

on the basilar membrane, certain hairs wouldtouch the 

tectorial .membrane, while others would note Thus, a pattern 

of conducting pathways may be established which would pass 

through the cells associated with the hairs and so 

ultimately give rise to the audit ory nerve fiber discharge. 

4.3. Innervation of haircells 

The innervation of the inner and outer haircells 

differs although both appear to receive afferent an~ efferent 

fibers as shown in a schematic form in Fig.4.3. The IHC is 

innervated by the afferent radial fibers and efferent fibers 

from the Intraganglionic Spiral Bundle. It is also possible 

that some efferent innervation is due to fibers running in 

the Inner Spiral Bundle. The OHC receives its afferent 

innervation from spiral fibers running in the basal direction 

while its efferent innervation appears to pass through the 
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Intraganglionic Spiral Bundle and possibly form the Tunnel 

Spiral Bundle as well (Figo407). As indicated on the di­

agram the radial fibers characteristically innervate one or 

two haircells and each haircell is innervated by on~ or two 

neurons. The spiral fibers, on the other hand, innervate 

several haircells along their paths in the cochlea. The 

efferent fibers may be said to belong to one of two classes 

according to their origin which may be in either the un­

crossed or the' crossed olivo-cochlear bundleo 

The nerve endings adjoining the haircells not only 

differ from afferent to efferept but also trom ORC to IRC. 

Furthermore, the nerve endings change as a function of the 

distance of the haircells from the stapeso The small af­

ferent nerve endings are in close contact with their 

respective sensory cells and contain characteristic micro­

structures such as mitochondria, neurofibrils and granules. 

The numerous efferent nerve endings on the IRC are small 

and irregularly shaped. On the OHC the efferent nerve 

endings are large and also numerous (Figo4.l). 

In the basal turn all sensory cells are provided with 

many large efferent and a small number of afferent endings. 
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The number of efferent nerve endings diminishes as the dis­

tance from the stapes increases and only the first row of ORCs 

retains efferent endings all the way to the apex of the cochlea. 
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Fig.4.7 Schematic survey of part of a basal coil 
in the organ of Corti showing the distribution of 
afferent and efferent nerve fibers.(From Wersal15l) 
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CHAPTER 5 

THE GENERATION AND DISTRIBUTION OF THE COCHLEAR POTENTIALS 

Present theories of the generation of cochlear potentials 

are greatly limited by the lack of experimental evidence. 

Historically, a number of concepts have been introduced such 

as the piezoelectric microphone analogy (62), the resistance 

microphone theory (62) and the movement controlled 'two-state' 

voltage generator (63). Other theories are mainly modica­

tions or extensions of these main hypotheses. With the 

notable exception of Johnstone (64) linearity of the movement­

potential relationship is generally assumed in both expe­

rimental and theoretical work, although this ,is not justified 

for the single transducer by the available evidence. 

There is also very little known about the distribution 

of potentials in the cochlea due to an individual haircell. 

In MoSt works it is assumed that the gross electrodes used 

pick up potentials from a small segment of the cochlea only 

and within that segment aIl potential generators are in phase. 

In this chapter we will examine theories of the genera­

tion and distribution of the cochlear potentials. It will be 

shown that the linearity assumption renders Many of the 

existing hypotheses untenable and that the 'in-phase' 

assumption is artificial and restrictive. 



5.1 Theories and models of the generation of the cochlear 
potentials 

5.1.1. The variable resistance ~heory 

64. 

Davis' comprehensive description qf the sensory mechanism 

in the cochlea was mentioned briefly in c6nnection with the 

functional description of the haircells. Now we will examine 

his theory in greater detail with emphasis placed on the 

concepts related to the generator potential. 

The theory advanced by Davis (62) considers the cochlear 

transduction process to be somewhat similar to the action of 

a resistance microphone. It is supposed that the mechanical 

distortion of the haircell which arises from the motion of 

the basilar membrane results in the change of ohmic resistance 

of some active part of the haircell. This resistance is a 

part of a circuit which consists of tissue resistances and 

biological batteries located in the stria vascularis and the 

haircell itself (Fig.5.l). The changes in mechanically in-

duced ohmic resistances are assumed to be linear over 3 or 4 

decades and, given constant voltage sources in the circuit, 

will produce linear current changes through the haircell. 

This in turn will produce voltage changes across the hair-

cell resistance and this voltage change will be the generator 

potential which by some action on the nerve junction on the 

haircell initiates the firing of the nerve fiber. 



Davis exp1içit1y assumes that the coch1ear transducer 

is 1inear over a 60-80 db range. We will nov examine the 

validity of this assumption by using circuit ana1ysis and 

physio10gica1 considerations. 

From Fig.5.1. we may draw the equiva1ent e1ectrica1 

circuit of Davis' concept (Fig.5.2). Then 

V2 i2 x ~2 
V 

R2 = = R + R2 

= R2 -y - . 
R + R2 

1 
V (5.1) = 1 + R 

R2 

where 

R= Rl + Ra = the sum of the resistances of the stria 
vascu1aris, the scala media, the tectoria1 
membrane and the paths from the hairce11 to 
the scala tympani and the stria vascu1aris. 

Let 
R2 = x 
R 

so that 

V2 
1 x V = = 1 1 + - 1 + x x 

where 'x' is not known experimenta11y and it may be greater 

or sma11er than l, but of course it cannot be negative. 



ORGAN OF" CORTI 

SCALA VESTIBULI 

SCALA MEDIA :1:0 ... 

+80 ... 

SCALA TYMPANI 

Fig.5.1 'Resistance microphone' theory of 
cochlear excitation vith the primary 'battery' 
in the haircell and an accessory battery in 
the stria vascularis.(From Davis62) 

(a) Davis' hyp~thesis (b) Equivalent circuit 

80 mV 140 mV R 

60 mV 

Fig.5.2 The 'resistance microphone' concept 
RI = resistance of the stria vascularis, scala 
media and the tectorial membrane. R2 = variable 
resistance (HC), R3 = resistance from the HC to 
scala tympani and stria vascularis. 
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A simple analysis of the function 

x 

1 + x 

may be carried out to determine regions of approximate 

linearity. Differentiating we get 

d x 1 
(.1. ) = 

dx 1 +'x 

The original function and its de.rivative are plotte~ in 

Fig. 5 .3. From this it may be shown th.at if 10% deviation 

from linearity is considered acceptable and a 60 db range 

of linearity is specified, then 'x' must be either less 

than .053 or greater than 2.117. 

Let us now suppose that 'x' is less than 0.053. This 

means that R2 has the lowest value when there is no stimulus 

and increases as the stimulus intensity is increased. Judging 

from data collected by Johnstone (65) R is approximately 

equal to 40 kohms. Thus, in the linear range the maximum R2 

must be 

R2 = 0.053 x 4 x 10 4 = 2.1 kohms. 

For the linear range the lowest value would be 2.1 ohms and 

since the range of haircell output extends weIl over the 

linear 60 db, the resting R2 would probably be much smaller 

than l ohm. 
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Fig.5.4 Hairce11 equiva1ent circuit.(Atter Sohmer 31 ) 
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The next step is ta aetermine the current requirements 

in the circuit of Fig.5.2b. Since R2 = 0.053 x R the 

current will be essentially determined by Rand it wi+l be 

in the neighbourhood of 

0.14 = 3.5 ~A. 

At first glance it appears to be quite conceivable that such 

a resting curren~ flows through the individual haircell. 

Consider, however, that there are about 10000, or more, hair­

cells in the guinea pig cochlea and thus the total current 

would be 35 mA which is quite large. Such a current implies 

a large power consumption: 49 watts for the assumed 

R = 40 kohms. This power consumption is inconceivably large, 

being approximately three times that of the whole brain or 

perhaps 60% of the Basal Metabolic Rate of the hum an body. 

In reality the cochlear metabolic energy consumption must be 

small since the cochlear microphonic potential will be 

present for an appreciable length of time after death in 

which condition only small energies are available due to 

lack of oxygen. To our knowledge a current of this magnitude 

was never observed in the cochlea. 

Let us now suppose that 'x' is greater than 2.117. 

Since in this case the value of R2 will be largest when 

there is no stimulus; the resting current is expected to be 
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small. Numerically, the lowest R2 in the linear range would 

be 
R2 = 2.117 x 40000 = 84.8 ~ 85 kohms. 

Assuming the 60 db linearity range ag~in, the largest R2 will 

be 85 Mohms or larger which is consi~tent with the estimate 

of Johnstone (65) who puts the individual haircell resistance 

in the neighbourhood of 50 Mohm8. For such large values the 

resting current would certainly be small, but the thermal 

noise generated by such a large resistance would be extremely 

high. 

The question of thermal noise requires further attention. 

In the first case (x = 0.053) the resistance of the circuit 

will be about 40 kohms. Now thermal noise is always 

generated in a resistor (66) and for a metallic resistor the 

mean-square-value of noise is expressed by 

where 

k = 
T = 
R = 

~f 

v 2 = 4 x k x T x R x ~f R 

Boltzman constant = 1.38 x 

absolute temperature 

resistance in ohms 

bandwidth 

10- 23 

( 5 .6) 

joule/deg K 

Taking a bandwidth of 15 kHz which is certainly valid in the 

basal turn and animal temperature as 37 deg C = 310 deg K, 

we have 
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Thus for 40 kohms 

ave v~ = 10.3 x 10- 12 

I(ave v~) = 3.21 X 10-S V = 3.21 ~V ( 5 .7) 

This noise voltage must be compared to the expected generator 

voltage which at threshold must be in the neighbourhood of 

v = R2 X i = 1 x 3.5 x 10-sV = 3.5 ~V gen 

The signal-~o-noise ratio would then be approximately 1. 

This is consistent with the concept of a physical threshold 

in the mechano-electrical conver~ion process in the haircell. 

We can also see that in the second case (x > 2.117 ) the noise 

voltage would be 

ave v~ = 8.5 x 10 8 x 2.57 x 10-IS V = 21.8 X 10- 8 V 

~ave v~) = 4.67 x 10-~ V = 467 ~V 

which is unacceptably high, because the signal-to-noise 

ratio would be much less than 1. 

( 5 .8) 

In summary, the concept of a simple resistance modulator 

circuit as a haircell model must be re-examined from the point 

of view of circuit analysis since linearity considerations 

limit the acceptable resistance values to very small and very 

large values. When R2 is small the resting current is large, 

and has never been observed experimentally; when R2 is 

assumed to be large noise considerations make the hypothesis 

questionable in its present forme In Chapter 9 we will show 
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that there is no need to assume linearity of the mechanical 

movement-to-cochlear microphonic ·~otential generator. Then, 

of course, Davis' hypothesis is eminently reasonable and 

plausible since it is the assumption of linearity which 

cteates inconsistencies in the theory. 

5.1.2. A movement controlled voltage generator 

An alternative to Davis' model is an arrangement in 

which the mechano-electrical transducer is a movement 

controlled voltage generator. Such a model was suggested 

by Tasaki (63) who assumed that the hair bearing en4 of the 

haircell shows large variations in potential in response to 

mechanical stimuli. This potential represents one of two 

possible stable chemical states of the membrane but it is 

not of the "alI-ar-none" type. The action of many haircells 

then gives rise to macroscopically observable potentials in 

the form of the CM and the SP. 

The origins of the above hypothesis lie in the nerve 

membrane theory proposed by Tasaki. According to this theory 

the nerve membrane is very unstable and sensitive to pressure 

changes because of a molecular construction which has two 

stable chemical states. To explain the sensitivity of the 

membranes to minute chemical and mechanical changes, it is 

necessary to presume that the membrane is on the verge of 
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transition from one stable state to the other. Thus any small 

stimulation triggers the transition giving rise to the 

haircell generator potential. The conditions necessary to 

maintain the hairc.ell membrane in such an unstable state are 

supposed to be created by the endolymphatic potential and the 

existence of high potassium concentration in the endolymph. 

5.1.3. A modified variable resistance model 

Sohmer (3l) presents a haircell model (Fig.5.4) in the 

context of his explanation of AP depression and CM augmenta-

tion as a result of OCB stimulation. According to Sohmer, 
. . 

part of the current generated by the generator potential source 

flows through resistances R2 and rio ~2 is the resistance 

across which the CM is measured and ri is an 'OC~-controlled' 

resistance representing an electrical pathway pass~ng 

through the afferent nerve endings adjoining the haircell. 

It is supposed that the OCB stimulation chang~s this resis-

tance, thereby increasing the current through R2 and 

consequently a CM increase results. Although this model was 

inspired by Davis' concepts of the generationqf the receptor 

potential, it does not include the ser~es res~stances 

necessary to complete the circuit. Turning again to circuit 

analysis concepts it is possible to express all sources and 

resistances 'looking into' R~ (or R2 and r! in series) in 

terms of a resistance ana· an ideal voltage source connected 



in series, but not in parallel as R3. With this modification 

the circuit becomes essentially the same as that discussed in 

connection with Davis' hypothesis and of course, the same 

comIllents apply. 

5.1.4. A non-linear cochlear potential generator model 

Consideration of the properties of the summating 

potential led Johnstone and Johnstone (64) tQ extend Davis' 

variable resistance theory of the cochlear potential 

generation. Their model includes the mechanical movement-

to-resistance change transfer characteristics as an essential 

part. Based on those observations of Bekesy which indiçate 

that thè ~echanical stimulation of the haircells is due to 

shearing action between the basilar and tectorial membranes, 

the Johnstones derive a mathematical relationship for the 

generated cochlear potentials (CM and SP) as a function of 

the angle between the haircell's body and cilia. ~h~m~del 

is shown in Fig.5.5a. and, using the notation shown, the 

haircell body-to-cilia angle (~) as a function of angular 

displacement of the basilar membrane (a) can be derived by 

trigonometry as 

~ = arcot (~o a + cot ~o'1 

This relation is plotted in Fig.5.5b and it can be seen 

immediately that ~ will vary Bsymetrically for a symmetric a 

74. 

variation as a function of the 'bias angle' (~o). ~o will be 
i 



1 

, , , , , 
'HAIR CEll 

TECTORIAl 

MEMBRANE 

BASllAR 

. MEMBRANE 

75. 

Fig.5.5a Diagrammatic representation of movement of the 
cochlear partition. The angular movement (a) of the 
basilar membrane, the hair cell angle ~, and the 
distance ho are greatly exaggerated.(From Johnstone 64 ) 
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Fig.5.5b Theoretical relationship between basilar-membrane 
movement (angle a) and hair angle (~). The marks on the 
curve indicate the positions of the Y axis for two 
arbitrary hair ~ngles. Hair cell A:~o=l35°. Hair cell B: 
~o=45°. An asymmetrical variation ~1-~O-~2 arises from the 
symmetrical variation al-aO-a2.(From Johnstone 64 ) 



present because of the resting angle between haircell body 

and cilia and it will be different for the IHC and the OHC 

(see Fig.4.l). This fact is used by the authors to explain 

the gene~ation of the SP- and sp+ by assuming after Davis (11) 

that the SP + is generated by the outer and the SP by the 

inner haircells. 

The model accounts for a number of experimentally 

observable facts, such as potential changes in the cochlea 

due to static pressure changes in the various scalae, the 

generation of harmonies in the observed CM and the magnitude 

variations of both the CM and the SP as a function of the 

SPL of the stimulus. Nevertheless, the theory May be 

criticized in that the SP as measured by gross electrodes is 

not a localized potential since it is picked up' from distant 

points of the cochlea as well (see Section 5.3). Thus, 

similarity between responses predicted by the modeland as 

measured by the authors at ~ point in the basal turn to a 

specifie stimulus (4.5 kHz tone pip) May be coincidental. 

This mOdel, however, is very valuable because it formulates 

mathematically the relation between the basilar membrane and 

the cochlear potentials. The theory also shows how' a 

relatively simple non-linear mechanism May account for Many 

diverse physiological phenomena. 
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5.2. Interaction between haircells 

Davis' considerations are limited to a single receptor 

cell and its 'circuit'. Since there are many receptors in 

close proximity and since there is no knowledge of insulated 

pathways for each haircell, interaction between individual 

haircells, or the circuits representing them, must be 

considered. In Fig.5.6 a network representing the haircells 

and a possible interconnection scheme is shown. Considering 

only a neighbouring pair of haircell circuits, it is possible 

to der ive the effect a change in R2 will have on the voltage 

across R~ when R~ remains constant. Using the notation of 

Fig.5.6 and considering Rs to be negligibly small, the 

circuit equations may be written down: 

where 

aIl = RI + R3 + R2 

al2 = -RI 

a13 = R3 + R2 

a21 = -RI 

a22 = 2RI + R4 

a23 = -R4 

a31 = -R3 - R2 

a32 = -R4 , 
a33 = 2R3 + R4 + R2 + R2 

bl = VE + VHC 
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Fig.5.6 Interaction between haircells. The haircells 
are represented by the circuit ot Davis' 'resistance 
microphone' model (see Figs.5.1 and 5.2). The network 
represents.a segment ot the organ ot Corti; R4 is the 
resistance between neighbouring haircells. Haircell 
'interaction' arises trom the circuit properties ot 
this network. This interaction may be 'inhibitory' or 
'excitatory', depending on the values ot the various 
resistances. 
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, , 
Let us denote the voltage across R2 and R2 by V2 and V2 

respectively. Then 

V2 = R2(il - i3) 

V~ = R~(i3) 

What we would like to know is what change will be observable 

on V2 as V~ is changed. In particular is it possible to 
, 

observe an increase in V2 as a result of a decrease in V2 ? 

To answer this question we must investigate the ratio 

DV2 
where D = d 

DV~ 
, 

dR2 

and determine whether it can become negative or not for 

certain combinations of resistance values. After 

differentiation and manipulation we find that 

= 

, 
that is, a function determined by all the R terms except R2. , 

This expression May be positive or negative dependi~g on the 

relative values of RI, R2' R3, and R4, but our pres~nt 

knowledge does not allow even an approximate calculation. 

The interesting and important feature of this analysis is 

that it implies that neighbouring haircells May interact in 

an excitatory or an inhibitory fashion. If the DV2/DV~ ratio 

is positive, this implies that the CM generated in one hair-

cell is accompanied by a CM generated in the same sense in 
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the neighbouring haircells. Thus, the cochlêar microphonic 

potential spreads in an 'excitatory' fashion. On the other 

hand if the ratio is negative it implies that a potential 

increase across one haircell is accompanied by a decrease of 

potential across its neighbours and hence an 'inhibitory' 

effect is produced. 

5.3. Recording electrodes and the distr·i but ion of. the 
cochlear potentials 

In Chapter 3 we described the previously reported 
. ! : 

properties of the cochlear potentials (CM, SP and AP) as 

recorded by differential electrodes. However, since the 

relationship between the gross recording electrodes and the 

cochlear potential generators is of central importance in 

our york, further examination of the physical and physio-

logical factors is warranted. 

Fig.5.7 is a simplified illustration showing both the 

transverse and the longitudinal cross section of the cochlea 

vith the differential electrodes (see also Fig.3.l). The 

electrodes are immersed in perilymph and are separated from 

the source of the CM by several layers of membranes •. 

According to Bekesy (67), the membranes are good insulators 

while the endolymph and the perilymph are relatively good 

conductors; conductivity = 0.02 mho/cm. It vas also observed 

by Bekesy that the potentials on two sides of an insulating 

80. 



A - A 

r s G ( 
•••••••••• •• 

basilar ~ 
membrane 

• 

E • electrode in scala vestibuli v Et c electrode in scala tympani 

t 

F1g.5.7 Cross-sections ot the cochlea with differential 
electrodes. The points marked as 'generators' 
correspond to the ph~s101ogical source of the CM. The 
exact location ot this source is not known. 
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sheet representing Reissne~'s membrane in a model have 

different spatial distribution, i.e., "any local disturbance 

inside the endolymph is spraad out over practically t~e whole 

length of the cochlea in the perilymph .•. "(67). Bekesyalso 

-
calls attention to the fact that the impedances around the 

cochlear potential generator are very complex (68). Thus, it 

is possible to observe different distributions for different 

frequeneies and de. 

In spite of the foregoing considerations it appears to 

be generally assumed in coehlear electrophysiological, 

pharmacological and auditory behavioural work that potentials 

picked up from differential or even round window electrodes 

originate from a segment of the basilar membrane all of 

whose elements move in phase. This assumption being made, 

usually only implicitly, the measurements of cochlear 

potentials with gross electrodes are taken to represent 

events on the individual haircell level. 

Because of its great importance, we will first examine 

the origins of the assumption that the CM, and in general 

the cochlear potentials, are recorded from a small group of 

in-phase sources. Tasaki et al. present several independent 

pieees of evidenee that the CM potentials recorded by 

differential electrodes originate within a few millimeters 

of the recording site (24,28). In the first paper the 
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author,s show phase curves of the CM as recorded by two pairs 

of electrodes approximately 1 mm apart and note that at 

certain frequencies the phase shift between the corresponding 

t h . 90 0 • wo p ase curves ~s As additional supporting evidence, 

on p. 508 of (24) two markedly different amplitude curves, 

which were recorded at the round window and in Turn 1 

respectively with electrode separation of about 2 mm are 

shown. A different kind of evidence is given by Tasaki and 

his co-workers in (28). They showed, by s~lectively 

suppressing the haircells of the cochlea (KCl injection), 

that differential electrodes pick up voltages only from 

that turn of the cochlea in which they are implanted. 

Also, when dc current was passed through Reissner's and the 

basilar membrane, the observed polarizing effect suppressing 

or enhancing the CM depending on the polarity, was restricted 

to a one turn segment of the cochlea. 

Simmons and Beatty arrived at a conclusion similar to 

those of Tasaki's group (69) by correlating the physiological 

findings with psychoacoustic observations. Using chronically 

implanted electrodes and measuring sensory hearing loss they 

showed that damage caused by high frequency intense sound to 

the organ of Corti is also reflected in changes of the round 

window cochlear m~crophonic potential. They concluded that 

"the CM measured at the RW does not reflect cochlearchanges 

more apically located than a very few millimeters" (69). 
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A1though none of these authors states the f0110wing 

~ssumption exp1icit1y, their observations and conclusions 

have been taken by many workers to mean imp1icit1y that the 

coch1ear microphonics can be assumed to be recorded fram a 

segment of the coch1ea sma11 enough so that the generators can 

be considered to be in phase. As the preceding two paragraphs 

indicate, experimenta1 evidence does not warrant such a con-

c1usion. In particu1ar, the "few mi11imeters" close to the 

round window will cover a 10 kHz range of MRFs and for any of 

these frequencies a characteristic pseudo-travelling wave 

will exist on the basi1ar membrane segment in question. Thus, 

the generators will not be in phase and macroscopic obser-. 
vation will ref1ec,t not on1y the summation of the indiyidua1 

responses, but possible cance11ation effects due to phase 

differences between the outputs of the coch1ear generators 

10cated varying distances from the round window. 

The work of Whitfie1d and Ross (70) is very significant. 

These authors investigated the effect of abandoning the tacit 

assumption that the source of the coch1ear potentia1s, as 

observed by gross e1ectrodes, is a set of in-phase generators. 

Their conclusion is that as a resu1t of considering the 

generators out-of-phase, interference effects must be taken 

into account. 



• By assuming a non-linear voltage generator which is 

distributed along the basilar membrane, Whit~ield and Ross 

were capable o~ explaining, albeit qualitatively, a great 

number o~ the experimentally observed properties ot the 

cochlear potentials. They assume that the cochlear elec­

trodes will pick up a weighted and low pass ~iltered average 

o~ the output o~ the individual generators. Then, although 

the individual generator output May be quite distort~d, the 

summated response will be nearly sinusoidal and will corres­

pond to the amazingly undistorted CM wave~orm. It is also 

easy to see that due to the assumed non-linearity o~ the 

individual generators a dc shi~t is possible corresponding 

to the SP as observed exp~rimentally. The time delay inherent 

in the movement o~ the pseudo-travelling wave down the basilar 

membrane will produce various inter~erence patterns with 

respect to the electrode and it is quite possible that these 

patterns explain Many o~ the peculiarities o~ the CM and the 

SP. The authors did not develop their theory in quantitative 

detail, but only investigated the possibilities o~ their 

basic idea through some very rUdimentary models. 
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CHAPTER 6 

EXPERIMENTAL DETERMINATION OF THE COCHLEAR POTENTIALS 

This chapter reports on the experimental work 

designed to provide guinea-pig cochlear potential data 

in a form suitable to effect a comparison with simulated 

cochlear potentials to be obtained from model studies. 

Since frequency domain analysis seems to be the 'natural' 

choice in the case of the ear, it was decided that data 

suitable for the construction of appropriate Bode diagrams 

would be collected. In particular, we measured the cochlear 

microphonic amplitude and phase in various turns of,the , 

cochlea as a function of frequency at pre-selected constant 

sound pressure levels at the eardrum. The summating 

potential was measured under similar conditions in various 

turns of the cochlea using very carefully balanced electrodes. 

AIso, many of the experiments were repeated severa1 times 

using different SPLs. 

6.1. The design of new experiments 

As we have seen in Chapter 3, frequenay d~main 

observations re1ated to the cochlear potentials are 

available but c10ser examination revea1s that many of the 

published experimenta1 results are not suitable for system 



analysis, mOdelling and simulation. In particular we note 

that it is not possible to utilize published time domain 

observations of the CM for our purposes. Pestalloza and 

Davis (71) used 7 kHz tone bursts of 2.5-3.0 msec duration 

as the acoustical input and Teas et al. (72,73) employed 

slow acoustic transients lasting 0.5 to 1.0 msec to 

stimulate the ear. The exact acoustic wave~orms of these 

transients are again unknown, since the waveform was 

recorded with an earphone in an acoustic coupl,r. In order 

to compare experimental results with Madel simulation 

re~l~s it is necessary to have data which were obtained 

with a known input signal. 

For recording the cochlear potentials from the,guinea 

pig we use the differential electrode arrangement developed 

by Tasaki and his co-workers (24). Typically, two pairs of 

electrodes are lmplanted, one pair always in Turn l and the 

second pair in either Turn 2 or Turn 3. The potentials 

picked up by these electrodes contain either the CM alone 

or the CM, SP and AP, depending on the acoustic input to 

the ear. For measurement of the cochlear microphonic 

potential amplitude and phase with respect ta the input 

sound pressure at the eardrum, the acoustic stimulus used 

is a continuous sinewave. For measurement of the magnitude 

and sign of the summating potential, trapezoidal tone bursts 

87. 



of known duration and leading and trailing slopes are used. 

This latter type of stimulus is also the best for measure­

ment of the AP. 

To measure the acoustic input amplitude and phase, an 

acoustic probe is implanted immediately in front of the ear­

drum (see Section 6.3). When the input in an uninterrupted 

sinusoidal signal, this probe measures the SPL continuously 

and directly. However, when the input is atone burst, the 

SPL is established by using a continuous tone of the same 

frequency and of peak amplitude equal to the maximum 

amplitude of the tone burst. 

In a typical experiment, the CM amplitude an4 phase 

are measured in two turns of the cochlea using continuous 

sinewaves with 27 different frequencies (Table 6.1) at 

50, 60, 70 and 80 db SPL. If the condition of the animal 

permits, the SP is measured next, using tone bursts of 

the same frequencies and intensities as used for the CM 

measurements. Although it is attempted to measure aIl the 

relevant parameters on one animal in every experiment, this 

is often impossible. Thus, while a full experiment may run 

as long as 8 hours without significant changes in the 

electrical signal of the cochlea the animal more often dies 

before the measurements are completed. In some exceptional 

cases the animal has been maintained long enough so that 
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two sets of CM measurements cou1d be made and the changes 

due to the deterioration of the anima1's genera1 physio1o-

gica1 state cou1d be observed. 

Table 6.1 

List of frequencies used for CM and SP measurements 

in estab1ishlhg the freq~ency response 

kHz kHz kHz 

.1 1.2 4.0 

.2 1.4 5.0 

.3 1.6 6.0 

.4 1.8 7.0 

.5 2.0 8.0 

.6 2.2 9.0 

.7 2.4 10.0 

.8 2.6 

.9 2.8 

1.0 3.0 
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6.2. ~trumentatioll and measuring techniques 

The instrumentation for the experiments described in 

this chapter can be divided into two p~rts, the stimulus 

generating system and the measuring/recording system. The 

stimulus generating system is required t~ supply continuous 

and gated sinusoidal waveforms of any frequency in the audio 

range with controlled amplitude and phase. The measuring/ 

recording system is designed for the on-line observation and 

permanent recording of the low level physiological signaIs 
. 

or~ginating in the audit ory apparatus of the experimental 

animal. 

6.2.1. The generation and control of the acoustic stimulus 

The acoustic input to the experimental animal's ear is 

generated by the system shown in Fig.6.l. The Acoustic Pulse 

Generator *1 produces sinusoidal bursts of controlled 

envelope shape. The audio frequency sinewaves originate in 
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the Digital Oscillator (hp Model 4204A) which may be connected 

to bypass the Acoustic Pulse Generator to give ungated 

continuous output. The Digital Timing Unit* controls the 

length and repetition rate of the tone bursts and also 

l Use of * indicates that the instrument has been designed 
(or modified) and built in the OTt Research taboratories. 
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produces the synchronizing signaIs used to trigger the 

oscilloscopes, timers and cameras. Switching transients 

in the system are eliminated by ensuring that gate 

operations occur only during waveform zero-crossing. 

The Calibration Unit* is employed in presetting the 

gain of the frequency channels used so that the measured 

SPL is constant in front of the eardrum. Once this unit 

is set up for a given experiment the Decade Attenuators 

can be used to change the SPL by the same amount for aIl 

frequencies of interest. The output of the Power Amplifier 

(McIntosh 75, 70 V output) is coupled to the output of the 

High Impedance DC Supply* which provides the polarization 

voltage for the Acoustic Driver. The Acoustic Driver* 

consists of a Bruel and Kjaer 1" Condenser Microphone 

(Model 4132) mounted in a special low volume coupler which 

was designed to eliminate resonances in the acoustic system 

(Fig.6.2). For sound pressures in excess of 100 db SPL a 

University Model PA-HF Driver Unit is connected into the 

system. The VTVM is used to monitor the voltage which is 

necessary to achieve the desired SPLs at the eardrum. From 

these v:()~tage measurements information can be derived 

regarding the performance and sensitivity of the middle ear. 
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Fig.6.2 Acoustic driver unit, featuring a condenser 
microphone sound source and a closed acoustical system. 
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6.2.2. Measuring and recording instrumentation 

Fig.6.3 shows the block diagram of the measuring system. 

The preamplifiers* are similar to those used by Tasaki (24) 

and are characterized by their low input noise (2 microvolts 

rms). These preamplifiers include a remote balancing 

arrangement which compensates for any slight misbalance of 

the electrodes. Further amplification of the signaIs is 

achieved by Modified* Grass Model 6 Amplifiers. Two 

hp Model l22A Oscilloscopes are used for direct observation 

of the responses and for photography with a Grass Kimograph 
1 • 

Camera. The input to the oscilloscopes is controlled by 

attenuators and customarily the stimulus and the responses 

are displayed on four traces. The Narrow Band Frequency 

Analyzer (Bruel and Kjaer Model 2107) can be connected to 

any of the channels and used as a tunable audio-fr~quency 

voltmeter permitting d1pect reading of the continuous 

sinewave rms, a~erage or peak levels at imppoved signal-

to-noise ratios. 

Accurate time measurements are made using a technique 

described ~y Laszlo and Gannon (74). This method uses the 

two channel Variable Delay Pulse Generator (Tektronix 160 

Series) in order to place two movable time-markers on the 

oscilloscope trace. The 'distance' between the markers is 

measured in time units by the Electronic Timer (CMC Mo~el 226B) 
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and since the stimulus frequency is known this time datum 

can be reinterpreted in terms of p~ase. Phase measure­

ments, however, are more expeditiously made by utilizing 

the Phase Meter (Phazor 2l0B) which will extract the phase 

information from extremely noisy signaIs. 

Th~ Acoustic Probe (Fig.6.4) has been developed by 

Dr. R.P. Gannon, Mr. D.H. Moscovitch and the author and is 

used with a 1/4" Bruel and Kjaer Model,4l34 Condenser 

Microphone. 

6.2.3. Calibration procedure 

The calibration of the instrumentation is performed by 

measuring the amplitude and phas~ responses of the entire 

m~asuring and recording system. Neither the amplitude nor 

the phase calibration of the electronic instrumentation 

creates any problems. To calibrate the system a known sine 

or square wave input is applied to the preamplifiers and the 

necessary amplitude and time (phase) measurements are made 

on thé oscilloscopes and other recording devices. 

However, difficulties arise in the phase calibration of 

the acoustic probe, because in commercially available 

couplers the phase pattern is complicated and unknown 

althoug'h the rms sound pressure level is constant. Unless 

special attention is given to accurate phase calibration 
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A - 15 mm, steel tubing l mm OD 

B - 28-30 mm, PE 100 polyethylene tubing 

C - ring made of PE 240 polyethylene 
tubing 

D - approximately 15 mm long steel wool 
tuft for acoustic damping. Exact 
length is determined experimentally 
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by adding small tufts of steel wool 
until all resonance peaks are eliminated. 

Fig.6.4 The acoustic probe 



then, as in the past, accurate representation of the 

eardrum-to-CM transfer characteristics remains impossible. 

Therefore, the phase calibration of the acoustic probes is 

carried out in a coupler designed by Dr.E.Shaw of the 

App1ied Physics Section of the National Research Counci1. 

The calibration setup is shown in Fig.6.5. The design of 

the coupler ensures that on1y plane waves reach the end of 

the cavity where the probe and the control microphone are 

inserted. Since the probe tip is very close to anq is 

exact1y in front of the control microphone and since the 

two microphone-amplifier 'chains' are exact1y the same, the 

phase difference recorded by the phase meter is entire1y due 

to the probe tube. Typica1 calibration resu1ts are shown in 

Fig.6.6. 

6.2.4. On thesignificance of accurate sound pressure 
measurement 

In the foregoing we have repeated1y stated that the 

acoustic driver cannot be pre-ca1ibrated in an acoustic 

coupler and then used in the ear on the assumption that the 

sound pressures generated will be equa1. To provethis 

point quantitative1y we compared the SPL measured in front 

of the eardrum and the SPLs measured in both a 2 cc and 

1/2 cc acoustic coupler whi1e keeping the voltage across 

the driver constant. 
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Fig.6.5 Probe calibration instrumentation. 
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The experiment started with a normal guinea-pig 

preparation for CM and SP measurements. The SPL was 

monitored in front of the eardrum in the standard fashion 

with an imp1anted acoustic probe and the acoustic driver 

voltages necessary to maintain a constant SPL at a11 27 

frequencies (Table 6.1) were a1so measured. Next, the 

Driver Unit and the acoustic probe were removedfrom the 

animal and were introduced into a coupler mounted on a 

Sound Leve1 Meter1 (Fig.6.7). Then the same voltages were 

app1ied to the acoustic driver as when it was in the guinea-

pig's ear, and the SPL was measured simu1taneous1y with the 

Sound Leve1 Meter and theacoustic probe. The resu1ts of 

Fig.6.8 show that the voltages across the driver which 

produce a constant SPL in the guinea-pig's ear produce SPLs 

varying over 30-35 db in the coupler. The reverse is a1so 

true, name1y that when the voltage necessary to maintain 

the coupler SPL constant is app1ied to the Acoustic Driver 

white, in the ear, the SPL will vary over a simi1ar range, 

but in th~ opposite direction than shown~ 

C1ear1y, preca1ibration of the acoustic driver in a 
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coupler is an inaccurate method and the input SPL (and phase) 

must a1ways be determined by direct measurement in front of 

the eardrum. 

1· Bruel and Kjaer Type 2203 
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Fig.6.7 Measurement of sound pressure level in a 
coupler to determine the accuracy of the coupler 
calibration of the acoustic driver. 
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6.3. 1 Surgical Procedure , 

~o.r this .study· guinea pigs weighing between 250 and 

300 gms were anaesthetised with Dial (CIBA). The right 

bulla was ex»osed via a ventro-lateral approach and the 

bort Y wall of the b~lla itself was' opened videly so as to 

expose the ventral half of the tympanic ring. Then a hole 

vas drilled through the wall of the bulla, just external to 

the tympanic ring, by using a small dental burr with cutting 

teeth perpendicular to the axis of rotation. To ensure that 

the di~meter of the hole be the same as the outside diameter 

of ~he acoustic probe, a dummy probe was used to ensure a 

104. 

snug fit. Finally, the skin lining of the external canal was 

incised and pushed away from the hole so as not to interfere 

with the later insertion of the probe tube. On completing 

this.stage of the operation the tympanic membrane was very 

carefully checked unaer forty-times magnification to ensure 

that no damage had occurred. 

Next, the holes for the intracochlear electrodes were 

drilled in the appropriate turns and a conical plastic 

speculum, specially modified to screw onto the transducer, 

vas sevn into the external canal. Attention vas once more 

centered on the bulla and the acoustic probe tube to be used 

IThis section is based on a description by Dr.R.P. Gannon. 
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in the experiment for the measurement of the sPt was 

inserted in the hole prepared for it. Then intracochlear 

electrodes made from nicrome steel wire were inserted into 

the holes and laid against the edge of the opening in the 

bulla. After ensuring by visual inspection through the 

tympanic membra~e that the tip of the probe was in a correct 

position immediately external to but not touching the ear-

drum, the probe and electrodes were cemented into position 

with dental cement. To ensure a complete seal a thin mix of 

cement was run around the probe at the point of entrance to 

the hole drilled in the bulla and a slightly thicker mix of 

cement was run around the e'lectrodes and the probe for 

mechanical support. Thus, after the cement had set both the 

electrodes and the probe were securely fastened to the bulla. 

Finally, a visual inspection was made once more to ensure 

that t~e probe tip as seen through the tympanic membrane 

was in the correct position. 

A tracheotomy was performed in most cases in order to 
" 

secure a completely free airway and to reduce the respiratory 

noise but artificial respiration was not found necessary. 

Whenever exceptionally quiet conditions were desired Flaxedil 

(Poulenc Lt6e, 0.5 mg/kg) was injected to paralize the animal 

and a specially modified respirator was used to maintain the 

airflow. 



6.4. .The amplitude and phase of the cochlear microphonic 
potential as a function of frequency, 8PL and 
electrode position 

6.4.1. The amplitude of the cochlear microphonic potential 

Due to variations between peak amplitudes and the 

corresponding frequencies observed in the three turns of the 

cochlea the individual results must be normalized before any 

comparisons are made. This normalization is 'always carried 

out with respect to both the peak amplitude measured and the 
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corresponding frequency, that is, both are adjusted to be 1.0. 

Figs.6.9 to 6.12 show the resulting averaged and normalized 

CM curves together with the minimum and maximum curves in 

order to indicate the ranges of experimental variability. 
l' 

In Fig. 6 .13 the normalized curves are reinter'preted 

into absolut~ terms. The ~ctual aterage peak amplitudes and 

the corresponding average frequencies and,their lower and 

upper limits are also plotted.(Fig.6.l4). 

The general feature of the curves shown in Figs.6.9 to 

6.12 is the 'tuning-curve' shape simi+ar to the cochlear 

partition displacement curves measured by Bekesy (Figs.2.5 

and 2.6). It is also notable that the peak amplitude in 

Turn 1 (electrode location MRF ~ 7000 Hz) never appears at 

frequencies higher than 2000 Hz, and usually at only half 

this value. This is, in full agreement with model studies 
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(Chapter 7) which indicate similar behaviour for the combined 

middle ear and basilar membrane response. Turn 2 (electrode 

MR~ ~ 2000 Hz) and Turn 3 (electrode MRF ~ 700 Hz) results 

are also consistent in this respect. 

Bekesy has observed that the position of maximum displace-

ment of the basilar membrane changes as a function of sound 

intensity (l4) because the pattern of vibration is displaced 

towards the apex of the cochlea. When the frequencies 

corresponding to the maximum CMs measured are plotted as a 

function of 8PL, Fig.6.14, then Turn-3 data show this 

phenomenon quite clearly, although Turn-l and Turn-2 average 
, , ' 

results are not consistent. Individual measurements, however, 

do show this movement of the vibr~tion pattern for aIl three 

turns of the cochlea (see for example Figs.6.23-6.26). 

The average normalized amplitude curves also show that 

as we take our measurements of the CM for Turn 1 to Turn 3 

the curves become progressively narrower, at least at 50 and 

60 db 8PL. Also, if we compare the curves recorded at 

different 8PLs from the same turn it can be seen that for 

Turn 2 and Turn 3 the curves become broader as the 8PL 

increases, but for Turn 1 the changes are not consistent. 



6.4.2. The phase of the coch1ear microphonic potential 

8ince phase data recorded from individua1 experiments 

show that the phase response varies 1itt1e with the 8PL 

(Figs.6.l5 to 6.17), average CM phase responses as a 

funption of frequency ~or 60 db 8PL (Fig.6.l8) are 

representative of the CM phase for sound pressure levels 

up to 80 db. The repetition of the phase measurements at 

different sound pressure leve1s in al1 experiments is thus 

unnecessary, which is fortunate since the combined CM 

amplitude and phase measuring procedure is so time consuming 

that measurements of the summating potentia1 cannot be taken 

before the anima1's physio10gica1 condition deteriorates. 

The most notable feature of the phase curves shown is 

that the phase response rec9rded from Turn-1 e1ectrodes is 

relative1y 'f1at' whi1e Turn-2 and Turn-3 responses display 

steeply increasing phase 1ag. This we interpret to be the 

resu1t of the interference between the outputs of the 

individual CM generators; specifica1ly, in Turn 1 where the 

interference is the greatest the phase change is relatively 

smal1, whereas in Turn 2 and Turn 3 where large numbers of 

haircells are excited in phase the gross CM phase clear1y 

ref1ects the travelling wave characteristics of the 

mechanical motion of the basilar membrane. 
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We have mentioned previously that Bekesy found a change 

in the basilar membrane displacement pattern as a function 

of sound intensity. His description of this observation can 

be used to describe the phase re~ponse curves of Figs.6.15 

to 6.17 as weIl: "It appears that with increasing amplitude 

the phase difference between the stapes and the point of 

measurement steadily decreases ..• " (14). Although Bekesy 

observed the phase shift of the basilar membrane response 

pattern only at SPLs above the threshold of feeling in 

normal hearing, the phase response curves already show phase 

shift at moderate SPLs. It is interesting to note that the 

significant phase shifts appear in Turn 1 for high, in Turn 2 

for medium and in Turn 3 for low frequency sounds. 

6.4.3. The effect of,middle ear infection on the frequency 
response curves 

In some experimenta traces of middle ear infection were 

found during surgery. While most of these preparations were 

discarded some of .. the~ were used to find the amplitude and 

phase response changes which may be expected due to the 
1 

diseased mi~dle ear.· In Fig.6.l9 th~ CM amp~itude and phase 

cu~ves are shown for an ear in which there were signa of 

past middl. ear infection. The irregularities between 1000 

and 2000 Hz are obBerv~ble on botb the amplitude and the 

phase curves. In some other experiments the amplitude 
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irregula~ities were found to be more pronounced, but 

unfortunately no phase observations were made in those cases. 

6.4.4. Notes on high freguency CM potentials measured in the 
third turn of the riochlea 

It is weIl known from exper~mental practice that 

unbalanced differential electrodes will record common mode 

signaIs originating at relatively remote locations. It is 

not known, however, how much CM potential is du~ ~o remote 

'pickup' br weIl balanced electrodes. This is of particular 

interest for Turn-3 electrodes because measurable high 

frequency CM potentials appear across these when the sound 

pressure levels are over 80 db SPL although for high 

frequencies Turn-3 basilar membrane displacements are very 

small. 

To investigate the remote electrical 'pickup' of high 

freq~ency CM by third turn electrodes we selected pairs of 

guinea pigs, one of which was injected with an ototoxic 

drug (neomycin) some weeks previously, while the other was 

not. Cochlear damage was assessed post-operatively with the 

help of 'cochleograms' which were obtained by microscopic 

examination of the upper surface of the org~n of Corti 

(Fig.6.20). The cochleogram of the cochlea of the injected 

animal shows complete destruction of haircells in the first 

turn, while the other cochleogram shows an essentially normal 

cochlea although sorne damage is apparent. 
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A comparison of the CM measurements taken at 80 db SPL 

shows that the third turn voltages at low frequencies are 

essential1y the same for both animals (Fig.6.21). In the 

cochlea damaged in the first turn or so, however, there is 

no response in the third turn to stimulus frequencies higher 

than 1200 Hz, while the response from the same turn of the 

normal animal extends to 10000 Hz and beyond. The first 

turn responses are a1so very different. The damaged coch1ea 

shows very sma11 CM potentials at any f~equency whi1e the 

re~ponse of the normal animal is about average. 

These observations indicate' that third turn responses 

observed for frequencies above 2 kHz are probably remote 

electrica1 events picked up from the first and second turns. 

6.5. The summating potentia1 as a function of electrode 
location, SPL and frequency 

The measurement of the summating potentia1 is much more 

difficult than that of the coch1ear microphonic potential. 

It is difficu1t to record consistent data because variations 

in the physio10gical state of the animal and spontaneous 

muscle activity can cause drastic changes in the SP values 

measured from moment to moment and even greater changes from 

one experimenta1 preparation to another. A1so, even slight 

imba1ance of the differentia1 e1ectrodes seems to change the 

frequency response pattern of the summating potentia1, 

especia11y in Turns 2 and 3. 
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The evaluation of the summating potential also causes 

difficulties. Thus to obtain the SP it is necessary to use 

tone burst stimuli of several msec duration, th en to photo-

graph the resulting cochlear potential waveform (see Fig.3.2) 

and measure the waveform shifts with respect to the base line 

on the enlarged film. At any given frequency and SPL only a 

small number of waveforms can be photographed, usually ,three 

non-consecutive responses 6-10 seconds,apart~ Often aIl 

three of theseresponses are similar, but sometimes the 

consecutive photographs seem to bear no relationship to each 

other. 

The calculation of average SP values is possible only 

for Turn l (Fig.6.22) because the responses r~corded for 

this turn show much greater consistency than potentials 

obtained from either Turn 2 or Turn 3. 

Some preparations have shown excellent stability and 

good balancing of the electrodes ~as also possible~ In such 
1 

experiments the measurements were repeatedly reproducible, 

and hence the results are probably more representative of 

the physiological processes producing the SP than the SP 

averaged over a widely scattered set of data points. 
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In Figs.6.23 to 6.26 the summating potentials 

measured in individual experiments as a function of 

frequency, electrode location and sound pressure level 

are shown. The cochlear microphonic response data are 

also included, because the relation between the CM and 

SP frequency response curves will be important if the SP 

is a distortion product of the CM. 

The SP vs frequency curves show, in general, the great 

sensitivity and variability of the SP. It is also noticable 

that the SP is a non-linear function of the sound intensity 

everywbere in the frequency range covered. The most 

interesting feature of the SP plot, however, is·:that there 

appears to be a correlation between the location of the 

peak of the CM responses and the sign of the SP. This can 

be quite clearly seen in Turns 2 and 3 but in Turn 1 SP 

negativity seems to be correlated with the Turn 1 MRFs 

(3-10 kHz). 
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CHAPTER 7 

MATHEMATICAL MODELS OF THE GUINEA-PIG EAR 

The subjects of this chapter are the mOdelling of the 

dynamic behaviour of the mechano-acoustical part of the 

auditory system of the guinea pig and the solutions of the 

resulting differential equations in the time domain. In 

this work the model for the guinea-pig middle ear and cochlea 

reported previously by Laszlo (21) will be used. Since in 

(21) the author carefully examines the various conditions 

and criteria related to the modelling of the mechano-acoustical 

components of the ear and gives the details of the mathematical 

derivation, only a brief 6ummary of these topics and the final 

formulae are therefore now presented. 

The simulation of the model is accomplished by using 

either the convolution technique or the state variable method. 

It is shown that because of limitations on computer core 

memory size and computation time, in this case the state 

variable method is preferable. 

7.1. A model of the mechano-acoustical part of the guinea­
pig ear 

As we have indicated in Chapter 2, two transfer functions 

of the guinea-pig middle ear must be considered, one corres-

ponding to the bulla closed and the other to the bulla open. 



In determining the middle ear transfer functions use is made 

of the evidence of Moller (75) stating that the transfer 

functions May be estimated entirely from the acoustic 

impedance data measured in the ,plane of the eardrum and of 

the ~coustic impedance data of Zwislocki (76). Based on 

their results and on other considerations a satisfactorily 

simplified form of the guinea-pig Middle ear transfer 

function was shown to be 

M( s) = 

The values of the parameters 'a' and lb' are given in 

Table 7.1. The frequency response diagrams for both the 

bulla closed and bulla open cases are sh0wn in Fig.7.l. 
1 

The model of the guinea-pig cochl~ar partition vas 
j • '., • 1 

d~veloped by paralleli~g Flanagan's treatment of the human 

basilar membran~ (19,77,78,79)~ From basilar membrane 

displacement' amplitude and phase data it is possible to 

deduce a gen~ral transfer function form containing approp-

riate parameters., These parameters enable us to adjust the 

for. of the general equation to fit aQY part~cula~ respon~e 

at various points along,the basilar membrane: 

p ( s) = c ,1 X C 2 
s 

s+ y 
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where 

p(s) = basilar membrane displacement 

a = maximum response frequency of a given point on 
the basilar membrane. The value of a is 
determined for a point along the cochlea by the 
distance of the point from the 

i 
stapes. 

a,y = parameters dependent on a 
Cl, C 2 = amJ;llitude factors 

exp(-sT)= delay term which bringsthe phase response of 
the model into agreement with the phase 
measured exp~rimentally. 

Of the above parameters a determines the location of 

the maximum of the magnitude of p(s), whereas ex. and y 

ensure proper absolute tuning curve bandwidth. The delay 

term is physically due to the time taken for the pseudo-

travelling wave to traverse the distance between the stapes 

and a point on the basilar membrane. The values of these 

constants were determined by the author (21) and are given 

in Table 7.1. 

Using these constants, tpe normalized frequency plot of 

132. 

p(z), z = ~ is shown in Fig.7.2. 

by Flanagan as: 

Cl and C2 ~ere determined 

Cl = 
(0.66) X (2TI x 1000)r 

K = l, a > 2TIq 



• 
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Fig.7.2 Frequency response of the mode1 of the 
coch1ear partition. 



where r = 0.8 and q = 1000 for the human ear. In the 

absence of corresponding data for the guinea-pig ear, the 

same values are used in our model. 

The combination of the appropriate models for the 

middle ear and cochlea yields a complete model of the 

mechanical system of the guinea-pig peripheral auditory 

appara,tus. The overall transfer function is 
1 

s 

(s+y) 

2 

~ exp(-sT) (32J 
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(7.4) 

with the values of the parameters given in the T~ble belQw: 

Table 7.1 

m = 0 m = c 
Bulla open Bulla c10sed 

Cl as given on page 132 
C2 

a 2'IT x 900 2'IT x 950 

b 0 2'IT x 1645 

Il 0.58 

Y 2.0(3 

T 2rr x 0.2085/8 



Bode plots for some values of 6 are shown in Fig.7.3. To 

obtain the impulse response of the above transfer function, 

the Inverse Laplace Transform of the expression for Hm was 

found. 

+ D3 exp(-ax) cos(6x) + 

+ -h- {62Dl-2a62D2+(3a262-S~)D3}X exp(-ax) sin(6x) -
26 3 
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1 {Do-aDl+(a2-62)D2-(a3-3a62)D3} x exp(-ax) cos(6x~ 
26 2 ~ 

where 

x = t- T 

t = time variable 

T = 21TO.208516 

For the bulla closed case h (t) = h (t) 
'm c 

E = ({~ _f}2+g2 )V2 exp(-fx) sin(gx+~) 
c 

~ = ta~l( g ) 
(B lA ) - f c c 

c = Cc' Do = De 0' ••• et c 

(7 .6) 
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For the bulla open case hm(t) = ho(t) 

E =. (B -dxA )x-A ) exp(-xd) 
. 000 

c = C , Do = D etc. o 00 

The values of the constants are given in Appendix 1. 

7.2 .. Computer simulation of the basilar membrane motion by 
the convolution method 

To simulate the basilar membr.ane motion the expressions 

for h (t) and h (t) can be used to calculate the response of o c 

the model in the time domain by solving the convolution 

integral: 

~ 

y(X) = Jh(x) x i(À - x) x dx 
o 

where i(t) is a time function representing the input 

stimulus to the ear, and it is defined analytically or by a 

set of data points. The convolution integral is best solved 

by digital methods and FORTRAN IV programs were written to 

calculate and plot y(À) for any arbitrary i(t). Using these 

programs we found that while the convolution technique is 
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straightforward and simple, its use in this ca~e is impractical, 

because it is very time consuming and costly. 



To illustrate this point consider that the waveforms 

are sampled at 200 points for good resolution and accuracy 

in integration. The 'reflection, multiplication and advance' 

phase of the calculation will take 14000 multiplications, 

while the integration step reqares 60000 multiplications. 

Since 180 points are necessary tor the distributed cochlear 

potential model to be described in Chapter 9, 13.32 million 

multiplications are necessary for one simulation run 

involving only one waveform. Using an optimistic multipli­

cation time of 20 microseconds, the time required for such 

a run is 266.4 seconds. This, plus the other necessary 

calculations in a given run add up to about 8 minutes of 

computer time per waveform simulated for a given electrode 

location. Thus, for a run involving the 27 'standard' 

frequencies (see Chapter 9), approximately 3.5 hours of 

computer time would be necessary. 

Another limitation arises due to the available computer 

memory size. In the example above the memory requirements 

are about ~OOOO computer words or about 120000 bytes. Such 

a memory is seldom available, necessitating the use of disc 

or tape for auxiliary data ~torage. The additional ti~e 

involved in data transfer increases the necessary computer 

time further to approximately 4 hours. 

138. 
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7.3. State variable formulation of the guinea-pig ear model 

Instead of calculating the impulse response and solving 

the convolution integral it is possible to reformulate the 

guinea-pig ear model for simulation, expressing it in terms 

of state variables. From a purely mathematical viewpoint, 

the state variable method comprises the use of various 

techniques of algebra in solving problems of system analysis 

and design. The state variable technique is not only 

amenable to computation, but it also aids conceptual thinking 

about complex problems. Furthermore, it provides a unified 

approach to linear and non-linear problems which are treated 

in an unrelated fashion by other methods. 

7.3.1. ,Scaled state eguations for linear systems 

The concept of sta~e is fundamental and, it may be said 

that the state of the system contains all the rel~vant 

information concerning the past history of the system 

necessary to determin~ its behaviour in response to any 

prescribed input form. 

The properties of systems whose behaviour is described 
! 

by the notion of state can clearly ~e defined and mathematic-

ally these properties are expresse~ as a set of state 

equations 



1 
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y(t,to) = g{x(to),v(t,to)} 
" 

x(t) = f{x(to),v(t,to)} 

where 

f and g are single valued functions and 

to = 'zero' time 

t = time, t > to 

These equations simply s~ate that in the time interval 

to to t both the output (y). and the state (x) of a continuous 

~eterministic system are single valued functions of the state 

at time to and the input (v) during the interval to to t. 

If the system can be described by a set of linear 

ordin~ry differential equations with constant coefficients, 

the state equations may be written as 

where 

~(t) = A(t) x ~(t) + B(t) x v(t) 

y(t) = Q.(t) x ~(t) + net) x v(t) 

_x(t) are the state variables (Xl,X2,""X ), , n 

A(t) is the essential matrix, 

B(t), Q.(t), net) are coupling matrices and 

v(t) is the input function (scalar). 

(7.10) 

A general simulation diagram for these equations is shown in 

Fig.7.4. 
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For an nth order single input-single output, linear and 

constant coefficient syst~m the differential equation can be 

written as 

( n n-l ) 
b P +b lP + ••• +blp+bo v 

n n-

where 
d 

P = dt • 

The simulation diagram is shown in Fig.7.5. Note that on the 

simulation diagram a normalizing or scaling constant is 

included. The role of this constant in the computer 

implementation of the state variable solution is very impor-

tant and will be discussed in deta~l at the appropriate point 

in this chapter. Eq.(7.ll) may be expressed in terms 6f 'n' 
, 

first order differential equations in which the variables are 

the 'x.' shown in'Fig.7.5. Since these variables satisfy the 
J. 

necessary consistency criteria (80) x. 's are chosen as state 
J. 

variables. After appropriate substitutions and rearrangement 

the state equations may be expressen in the form of Eqs.(7.l0): 
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v 1 [ B (t) ] [ C (t) ] 

[ A (t) ] 

FIG.7.4 GENERAL SIMULATION DIAGRAM FOR THE STATE EQUATION. 

v.~----T-------------~------------~~ 

y 

FIG.7.S SIMULATION DIAGRAM WITH SCALING FACTOR 



The matrix B can also be expressed in terms of the original 

differential equation coefficients: 

BD b n 

BI kb n-l - kan_IBo 

B2 k 2b - k 2a 2Bo -ka IBI n-2 n- n-
= 

B3 k 3b - k 2a n_3 Bo _k 2a 2BI -ka IB2 n-3 n- n-

k ib . i i-l B. -k a . B 0 - k . a . + l'B 1- • .. -ka B. l. n-l. n-l. n-l. ' n-l l.-1 

Also 

C = [1 0 0 ....... oJ 

D = [BD] = b n 

7.3.2. State equations of the guinea-pig ear model 

The displacement transfer function of the basilar membrane 

of the guinea pig is given by Eq.(7.4). To simplify 

calculations Cl and C2 will be disregarded, to be resupplied 

at the end of the numerical calculations. The time-delay 

term is also disregarded in the following considerations and 

8 



when the actual computer calculations are carried out the 

time-delay is reintroduced by defining a relative time 

variable t 1: re 

where 

t = real time 

t = t - T rel 

T = time delay as determined by Table 7.1. Note that 
T is a function of S. 

t l(t,S) is then the time variable used in the calculation re 

of the displacement of the basilar membrane at a given 

distance from the stapes,which is characterized by the 

parameter S,and at a given time. 

Eq.(7.4) may be rewritten as 

and the 'coefficients are easily determined (Table 7.2). 

Thus, the state equation matrices for the guinea-pig ear 

model are: 

A = Eq.(7.l2) with values supplied by table 7.2. -m 
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0 

0 

0 

B = 0 also BI ;: (l/k)B (7.16) 
-ni -ni 

0 

k6bl 

-ka6 B6 

o o o o o oJ 

Table 7.2 

Bulla open Bulla closed 

f = a f = a 

g = a 2 g = a 2 + b 2 

Coefficient value 

a6 2f +y + 4a 

as gy + '2fy + 4a(2f+y) + 6a 2 + 213 

a,+ gy + 4a(g+2fy) + (2f+y)(6a 2+2f3 2 ) + 4a 3 + 4 f3 2a 

a3 4afy+(g+2fy)(6a2+2f32)+(2f+y)(4a3+4af32)+(a2+f32)2 

a2 gy+(6a2+2eZ)+(g+2fy)(4a3+4a~2)+(2f+y)(a2+f32)2 

al gy(4a3+4af3~) + (g+2fY) (a 2-+-f32) 2 

ao gy(a 2+S 2 )2 

bl gS'+ 

b. 0, i .;. 1 
1 



1 7.4. Computer simulation of the basilar membrane motion by 
the state variable method 

~he solution of the state equations (7.l0) is given by 

146. 

(7.l9) 

(7.20) 

where 

A{t-À) = e-

Let T be the sampling period and then 

t = {n + l)T 

À = nT (7.21) 

By substituting (7.21) into (7.19) and usipg Simpson's 

Rule it may be shown that 

?E,{(n+l)T} = 

Thus, from Eqs.(7.20) and (7.22) by using the state variables 

given at time nT and the input given at times nT, {n + 1/2)T, 



and (n + l)T ~he output of the system, 

y{(n + l)T} = f ~{(n + l)T}, 

at time (n + l)T can be calculated. It is necessary, , , 

however, to find the state,transition matrix ~ = exp(AT) 

first. To ev~luate ~ we use a method of Liou (81), who 

approximates the state transition matrix with a matrix 

series: 

R 
1 = exp(AT) ~ ~ 

r=Q r! 

If appropriate error bounds are specified, it is possible to 

calculate ~ to any desired accuracy by evaluating the 

necessary number of terms in the s'eries. 

The açtual implementation of the above scheme is made 

difficult by the fact that the values of the coefficients 

of the matrix A are very large (see Table 7.3). Since the 

rate of convergence of the matrix series depends on the 

norm of the matrix, this means that the series convergence 

will be very slow. Appropriate scaling will speed up the 

series convergence and this is in fact why we have included 

the scale factor 'kt in our formulation of the general state 

equations. 
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One definition of the norm of the matrix A is 

( 1 /k ){ (m-l) + (7.24) 

where 

m = order of original differential equation. 

This expression may be minimized with respect to 'kt: 

d11A11 
dk 

m-l 
~ (m-i-l)km-ilail'- (m-l) = 0 

i=O 

The for~going.polynomi~l may be solved for 'kt and the 

resulting values substituted back into Eq.{7.24). The 'kt 

value giving the smallest 1 lAI 1 is u~ed as the scaling 

factor in subsequent calculations. 



Table 7.3 

Approximate values of the coefficients of the guinea-pig ear 

mathematical model 

differential equation coefficie~ts of value 

coefficients unscaled 

A and B matrices 

ao A71 10 28 

al A72 10 25 

a2 A73 10 21 

a A 10 17 
3 7 .. 

a .. A75 10 13 

as A76 10 9 

a6 A77 105 

B61 10 24 

B71 10 29 
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CHAPTER 8 

MODELLING OF THE COCHLEAR POTENTIAL GENERATORS 

Although there have been many hypotheses and theories 

regarding the mechanism of the generation of the cochlear 

potentials, in the more restricted system analysis sense 

only few true modelling efforts have been made. Tbe work 

of Johnstone (64) has already been'mentioned brief+y in 

Chapter 5 and will be elaborated in greater detail in 

Section 8.3.2. Also, from second turn cochlear microphonic 

measurements Matsuoka et al. (82) calculated t~e impedance 

values of the simplest series an~ parallel equivalent 

circuits fitting th~ir data. Anpther approach wa~ taken by 
.. 1 

the author (21) who attempted to find a 'gross' mathematical 

model of the cochlear microphonic potential. As we will see 

in a review of this latter work, the attempt has been only 

partially successful but it has quite clearly shown that a 

gross or lumped model is inadequate. This fact is also 

suggested by the fundamental work of Whitfield (70) whose 

work has also been ~eviewed in Chapter 5. 

In the present work we do not restrict our considera-

tions to the cochlear microphonic potential alone and 

furthermore, our approach is quite different from those of 

the pasto First of all we look upon the cochlear potential 



, 

e 
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generators as distinct, distributed sources a10ng the basi1ar 

membrane. Second1y, we consider the individua1 hairce11, its 

mechanica1 and e1ectrica1 characteristics and its microscopie 

contribution to the macroscopica11y observable potentia1s. 

Third1y, we pay attention to the circumstances of rèeording 

and the relations of the e1ectrode and the hairce11s. 

8.1. 'Gross' mode1 of the coch1ear microphonic potential 

In the author's previous work (21) the basic considera-

tion was that, in general, the comp1ex frequency domain 

equation for the cochlear microphonic potentia1 cou1d be 

written 

where 

v (s;x) = W(x) x Af(x) x p(s) cm 

W(X) = weighting factor 

Af(x) = amplitude factor 

p(s) = transfer function of the mechanica1 part 
of the auditory system 

v = cochlear microphonic potentia1 cm 

x = distance from the stapes. 

(8.1) 

The prob1em is of course to find fu~ctions W(~) a~4 Af(x) 

and towards this end a straightfor~~rd approach was taken. 

Since the generation of the coch1earmicrophonic potentia1 

depends on the displacement of the cochlear partition, we 

can find the transfer characteristics of a 'CM mode1' by 



sUbtracting the appropriate displacement curves of the 

partition from the corresponding electrical tuning curves. 

When this procedure is carried out it is found that the 

mechanical and electrical tuning curves fall closely 

together on normalized plots; consequently, the results 

involve small differences (Fig.8.1) and hence must pe 

treated with caution. 

At first glance little regularity or general trend can 
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be obs~rved in Fig.8.1. This should hardly be surprising, 

however, because the CM is not due to a single potential 

source. It is a distribution of 'generators' at the level of 

the haircells which gives rise to the cochlear microphonic 

potential as measured. Due to the distributed character of 

the CM potential sources, the gross CM must be dependent not 

only on the movement of the basilar membrane at the point of 

observation, but also on the behaviour of neighbouring points. 

In view of this, we accepted the fact that every point along 

the cochlear partition has a characteristic curve, like those 

shown in Fig.8.1, associated with it. We also proposed that 

as a first approximation we may take 

W(x) = constant (8.2) 

since this is tacitly assumed in experimental work and a more 

accurate description of W(x) is not possible from the available 

data. 
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The amplitude factor Af(x) is similar to W(x) in that 

it is also a function of the location along the cochlear 

partition. Physiologically the amplitude factor probably 

represents another manifestation of the process of the 

generation of the cochlear microphonic potential. Using a 

curve fitting procedure a purely mathematical representation 

of the amplitude factor was derived in the form of a 

weighting function 

Af(x) = C8p8+C7p7+C6p6+cSpS+C~P~+C3p3+C2p2+CIP+CO 

where all cls are functions ~f 'x' and 'p' is"the sound 

pressure. 

(8.3J 

Although this attempt to model at least one of the 

cochlear potentials met with only limited succes~t neverthe­

less, this early work p~oduced some important results. 

Firstly, it showed that the cochlear microphonic response 

amplitude as a function of frequency is closely related to 
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the mechanical tuning curves of the cochlea. Secondly, the 

proposed transfer functions provi~ed explicit expr~ss~ons of 

heretofore tacitly assumed transfer characteristics. Thirdly, 

it became apparent that since the potential generators are 

distributed, the appropriate model to investigate would be a 

distributed one. Last, bu~ not least, in the experimental 

phase of the early work old measurement techniques were 
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improv~d upon and new ones introduced, with particular 

relevance to the measurement of the sound pressure level of 

the stimulus and the CM phase (see Chapter 6). 

8.2. Modelling of the potential distribution in the cochlea 

In Section 5.3 we have already discussed some aspects of 

the distribution of the potentials generated by the individual 

haircells. It was pointed out that we are not justified in 

assuming that the potentials measured by gross electrodes bear 

a one-to-one relationship to the potentials generated by an 

individual haircell. Instead, we have to take into a~count 

the phase ditferences arising from the delays with which the 

mechanical pseudo-travelling wave excites the various groups 

of haircèlls and also the various attenuating impedances which 

lie between the source cell and the recording' electrodes. In 

this section this latter aspect of cochlear potential 

recording will be investigated with the aim of finding the 

appropriate functional relationship describing the contribu-

tion of a single potential generator to the measured 

'macroscopic' potential. 

The functional relationship may be stated formally 

v . = f(x ,x.,h) x V. 
e~ e ~ ~ 

(8~4) 



where 

v = the potential measured by the e1ectrode due to ei the ith hairce11; 

x = location of the e1ectrode; e 

x. = location of the hairce11; 
~ 

h = e1ectrod~ distance from the basi1ar membrane; 

v. = potentia1 generated by the individua1 hairce11. 
~ 

It fo11ows that 

where 

n 
>.:: 

i=l 
v . 
e~ 
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v = total coch1ear poteptia1 recorded by the electrode; e 

n = total number of hairce1ls. 

Our aim is to find f(x ,x.,h). e ~ 

8.2.1. The coch1ear potentia1s and e1ectrostatic 
considerations 

The individua1 hairce11 generator may be considered 

e1ectrica11y as a dipo1e located in a non-homogenous media 

and we assume that its potential is recorded by differentia1 

e1ectrodes (Fig.8.2). It is obvious that due to the 

insu1ating properties of the membrane separating the two 

po1es of the dipo1e, the contribution of the positive and 

negative pole will prevai1 on the scala vestibu1i and the 

scala tympani side respective1y. It would thus be easy to 
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write down the exact relationships, using the expression 

for the electric potential, 

r2 
V = J K(r) Vi dr 

rI ~ 
(8.6) 

if only we could describe K(r), which represents the electri-

cal insulating properties of the membranes. Experimental data 

is ~acking, however, and we are forced to turn to macroscopic 

measurements of the overall cochlear impedances. 

8.2.2. The attenuation of the cochlear potentials and the 
electric impedance of the cochlea 

The fundamental work in what may be called the 

'electr~anatomy' of the cochlea is due tp Bekesy (83). 

Through a series of experiments he· showed, that 

(a) the bony wall of the cochlea is a goo~ insulator; 

(b) the main grounding pathway of the cochlea is 
through the acoustic nerve to the brain; 

Cc) considerable cross-conduction exists between the 
the different turns of the cochlea. 

Furthermore, by introducing a pair of ~lectrodes at one 

point in the cochlea and applying a known voltage across them 

while exploring the voltage distribution with another pair, 

Bekesy .lso measured the electrical attenuation along the 

cochlea as a function of distance (Fig.8.3). 



158. 

+ 

1 \ 

Fig.8.2 The cochlear potentia1 generator as a dipo1e. 
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Fig.8.3 E1ectrica1 attenuation a10ng the coch1ea as 
a runction or distance. (From Bekesy83) 



Using potentiometric arrangements Bekesy also measured 

what he termed as " ..• the coarse pattern of the electrical 

res1stance in the cochlea" of the guinea pige More recent 

determination of intracochlear impedances are due to Misrahy 

et al. (84), Mizukoshi et al. (85) and Johnstone et al.(65). 

Unfortunately these investigators did not 'map' the cochlear 

impedances as a function of distance but restricted their 

measurements to only a few electrode positions. Misrahy 

established that shunting impedances exist between the scala 

media and the scala vestibuli, because " ••• under all condi-

tions examined, the potential difference between scala 

vestibuli and scala tympani was smaller than between scala 

media and scala tympani." The work of Johnstone's group 

gives us some idea of the significance of the various 

pathways. In particular~ by placing electrodes in the 

various scalae and on the neck of the experimental animal, 

they were able to estimate the resistance values attribu-

table to six pathways: 

(a) blood vessels inside the cochlea to the outside of 
the bulla = 1.6 kohm; 

(b) blood vessels inside the cochlea to scala tympani 
= 0.6 kohm; 
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(c) blood vessels inside the cochlea to scala vestibuli 
= 0.8 kohm; 

(d) blood vessels inside the cochlea via the stria 
vascularis to scala media = 13 kohm; 

(e) scala media direct to scala tympani (organ of Cortil 
= 24 kohm; 

(f) scala media dircét to scala vestibuli (Reissner's 
membrane) = 46 kohm. 
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8.2.3. Calculation of the potential distribution factor 

As we have seen in the foregoing paragraphs the cochlear 

resistance distribution.data is incomplete. Thus, while we 

have attempted to use resistance values obtained by Bekesy to 

describe the ,attenuation pattern, we nevertheless found that 

the results are not consistent due either to the inaccuracy 

and/or the insufficiency of the data. Thus we turn to the 

attenuation data of Bekesy (Fig.8.3) and assume that the 

cochlear potential due to a single generator is attenuated as 

a function of the distance between it and the electrode, 

regardless of the absolute positions of generator and 

electrode along the cochlea. From Fig.8.4 we may write 

where 

f(x ,x. ,hl = Ag 
e 1 . 

A = attenuation per unit distance. 

In Chapter 9, it will be shown that the value of 'A' is not 

critical, i.e., relatively significant changes in 'A' will 

not affect the observed cochlear potentials to a great 

ext ent . 
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Since, as described in Chapter 4, the haircell distribu­

tion is fairly uniform throughout the cochlea we will also 

assume that the cochlear potential generators form a regular 

and uniform pattern throughout the cochlea. 

8.3. MOdelling of the single cochlear transducer (haircell) 

The available physiological and anatomical facts related 

to the' haircell and the transduction process (see Chapter 4) 

allo~ us to draw up the information flow diagram of the 

cochlear mechano-electrical transducer mechanism (Fig.8.5). 

This information flow diagram does not differentiate between 

IHCs and OHCs and ignores possible electrical interaction 

effects between haircells, due of course to complete absence 

of any significant qualitative data on which to base a more 

refined model. In the following we will consider only parts 

of the complete process as shown in Fig.8.5. In particular 

we will attempt to de scribe the conversion law, model the 

effects of the electrical environment of the haircell and 

consider the effect of inherent noise in the transduction 

process. 

8.3.1. Mechanical dynamics and the conversion law 

In Chapt ers 4, and 5 the physiology of the haircell and 

the theories related to haircell excitation were discussed. 

At this point the actual nature of the haircell transducer 
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mechanism is of no interest to us. What is important, 

however, is the functional nature of the mechano-electrical 

conversion, that is, the relation between mechanical dis-, , 

placement and the generated potential. 

As is the case with other aspects of the transduction 

and potential generating mechanism very little is known about 

the details of the transduction process. Much of the evidence 

is indirect in the sense that it was derived from cochlear 

potential studies when the cochlear potentials measu~ed were 

gross potentials. Consequently, assumptions had to be made 

in regard to the movement of the basilar membrane and the 

nature of the individual ~aircell transducer as well to 

explain the observed effects. In any case there is no 

experimental data connecting displacement of a point with 

the output of one individual haircell. 

One of the main benefits derivable from an attempted 

mOdelling of the cochlear potentials is that it will give an 

opportunity to investigate the va,rious mechano-electrical 

conversion schemes. Thus, in the next chapter we will 

simulate the various physiologically plausible conversion 

schemes and correlate the resulting cochlear potentials with 

experimentally observable facts. The following aspects of 

the transduction process will be considered and modelled: 



(l) linearity; 

(2) nature of possible non-linearities; 

(3) gain. 
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, Although it is presently accepted that the transduction 

process is essentially linear over a large operational range, 

the validity of this assumption must now be questioned. 

Until very recently the SP was not considered to be a distor­

tion product, but a cochlear potential with independent source 

and function. This interpretation is no longer accepted, 

however, and there are indications that the SP is indeed a 

result of non-linear processes in the transducing mechanism(86). 

The non-linearity must almost certainly include a 

limiting function of some sort because the range of inten­

sities handled by the system has finite limits, although very 

large. It is probable, however, that at relatively low 

levels the behaviour of the conversion process is essentially 

linear. Ifthere is a linear portion of the operating 

characteristics of the transducer the slope of this curve 

will determine the gain of the conversion process. It has 

been suspected in the past that there is such a gain but no 

details are available (87). The gain factor therefore 

should be taken as unit y, at least as a first approximation. 



8.3.2. Formulation of the 'conversion law' 

T.F. Weiss (88) suggested in 1963 that a sigmoid type 

transducer function is necessary to explain some properties 
. 

of first order auditory neuron model behaviour. Interestingly, 

Johnstone et al. (64) derived an arcot function relationship 

between the displacement of the basilar membrane and the 

potential generator mechanism from purely geometrical con-

siderations (see Section 5.1.4). In Johnstone's model it is 

assumed that the potential generating process is governed by 

the haircell-to-basilar membrane deflection angle (Fig.5.5). 

For the resting angle (~o) Johnstone and co-workers assume 

that ~o = 60 0 for the IHC and ~o = 1300 for the OHC with the 

implication that this is the angle between the basilar 

membrane and the hairs. A search of the literature did not 

yield any data whatsoever relating the angle of the hair to 

the cell bod~.?r the basilar membrane. Neither could we 

determine this angle .from histological material available at 

the OTL Research Laboratories using light microscopy. 

Clearly, it is nece~sary to prepare special histological 

material with the measurement of the aforementioned angular 

relationships in mind. This task, however, is beyond the 

scope of this work. 



A raason for the choice of the .0(IHC) = 60 0 
and 

.0(OHC) = 1300 is that for ~hese values the positive 

potential prod~ced by the IHC will be greater than the 

negative potential produce~ by one OHC at low SPLs of the 

input. Although this,is consistent with experimental data 

+ (35,64), if the modelling of this low level SP is desired 

then .0 must be chosen for the IHC so that the IHC will 

produce at least three times the positive potential 

generated by the OHC because there are three times as many 

OHCs as IHCs. Thus, it appears that the selection of the 

.os has been arbitrary or possibly they were suggested by 

the angles the cell bodies make with the basilar membrane 

(Fig.4.3). 

To find a more realistic criterion for the choice of 

the resting angle we may turn to psychoacoustic observations 

which show that the sensitivity of the hearing process is 

greatest for low intensity sounds (89). Thus, one would 

expect that the individual cochlear transducer is also the 

most sensitive for low intensity sounds. Inspection of the 

transfer characteristics suggested by Johnstone shows that 

this condition exists for .0 = 0 rather than for $0 = 60
0 

o or $0 = 130. For these latter resting angles the input 

SPL vs the ac potential output plot shows relatively low 

sensitivity for small amplitudes and the highest sensitivity 

to a small range of large amplitudes with a rapid onset of 
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complete saturation (Fig.8.6). Although for ~o = 0 the 

sensitivity is the greatest for small amplitudes, for this 

resting angle the Johnstone model will not produce an SP 

type dc shift of a sinusoiâal input waveform as it does for 

~o # O. The reason for this is, of course, that for ~o = 0 

the transfer characteristics are perfectly symmetrical. 

The model we propose for the representation of the 

transducer characteris~ics retains Johnstone's concept 

that the mechanical movement produces a change in the hair­

to-haircell angle and that it is this angle which determines 

the potential generated by the transducer. We will, however, 

incorporate appropriate modifications in our model to satisfy 

the sensitivity and assymmetric considerations discussed in 

the previous paragraphs. Accordingly, the transducer 

transfer characteristics are described by 

where 

v = Klarcot{f(a)} 

V = O.5Klarcot{2f(a)} 

a = g(D) 

V = potential output 

a = basilar membrane deflection angle 

D = basilar membrane displacement 

KI= constant 

f(a) ~ 0 

f(a) < 0 

The plot of this function is shown in Fig.8.7. 
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For f(~) we assume, after Johnstone, that 

f(~) = B x ~ 

where 'B' is a constant, but find that it is difficult to 

establish theoretical guidlines for the selection of the 

value of 'B'. Heuristically one would estimate 'B' to be 

in the neighbourhood of 10 6 since this would give ,~, values 

large enough to introduce significant non-linearities at 

reasonable sound pressure levels (Fig.8.8) 

To make use of this model it is necessary to determine 

~ = g(D) which represents the functional relationship 

between the basilar membrane displacement (D) and the 

membrane deflection angle (~). 

Knowing the displacement and the width of the basilar 

membrane and making the assumptions that the basilar 

membrane distension is triangular and the displacement is a 

linear function of the SPL, the angle (~) may be calculated 

(Fig.8.9): 

~ = g(D) 2D 
~ 

W 

The values of 'D' may be found from the basilar membrane 

displacement model given in Chapter 7. The maximu~ 

variation of 'D'as shown by the model is approximately 2 

decades from one end of the cochlea to the other. However, 
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since 'W' a1so increases (90) when 'D' increases as we go 

farther away from t~e stapes the increase in 'a' wou1d not 

be significant. 

, For i11ustrative purposes, the values of 'a' were 

ca1cu1ated for two poin~s, 3.5 and 18 mm from the stapes 

respective1y, with 74 db SPL in front of the eardrum 
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(Table 8.1). We see that even maximal values of 'a' are on1y 

fractions of a second of arc at this SPL. 

freq Hz 

100 

1000 

10000 

Table 8.1 

distance = 3.5 mm 

D 
mm 

.59 X10- a 

.27 x10- 7 

.28x10- a 

a 
radians 

.31x10- 6 

.32x10- 7 

distance = 1~.0 mm 

D 
mm 

a 
radians 

.50 x10- 6 

.17 x10- g 

Note that one second of the arc = .485 x10- s radians 



8.3.3. Alternative possibilities 

We have shown in Section 5.1.1 that according to Davis' 

resistance-microphone model for the generation of the 

cochlear microphonic, the generated potential changes as the 

function x/(l + x). Inspecting Fig.5.3 we see that on the 

basis of the general criteria discussed previously (see 

Section 8.3.1) it is possible to propose a model which is 

simultaneously plausible on physiological and physical 

grounds and which is based on the resistance relationships. 

In general we may state that 

v = f(x) = x 
1 + x 
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x = g(D) (8.10) 

where 

v = potential generated by a single transducer (haircell), 

x = (variable resistance) / (non-varying resistance) in 
the haircell 'circuit' (see Section 5.1.1), 

D = displacement of the basilar membrane at a given point. 

The relationship If' based on the x/(l + x) ratio is 

satisfactory but since 'x' can never be negative, we must 

find afunctional relationship tg' such that it will be 

applicable for positive and negative values of 'D'. 



1 

The simplest possible expression is linear: 

(8.11) 

with the restriction that the term in brackets will not 

become very small for physiologically permissible values of 

'D'. It May be argued that for large negative values the 

V = x/Cl + x) relationship will not hold and instead some 

other characteristics will be applicable, but unfortunately 

we could only guess what this characteristic should be 

(Fig.8.l0à - see dotted line). 
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To consider an alternative possibility, it is conceivable 

that 'x' will have some lower limit below which its value can­

not go, implying that at some mechanical displacement the 

variable resistance will have a minimal value. When the 

displacement differs trom this particular value. 'x' will 

always be greater than the minimum. If we consider shearing 

forces to be the mechanical stimuli to the haircell, our 

hypothesis presents th~ picture of the hair of the haircell 

having one position where the modulating resistance is 

smallest so that when the hair is displaced from this 

position in any direction, the value of the modulating 

resistance increases. Functionally, the relationship May 

be expressed as 

(8.12) 



(1) basi1ar membrane at rest 

(3) basi1ar membrane def1ected ('0' is not to sca1e) 

tan a " a = ~ w 
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with V = f{x) as in Equation 8.9 and the plot of V vs D is 

shawn in Fig.8.l0b. Further discussion of the various 

formulations of the conversion law will be given in 

Chapter 9 within'the context of the simulated cochlear· 

potentials. 
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8.3.4. Int~rnal eleptrioal d~namics of the cochlear transducer 

When describing the process of the haircell potential 

generation the resistances and capacitances as~ociated with the 

haircell must be taken into account. The. potentials observed 

by an electrode not actually inside the cell body will be 

greatly affected by the electrical filtering effects produced 

by the haircell body and surrounding membranes. 

A greatly simplified picture of the haircell is shown in 

Fig.8.ll and its equivalent electrical circuit in Fig.8.l2. 

The justification for using a lumped representation instead 

of a distributed one originates in the nerve membrane 

calculations of Cooley and Dodge (9l). They found that it 

is permissible to 'lump' 500 micron long longitudinal 

segments while still retaining sufficient continuity in 

calculating f~eld and propagation effects. Although ~he 

haircell may not be as uniform as a nerve axon, it is only 

20-50 microns long and, therefore, the lumped representa­

tian of Fig.8.l2 is considered ta be permissible. 



h = 20 - 50 li 
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Fig.B.ll Simplified haircell geometry. (Numerical 
data from Spoendlin92). 
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Fig.B.12 'Lumped' representation of the circuit 
properties of the haircell body and membranes. 
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First we calculate the minimum and maximum values of the 
1 

haircell area corresponding to the change in haircell size 

from the base of the cochlea to its apex. Using d~ta from 

Spoendlin (92): 

A = 8.2 x 10- 6 cm~ 
max 

Since data do not exist for ~he electrical properties of the 

haircell we are forced to take estimates from other neuro-

physiological data. After Cooley and Dodge (91) we also take 

the membrane capacitances to be 1 ~F/cm2. The membrane 

conductance is more difficu1t to estimate, since the conduc-

tance of the active or the inactive membranes varies greatly 

from cell to ce11 in the same ti~sues. These variations are 

even greater from tissue to tissue, but usually fall within 

the range of .1 to 1 mmho/cm 2 (93). Using these values we 

find the approximate values 

C = 8.2 x 10- 12 F max 

C min = 3.5 x 10- 12 F 

R2 = 2.9 x 10 8 ohms 
max 

R2 min = 1.2 x 10 8 ohms 
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The cell interior specifie resistance is taken to be the same 

~s the neuron axoplasm's (about 35 ohm-cm). Thus, the 

resistance of the cell interior will be 

Rl = 4.5 x 10 7 ohms 
max 

R = 1.8 X 10 7 ohms lmin 

Now we are ready to calculate the characteristics of the 

circuit of Fig.8.12. The output voltage is represented by 

Vo = R2 V. 
~ 

and for 'minimal' and 'maximal' values the expressions are 

.869 
1 + jw x 5.5 x 10- 5 

.865 
1 + jw x 3.2 x 10-~ 

respectively. Thus, interestingly, we find that for hair-

cells in the basal turn (high frequency response region) the 

filter cutoff frequency is about 2.9 kHz and for haircells at 

the apex (low frequency response region) the cutoff frequency 

is about 500 Hz. However, before we attach any significance 

to these results we should remember that the preceeding 

calculations are not based on direct evidence and perhaps 

should not be taken too seriously. 



e 
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8.3.5. External electrical dynamics 

In order to draw conclusions regarding the external 

electrical dynamics of the haircell we would have to determine 

the details of the configuration of the electrical surround­

ings of one haircell (Fig.8.l3), estimate the physical 

constants of the membranes and fluids and finally calculate 

the equivalent lumped network. 

Unfortunately little information is available because 

only indirect data exist. Due to obvious experimental 

difficulties measurements yield results which are represen­

tative of a large segment of, or perhaps, the entire cochlea. 

These results ar~ therefore more appropriately discussed in 

terms of the macroscopic potential distribution in the 

cochlea (Section 8.2). Due to the lack of specifie 

information we will not attempt to describe further the 

configuration shown in Fig.8.13. As experimental evidence 

becomes available this may be done at a later date. 

8.3.6. Noise 

Cochlear potential waveforms displayed on an 

oscilloscope show that the electrical events of the cochlea 

as recorded by 'gross' electrodes are noisy. Since the 

noise due to the recording apparatus caq be measured, it is 

easy to show that most of this noise is physiological in 
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Fig.8.J3 The electrical surroundings of a haircell. 
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origine Furthermore, since noise due to muscle contraction 
, ' 

and breathing can be recognized and eliminated, it May ~e 

stated with some certainty that the ongoing physiological 

,processes of the cochlea are inherently 'noisy' from the 
~ . . 

electrical point of view. This noise May have Many 

origins: it May be n,oise associated with random events 

in metabolism, membrane permeability,etc.; it May 

originate in mechanical motions associated with haircell 

stimulation or in the generation of streaming potentials. 

The possibility that noise is an inheren~ property of the 

conversion process cannot be ruled out, however, and May 

have significance in the study of ~enerator potential-

nerve firing relationships. 

Conceptually we May separate the observed noise into 

two co~ponents according to origin: one part being due to 

the transduction process and the second part being due to 

other physiological processes. Now, according to the 

Central Limit Theorem, the noise due to the SUm of several 

thousand haircells will be very close to the Gaussian, 

regardless of the statistical distribution of the noise of 

the individual transducer. Thus, it can be seen that 

adding random noise to our model of the single transducer 

will not affect the characteristics of the CM or the SP. 

This is supported by the fact that we do not know of any 



experimental observation vhere modification of the cochlear 

potentials vas due to the noise generated in the cochlea, 

except of course, in determining the thresholds of the 

observable potentials. 

The inclusion of a noise potential generator in our 

model does not meaningfully alter the simulation of the 

generation of the cochlear potentials, but it can sig­

nificantly complicate their implementation on the computer. 

Therefore, noise is not included in our model of the single 

transducer. 
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CKAPTER 9 

SIMULATION OF THE COCHLEAR POTENTIALS 

In this chapter we present the resu1ts of digital 

computer simulations of the coch1ear potentia1s, making use 

of the mode1s of the various parts of the periphera1 auditory 

system. Our investigations here consider the 1inearity of 

the potentia1 generation process, the frequency response of 

the coch1ear potentia1s for the different turns, the behaviour 

of the CM and SPas a function of sound pressure 1eve1 and the 

effect of efferent input to the hairce11. 

9.1. Organization of the simulation mode1 and the computer 
program 

The mode1 for the simulation of the coch1ear potentia1s 

is shown in Fig.9.1. The midd1e ear mode1 (ME) and the 

basi1ar membrane mode1 (BM) have been derived in Chapter 7. 

The transducer mechanism (TD) will be represented by the 

mode1 discussed in Section 8.3 or its modification as given 

in Section 9.3.3 and the potentia1 distribution factors (PDF) 

are determined by the relations given in Section 8.2. As 

shown on the diagram the various processes which are part of 

the overa11 modal share a common parameter 'x', which is the 

distance from the stapes measured a10ng the coch1ea. A 
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s~cond parameter of great importance is the location of the 

electrode, but this parameter is incorporated into t~e 

potentia1 distribution factors and is not shown explicitly 

in Fig.9.1. 
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For exactness, the output of every hairce11 along the 

basi1ar membrane shou1d be ca1cu1ated and summed but this is 

both impractical and unnecessary. In this respect the number 

of hairce11s to be considered is about 10000 and so 10000 

calcu1atio~s of the basi1ar membrane disp1acement and the 

transducer process output would be required. Timing analyses 

of the computer programs show that the calcu1ations take 

approximately 10 msec per hairce1l per time step and so the 

total time per time step is 100 seconds. This is prohib~­

tively long, since, for examp1e, to determine the amplitude 

and phase of the mode1 output in response to a sinusoida1 

input it is necessary to take about 20-30 time steps of 

appropriate size, needing over 30 minutes of computer time. 

Consequently, we decided to 'lump' the process with fewer 

discrete elements, by using 'segments' of the basilar mem­

brane which may be considered to be moving in phase and by 

assuming that the haircells on that segment have identical 

outputs. If these simplifications Can be shown to be 

permissible we may represent ail theOHCs and IHCs within 

a segment by a single generator 'comp1ex' containing 3 OHC 
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and 1 IHC models. It must be emphasized that since the phase 

shift along a 'segment' is small and since at this point no 

distinction is made between IHCs and OHCs this generator 

complex is representative of the individual haircell generator 
( 

and differs from it only in a multiplying constant. 

Consequently, the entire guinea-pig basilar membrane 

(length = 18 mm) is divided up into 180 segments, each 100 

microns long. Thus~ on each segment there are 10-12 rows of 

haircells, which seems to be a reasonably small number. To 

prove that these segments are not too large we took the 

'worst-case' approach. Clearly, the phase shift along the 

basilar membrane will be the greatest for high frequencies 

and so we plotted the phase change over a segment as ~ 

function of distance along the basilar membrane for a 15 kHz 

input. Note that 15 kHz is 5 kHz higher than the highest 

frequency (10 kHz) considered either experimentally or in the 

simulation. In Fig.9.2. the curves for 15, 5, 1 and 0.1 kHz 

are given. The dotted parts of the curves indicate that the 

amplitudes dropped below 0.5% of the maximum amplitude and 

consequently, for the frequencies 15 and 5 kHz respectively, 

the contribution of haircells from these regions,is negligible. 

Thus we see that even for the 'worst case' (15 kHz) the 

largest phase shift along a segment is 13 degrees and for the 

great majority of segments the phase shift is below 10 degrees. 
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Such a phase shift will not cause significant cancellation 

effects over a segment and so the 100 micron segment length 

is acceptable. 

, In Sections 8.3.4 and 8.3.5 we discussed the electrical 

dynamics of the haircell and the surrounding structures and 

demonstrated a low-pass filter between the site of the 

generation of the cochlear potentials and the location of 

the electrode. Since the parameters of this filter·cannot be 

specified due to the lack of relevant experimental data, we 

employa simple digital filter of the form 

n 
v (t ) = o m L 

i=-n 
v. { (km + i) ~t} 
~ 

where 

v = output point 
0 

v. = input samples 
~ 

, 1 A • 
..LILl" ::: initial sampling 

m = number of points 

t = k (m x ~t), 
m 

frequency 

the average 

k = 1,2,3, ... 

is moved 

The cutoff point of this filter is determined by the number 

of points used in the linear average (Fig.9.3). If the 

same cutoff point is chosen for all filters, it is not 

necessary to determine the filtered output of each trans-

ducer separately but for calculation purposes the filter may 

be considered to follow the summation. 
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The simulation of the coch1ear potentia1s is carried out 

on digital computers avai1ab1e at the McGi11 Computing Center 

(IBM 7044 and 360/50) and at the Oto1aryngo1ogica1 Research 

Laboratories (LINC-8). Using the LINC-8 and the campus-wide 

RAX network which a110ws remote entry into the 360/50 system 

it is possible to run the simulation 'on-1ine'. The LINC-8 

permits the use of such disp1ay devices as an oscilloscope 

and a digital p10tter and the mode1's parameters can be mod-

ified instantaneous1y yia an attached te1etyp~writer. Thus, 

the versati1ity of digital techniques is c,ombined with the 

convenience found in analog computers. The f10w diagram 

shown in Fig.9.4. presents the features of the simulation 

programs, of which a number of variations we~e written in 

FORTRAN. 

9.2. Linear!ty of the transduction process and the waveform 
of the 'gross' CM' 

The evidence fo~ the linearity of the transduction 

process is that for sinusoida1 stimulation of the ear there 

is a remarkab1e lack of distortion in the CM even at high 

intensities. With reference to Fig.3.13 we may quote Davis' 

words to summarize the accepted ideas in this respect: 

" ... Further increase in the intensity of the stimulus causes 

actua1 decrease in the e1ectrica1 output. This re1ationship 

is most unusua1 for a mechanica1 system, and it is even more 

191. 
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extraordinary that the limitation and finally the reduction 

in the amount of electrical output is accomplished without 

distortion of the waveform. The ear seems to have a true 

'automatic gain control'." (95) 

As we have discussed in Sections 5.1.2 and 5.3 the 

assumption regarding the linearity of the transduction 

process is both restrictive and unnecessary. In Sections 

8.3.2 and 8.3.3 we have already presented some non~linear 

transduction functions and now we will show that such 

transduction functions are indeed compatible with physio­

logical observations. 

Our approach to this problem is very ~imple and 

straightforward. Using the conversion law given in 

Section 8.3.2 and the rest of the model as described in 

Section 9.1 we have simulated the potential output both 

for a single haircell 3.5 mm distant from the stapes, and 

also for the 'grossI CM potential recorded by an electrode 

at the same location. Fig.9.5 shows the output of the 

single haircell in response to a sinusoi~al stimulus of 

varying intensity. This output is also sinusoidal, at low 

intensities, but at 80 db SPL the distortion becomes 

noticable and at 110 db the output is essentially a square 

wave. On the other hand Figs.9.6 and 9.7 show that 

although there is some distortion of the simulated 'gross' 
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Fig.9.5 Waveforms of the cochlear potential 
generated by a single haircell as a function 
of sound pressure level. He located at 3.5-mm; 
electrode at 3.5 mm; attenuation 6 db/mm. 
Stimulus: 7000 Hz sinewave. 
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Fig.9.6 Wavetorms of the 'gross' cochlear potentia1 
ar1s1ng from 180 RCs distributed along the cochlea. 
The individual RCs produce the output shown in Fig.9.5. 
Electrode located at 3.5 mm; attenuation 6 db/mm. 
Stimulus: 7000 Rz sinewave. 
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Fig.9.7 Waveforms of the 'gross' cochlear potential 
ar1s1ng from 180 HCs distributed along the cochlea. 
The individual HCs produce the output shown in 
Fig.9.5. ·Electrode located at 3.5 mm; attenuation 
o db/mm. Stimulus: 7000 Hz sinewave. 



potential arising from the distributed RCs all along the 

cochlea, nevertheless the waveforms resemble sinusoidal 

197. 

waves even at 110 db SPL. It must be emphasized that the 

model used here does not even include the filtering effects 

which exist in the real system due to membrane capacitances 

(see Sections 8.3.4 and 8.3.5). Our aim first is to prove 

that the distributed nature of the basilar membrane and the 

haircell potential generators can themselves account for the 

elimination of waveform distortion. In addition, filtering 

of the waveforms further reduces distortion (Fig.9.8) by 

eliminating higher harmonics. It is also notable that for an 

electrode located 8.7 mm ,f;rom the stapes, the 'grogs' pot en­

tial is considerably more distorted (Fig.9.9). This is a 

well known physiological fact: namely, hig~ intensity CM 

recorded in Turn 2 (8.7 mm) carl show 'clipping' o~ the wave­

forms while the Turn-l (3.5 mm) CM remains undistorted. 

On the basis of the foregoing we can state that the 

physiological evidence cannot be used to justify a claim 

that the mechanical-to-electrical transduction process is 

linear. Furthermore, as discussed in Section 5.1.1, other 

considerations also place the concept of a linear transducer 

in doubt. The conclusion is, therefore, that the individual 

cochlear transducer output bears a non-linear relationship to 

the stimulus, but that the 'gross' potentials observed will 

be similar to the sinusoidal input waveform with the degree 
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Fig.9.Ba Waveforms of the filtered cochlear 
potential generated by a single haircell as a 
function of sound pressure level. He located 
at 3.5 mm; electrode at 3.5 mm; attenuation 
6 db/mm; 15 point linear average filtèr. 
Stimulus: 7000 Hz sinewave. 
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Fig.9.8b Waveforms of the filtered 'gross' 
cochlear potential arising from 180 HCs 
distributed along the cochlea. The individual 
HCs produce the output shown in Fig.9.5. 
Electrode located at 3.5 mm; attenuation 6 db/mm; 
15 point linear average filter. Stimulus: 7000 Hz 
sinewave. 
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of distortion depending on the location of the recording 

electrode. 

The simulation of the cochlear potentials as a 
function of sound pressure level 

9.3.1. A simple phase cancellation mechanism 
i 

As presented in Chapter 3, the CM vs SPL functions l 

have the shapes shown in Figs.3.5 and 3.13 and furthermore, 

for high frequencies and Turn-l electrodes at least, there 

is very little waveform distortion. Whitfield and Ross (70) 

have suggested that both the CM vs SPL curve shape· and the 

lack of distortion are due to the same p~ase cancellation 

201. 

mechanism. According to their hypothesis, at high SPL levels 

the potential output of some haircells is maximal and the 

waveform is distorted. Other cells which are farther away 

from the region of maximal basilar membrane displacement move 

with lesser amplitudes. Due to the time. delay involved 

between the ~echanical displacements of the maximally and 

submaximally excited cells there is a phase difference 

between their potential output. It is supposed that the 

lThis relationship is commonly called the 'input-output' 
function in cochlear electrophysiology, but since this 
terminology is misleading for the system analyst the more 
appropriate 'CM vs SPL' function will be used. 



cancellation resulting from this phase difference is 

sufficient to cause a decrease in the summated CM output 

of Many cells while the SP will keep on increasing since 

more and more distant cells will be contributing as the 

SPL increases. 

Since this hypothesis appears to be quite reasonable 

we have simulated the conditions described above with our 

model. The model parameters and the results are shown in 

Fig.9.l0. It can be seen immediately that although the 

CM potential will reach a maximum, it will not decrease 

even for extremely high SPL levels. This indicates that 

the phase cancellation mechanism proposed by Whitfield and 

Ross is not suff~~iently significant to produce the effects 

observed experimentally. 

9.3.2 Modification of the transfer characteristics 

An alternative hypothesis is that the individual 

haircell outputs decrease as the input sound intensity 

passes a certain limit. Suitable transfer characteristics 

May be obtained from the arcot function (see Section 5.1.4) 

in the manner shown in Fig.9.ll. It is reasonable to assu~e 

that t~e ind~vidual haircell.output must either stabili~e at 

some value or it muat go to z~ro as the sound pressure level 
1 • .' 1 1 • 

increases. It is surprising to find, however, that there 
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Fig.9.11 Moditied 'arcot-type' transducer 
characteristics. The function is not p10tted 
to sca1e. 
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is relativeiy 1itt1e drop in eit~er the individua~ hairce11 

CM output or the gross CM potentia1 before extreme disto~tion 

of the waveforms occur~ (Fi~s~9.12 and 9.13). Fi1tering has 

1itt1e effect on the output 01 the individua1 hai~ce11, but 

the 'gross' CM potentia1 decreases to ab~ut 1/3 of its peak 

value. This decrease is accom~anied, however~ by a,corres­

ponding decrease in the SP which is contradict~ry.to 

physio10gica1 evidence (see Fig.3.13). 

9.3.3 Interference effects' between out-of-phase ·IHC and OHC 
potentia1 outputs 

Since neither the simple phase cance11ation mechanism 

nor the modified arcot transducer characteristics produces 

simu1ated coch1ear potentia1s with the expected functiona1 
': .J , 

J 

dependence on the sound pressure 1eve1, it is nece~sary to 

re-examine the assumption made ear1ier that the IHC and OHC 

models should be identical in every respect. The anatomica1 

differences between the IHC and OHC and the observations of 

Bekesy (40) which suggest that the two types of haircel1s 

produce maximum CM for two different directions of bending 

of the hairs indicate that perhaps simulation shou1d 

differentiate between the two types of cells. Considering 

Fig.4.3 which shows the cross-section of the organ of Corti, 

it is seen that the IHCs and the OHCs have different 

orientations. This is dynamically important, because if, 
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for example, the hairs are bent towards the inner edge of the 

basilar membrane then the aDgle between the hair and the cell 

body ~ent~r-~ine ~ill increase for the IHC and decrease for. 

the OHC. Thus, if the hair-to-cell angle ,is significant i~ 

determin~ng the potential output of the cochlear transducer, 

the IHC and the OHC will produce signals with 180 degrees 

phase difference. 

Even if the haircell orientation has no significance the 

IHC and OHC May produce out-of-phase signals. According to 

Bekesy (37) it is possible that the basilar membranedisplace­

ments in a plane perpendicular to the longitudinal axis of 

the cochlea have different directions for the parts carrying 

the IHCs and OHCs. Presumably in consequence the IHC~ and 

OHCs respectively will bend the hairs in opposite directions, 

resulting in out-of-phase potentials. 

The relative magnitudes of the potentials produced by 

a single IHC and OHC are also of importance. It has been 

demonstrated that OHCs are more susceptible to acoustically 

induced structural damage than the IHCs (96). It is likely 

that this occurs because the OHCs are subject to larger 

displacements than the IHCs and consequently the, former reach 

a region of dangerous overload for smaller SPLs than the 

latter. The different sensitivities of the IRCs and ORCs are 

possibly also indicated by the observation of Engstrom and 



pis co-workers that at rest the hairs of the IHCs do not 

touch the tectorial membrane but some hairs of the OHCs 

do (39). Since quantitative physiological data are non­

existent we conduct a number of simulation experiments 

to determine the effect of changes in relative OHC and 

IgC sensitivities on the cochlear potentials. As a result 

it is found that the best correspondence with cochlear 

potential experimental data is obtained when the OHCs are 

made 10-15 times more sensitive than the IHes. 

In the following computer experiments we use the 

simulation,model discussed in Section 9.1 with appropriate 

modifications to repreaent the differe~ce between IHCs and 

OHCs. Inparticular, we now assume that the IHC and OHC 

potential outputs are out of phase by 180 degrees and the 

IHC output reaches its maximum for 20-30 db higher sound 

pressure levels thanthe OHC. Figs.9.l4a and 9.l4b show 

the behaviour of the CM amplitude and the SP of a single 

haircell 'complex' at 500 Hz and 7000 Hz as a function of 

SPL. The curves have similar shapes, the differences 

reflecting the different responses of the basilar membrane, 

3.5 mm from the stapes, to 500 and 7000 Hz. The response 

of the individual haircell is as expected: the CM p~tential 

increases, reaches a maximum an~ then starts to decrease but 

the SP never reaches a plateau. The effect of filtering is 
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slight up to about 90 db at which l~vel the unfiltered 

output starts to become distort~d. 8ince the individual 

haircell output has n~ver been recorded experimentally no 

comparison of the single haircell 'comple~' output and a 

real haircell oU,:tput can be made. 

It is possible, however, to compare 'gross' potentials 

measured experimentally a~d simulated d~nami~ally by our 

model. In Figs.9.l5-9.l8 the results of the 'gross' 

211. 

potential simulation are shown for 100, 500, 2000 and 7000 Hz 

in Turns l, 2 and 3. For 100 Hz the simulated CM outputs 

reach approximately the same peak level in aIl three turns of 

the cochlea, but this occurs at different sound pressure 1evels: 

Turn 3 reaches the maximum at about 90 db 8PL, Turn 2 between 

90 and 100 db 8PL and Turn 1 at 100 db 8PL. This compares 

favorab1y with experimenta1 data obtained by Tasaki (24) for 

103 Hz (see Fig.3.5). For 500 Hz no direct comparison is 

possible, because Tasaki's data do not include the corres­

ponding responses but our resu1ts (Fig.9.l6) seem to fall 

somewhere between the curves for 280 Hz and 1020 Hz on 

Fig.3.5. For this frequency the curves become 'flatter' and 

the peak amplitude smaller as we proceed from Turn 1 to 

Turn 3. For 2000 Hz (Fig.9.l7) the resu1ts for Turn 1 and 

Turn 2 are comparable with Tasaki's curves for 2370 Hz. 

Turn 2 peak output is sma1ler and reached at a lover SPL 
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than Turn l peak output.. ..The Turn 3 CM vs SPL plot (Fig. 9 .17c) 

shows some unexpected char~cteristics. At low levelsthe 

slope of the curve is the same as for Turn land Turn 2, but 

between 50 and 60 db SPL the CM response becomes a non-linear 

function of the sound pressure level. Furthermore, the peak 

amplitude of the CM is larger than in Turn 2. Comparismn of 

the curve for 1980 Hz in F~g.3.5 with Fig.9.17c show~ that for 

this electrode location and frequency the simulated CM does 

not correspond to the experimental observations (see also 

Section 9.4 and IFig.9.22). 

Fig.9.18 shows the simulated CM responae for 7000 Hz. 

In Turn l the response is similar to that observed 

experimentally up to about 90-100 SPL, but at higher levels 

only slight decrease of the CM is observable on the model 

while the experimentally observed decrease is more signifi­

canto It should not be forgotten, however, that for 120 and 

130 db SPL there is usually permanent damage to the ear, 

although this necessarily is not taken into account in the 

simulation. Both Turn-2 and Turn-3 responses for 7000 Hz 

show anomalous behaviour similar to that observed for 2000 Hz 

in Turn 3 (see also Section 9.4 and Fig.9.24). 

The behaviour of the summating potential produced by the 

model agrees well with the experimental data of Konishi and 

Yasuno (Fig.3.12) for frequencies over 2000 Hz in Turn 1. 



221. 

Comparing th~ simulation results for Turn 1 at 7000 Hz with 

Fig.3.l3 we also see good agreement: the SP keeps increasing 

although the CM reaches a maximum and decreases. Unfortu-

nately there are no sufficiently detailed experimental data 

for the other turns, but judging from Figs.6.23~6.26 it can 

be expected that the SP will be positive in Turn 1 for 

frequencies below 1000 Hz, in Turn 2 for frequencies above 

1000 Hz and in Turn 3 for both low and high frequencies with 

the exception of the 200-500 Hz region. This positive SP 

will not be generated by the si~ulation because ~s we'will 

show in Ch~pter la the SP positivity is a result'Qf the 
1 1 1 \ 

res i stance distri b:ut ion in the cochlea. Thi s res i s11ance 

distrib~tion,at present can~~t be defined in suffici~nt 

detail and accuracy to permit modelling (see Section 8.2.3). 

9.4. The simulation of ths cochlear potentials &s a tunction 
of freq,uency: 

The model used in the simulation of the coc~lear 

potentials as a function of frequency is the same as the model 

used in Section 9.3.3. In order to comp~re the experimental 

results of Chapter 6 with the data generated by the model, 

this simulation produces the CM amplitude, the CM phase and 

the SP as ~ function of frequency at 60 and,80 db SPL in 

Turns l, 2 and 3. The results are plotted in Figs.9.l9-9.24. 
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The simulated CM amplitude data agree very well with the 

experimental data presented in Section 6.4~1. The CM 

amplitude 'peaks' i.l): Turn 1 at 800-900 Hz, in Turn 2 at 

500-600 Hz and in ·Turn 3 at approximately 300 Hz. These 

results are in agreement with the average frequency data 

presented in Fig.6.14 corresponding to the avera~e peak CM 

amplitudes. Furthermore, the frequency at which the CM 

amplitude peak appears decreases as the SPL increases 

(compare Figs.9.19 with 9.20, 9.21 with 9.22 and 9.23 with 

9.24,respectively) and t~is is in. agreement with data 

presented in Figs.6.23 to 6.26. 

Although the simulation results are not plotted in a 

normalized fashion, it can easily be seen that as the input 

sound intensity increases the CM amplitude curves become 

wider" indicat ing a relat ive icreas e in the contri but ion of 

distant haircells to the total potential. This broadening 

effect was also observed experimentally as the results 

presented in Figs.6.9-6.12 show. These figures also indicate 

that at the same SPL the CM amplitude curves becom~ progres­

sively narrower from Turn 1 to Turn 3. A comparison of 

Figs.9.19, 9.21 and 9.23 shows that this indeed,is.the case 

for the simulated CM amplitude curves. It is interesting 

that the Turn-2 and Turn-3 CM amplitude responses exhibit 

anomalous behaviour in the 2000-3000 Hz !egion; it is 



probably the same effect which produced the curve shown in 

Figs.9.17c, 9.18b and 9.18c (~ee Section 10.2). 

The simulated CM phase responses are also i~ close 

agreemèrtt with our experimental results as comparison of the 

phase curves of Figs.9.19, 9.21 and 9.23 with the average 

experimental phase curves of Fig.6.18 shows. The Turn-l 

phase response curve is relatively flat showing the effect 

of many interfering cochlear potential generators but Turn 2 

and 3 show progressively steeper phase delay curves. Also, 

both the experimental and the model phase curves show a 

decrease in phase delay as the sound intensity increases 
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(see Figs.6.15-6.17 and compare Figs.9.19 with 9.20, 9.21 

with 9.22, 9.23 with 9.24 respectively) .. The irregular 

behaviour of the Turn-3 phase at 80 db SPL indicates that 

some unwanted interference effects develop in the simulation. 

These effects are discussed in detail in Chapter 10. 

The experimentally observed and the simulated SP are not 

in as close agreement as the CM potential amplitude and phase. 

This is at least partially due to the fact that, as we 

mentioned in Section 9.3.3, the cochlear impedance distribu­

tion greatly effects the sign of the SP and this distribution 

is inadequately descriQed. If the sign of the SP is 

disregarded and the shape of the curves is compared we see 

that for Turn 2 and 3 there is considerable agreement between 



1 experimental data (Figs.6.24 and 6.26) and simulation results 

(Figs.9.2l and 9.23). 

9.5. The effect of change of the value of the potential 
attenuating factor on the simulated cochlear potentials 

The cochlear petential attenuation as a function of the 

relative distance between an electrode and a haircell is 

given by Eq.8.7. Now given our ignorance of physical 

parameters, it is important to show that the value of the 
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attenuation per unit distance (A) does not affect the results 

of the simulation to a great extent. Using exactly the same 

models as previously, but changing the value of A to 0.7079 

(3 db/mm attenuation) from 0.5 (6 db/mm attenuation) the CM 

and SP are simulated ~s a function of sound pressure level 

(Fig.9.25). As expected the curves corresponding to 3 db/m~ 

attenuation larger potential values than the curves for 

6 db/mm attenuation (see Figs.9.l4b and 9.l8a) but the shapes 

of the curves are almost identical. 

In Fig.9.26 the CM amplitude and phase and the SP are 

plotted as a function of frequency for 3 db/mm attenuation. 

Apart from the general increase in amplitude the CM and the 

SP curves are similar to the corresponding curves of Fig.9.19. 

The CM amplitude curve, however, is somewhat narrower for the 

smaller attenuation, reflecting stronger interference between 
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distant points a10ng the coch1ea for 3 db/mm than for 

6 db/mm attenuation. This increased interference is a1so 

noticab1e on the phase curve which shows decreased phase 

de1ay for 3 db/mm attenuation. 

It is perhaps significant that waveforms are a1so 

re1ative1y insensitive to changes of the potentia1 

attenuating factor. In Figs.9.6 and 9.7 the waveforms 

for A = 0.5 and A = 1 are shown and the differences 

between the two sets appear to be slight. 

9.6. CM augmentation produced br simu1ated OCB stimu1ati~n 

E1ectrical stimulation of the crossed component of the 

olivo-coch1ear bund1e (OCB) reduces auditory nerve 
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responses (AP) to acoustic stimuli and con~urrent1y enhances 

the amplitude of the coch1ear microphonic (CM) potentia1 

(29,30,31). The experimenta1 observations are summarized by 

Desmedt (30): "The OCB activation (a1so) paradoxia11y 

potentiates the coch1ear potentia1 (CM), but the change 

amounted at most to +4-equiva1ent-db increase in sound 

energy. This increase in receptor potentia1, whi1e important 

for understanding the synaptic mechanism of the inner.ear, is 

ignored by the central nervous system, since acoustic signa1s 

are simu1taneous1y suppressed in the auditory nerve." The 

augmentation of the CM potentia1 has been a1so observed in 



• experiments where the AP was depressed by ototoxic drugs 

(streptomycin) and there has been no OCB stimulation (97). 

Let us assume now on the basis of the evidence of 

Fex (32) that the effect of the OCB is inhibitive on the 

haircell and recall that the CM potential is considered to 
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be the generator potential giving rise to the AP. The strong 

phase cancellation effects observed on the simulation model 

suggest that perhaps inhibition of the haircellactivity and 

the corresponding decrease in AP is not reflected in a 

decrease of the 'gross' CM. To investigate this possibility 

we have 'inhibited' segments of the cochlea by inactivating 

the corresponding haircell models and simulating the CM and 

SP as a function of SPL for a Turn-l electrode (Fig.9.27). 

To allow comparison with published experimental observations 

the db changes are shown for 70 and 90 db SPL respectively 

in Fig.9.28. The results show that even massive 'inhibition' 

of the cochlear generators will not result in a decrease but 

in an enhancement of the CM. This enhancement is due to the 

elimination of some of the interference between the potentials 

generated by the individual haircells. an~ conse~uently not 

only the ext~nt, but also .the location of the 'inhibition' is 

significant. The inhibition of a relatively small segment 

may result in a decrease, while the elimination of 3 complete 

turns of tne cochlea results in an increase of the CM (see 

'B' and 'G' in Fig.9.28). It is also interesting to note 
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that whether the inhibited part of the cochlea is apical or 

basal to the electrode the augmentation of the CM is possible 

and furthermore the changes are approximately equal to the 

change observed experimentally (up to +4 db 6PL). 

The results summarized in Fig.9.28 suggest that the 

experimental observations indicating CM increase and AP 

decrease due to OCB stimulation do not present a paradox, 

but are explicable in terms of the inhibition of haircell 

activity and phase cancellation effects between individual 

haircell generators. 
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CHAPTER 10 

DISCUSSION OF RESULTS 

I~ this final chapter the work covered in this thesis 

is summarized. Some aspects of the experimental work and 

the simulation which deserve further consideration are 

discussed in detail and plans for future developments are 

indicated. 

10.1. On the measurement of the oochlear potentials 

Using improved techniques and instrumentation we are 
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able to measure the cochlear potentials with reasonable 

accuracy. The results are believed to be more reliable and 

complete than other published data. The greater reliability 

is achieved because of the greater attention given to the 

control of the acoustic stimulus to the ear; specifically we 

have been able to keep the sound intensity constant at the 

input of the auditory system by measuring the sound pressure 

level in front of the eardrum, and have shown quantitatively 

that no indirect methods suffice. The results are more 

complete because for the first time, the simultaneo~s 

measurement of the CM potential amplitude, the CM potential 

phase and the SP has been successfully accomplished. Further­

more, ~he measurements have been carried out over a wide 

frequency range at several sound pressure levels. 
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The plots of the amplitude of the cochlear microphonic 

potential as a function of frequency resemble the basilar 

membrane displacement (tuning) curves and may appropriately 

be named the electrical tuning curves of the cochlea. These 

curves confirm some earlier observations regarding the 

behaviour of the basilar membrane. First, the frequency at 

which the electrical tuning curves reach their peak value 

changes as predicted by the mechanical transfer characteris­

tics of the middle ear and the basilar membrane. Secondly, 

as the sound intensity increases the CM amplitude responses 

reflect the experimentally observed shift towards the lower 

frequencies of the vibration pattern of the basilar membrane. 

The ph~.e of the cochlear microphonic potential mirrors 

the travelling wave characteristics of the basilar membrane. 

Changes in intensity result in a slight decrease in phase 

delay, in agreement with direct basilar membrane observations 

and CM amplitude measurements. 

Both the amplitude response and the phase response 

curves of the cochlear microphonic potential show the effects 

of electrical interference between the individual microscopic 

cochlear transducers. The electrical tuning curves become 

narrower from Turn 1 to Turn 3, approaching the shape of the 

mechanical tuning curve at the location of the electrode in 

Turn 3. The relatively slow increase of the measured phase 
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delay in the first turn is also due to interference effects. 
1 

Evidence for this is given in Fig.10.1 which shows the CM 

phase shift measured in Turn l of a normal cochlea and in a 

cochlea in which the haircells located between the electrode 
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and the stapes were damaged by neomycin. The damaged cochlea, 

with some of the interfering potential generators destroyed, 

shows much larger phase delays at high frequencies than the 

normal cochlea. 

The measurement of the SP as a function of frequency 

also has produced interesting results. Th~ SP shows much 

greater variability than the CM in time and between 

experimental animaIs, but it is possible nevertheless to 

confirm previously reported features of the SP behaviour. 

In some aspects our results are different, however, pecause 

we have utilized the difterential recording technique. The 

use of differential electrodes eliminates the effect of 

remote and 'common-mode' potentials in the m~asured SP and 

th~refore our Turn-2 and Turn-3 SP curves go to zero at 

high frequencies. 

The significance of weIl balanced electrodes can be seen 
1 

in Fig.IO.2 where cochlear potential responses are ~hown with 

balanced differential electrodes (no response), with scala-

vestibuli electrode grounded (CM with 'SP-') and with scala­

tympani electrode grounded (CM with 'SP+'). Thus, the 
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results of those SP observations reported in the literature 

which were not made with differential electrodes must be 

appraised with care. 

Perhaps the most .interesting feature of our SP results 
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is that the SP curves are negative for those frequencies which 

generate the large st CM values in the turn in which the 

electrodes is located, and positive for frequencies which 

generate the largest CM values in other turns. In explanation 

of related observations Bekesy has suggested (68,83) that it 

is quite possible that differences in relative size of the ac 

and dc components of the cochlear potentials measured·at 

various points along the cochlea are due to the differences 

in conducting paths between the site of the potential 

generation and the location of the recording electrodes. On 

the basis of our model simulation studies we suspect that 

the SP vs frequency characteristics described in the previous 

paragraph are also due to the impedance distribution in the 

cochlea. 

In an attempt to prove this we now consider a simplified 

picture of the cochlear impedances, which obviously form a 

bridge circuit (Fig.lO.3). In order to find the value of the 

voltage V
l2 

the numerical values of the various resistances 

must be known. Direct data are not available, but it is 

possible to estimate the resistance values using results of 
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Bekesy (83) who ~easured R12 and R = RVl + RT2 experimentally. 

The distribution of resistances along the cochlea will depend 

on the ratio of cross section areas of the scala vestibuli 

and the scala tympani. We utilize the relevant data of 

Fernandez (90) and calculate RVl and RT2 from R. Since 

RV2 = RVl + R12 and RTl = RT2 + R12 the numerical values of 

all resistances are known and V12 can be determined. 

Fig.10.3c shows the value of V12 for a source of 1 V located 

at various points along the cochlea in succession, with the 

'electrode' located 3 mm from the stapes. A comparison of 

Figs.6.22 and 10.3c shows that the curves are similar, 

indicating that SP polarity is indeed a function of the 

conducting path between the potential source and the 

reqording eleetrode. 

Similar measurements of V12 were made with ~n 

'electrode position' of 12 mm. Unfortunately, for such an 

arrangement the calculated resistance values are very close 

and thus a small change in any of the bridge arms would 

change V12 from negative to positive and vice~yersa. 

Consequently, with the calculated resistance values, 

positive and negative V12 values were obtained seemingly 

at random. 

Although present instrumentation is satisfactory for 

the measurement of the 'grossI cochlear potentials the data 



processing phase of the experiments needs further improvement. 

Due to present manual methods the measurements cannot be 

completed fast enough and this often results in incomplete 

data from a preparation since the animal dies. Furthermore, 

the evaluation of the data is so time consuming that it takes 

approximately three working days to process one complete 

experiment. It is essential, therefore, to fully automate 

the measurement of the cochlear potentials. This work is 

already in progress with the collaboration of the author in 

the OTL Research Laboratories where the exp~ri~ental w.ork 
. l ' • 

presented was carried out. A LINe-,B computer has been 

installed and the necessar,y special equipment is at, present 

being built. With the help of automated instrumentation we 

will be able to investigate further the behaviGur of the 
" 

cochlear potentials and ~lso to atart new experiments 
. 1; 

suggested by our model simulation work. 

10.2. On the ~odelling and simulation of cochlear potentials 

The primary purpose of the simul.tion of the cocihlear 

potentials is to help in evaluating and understanding physio-

logical phenomena. There are a number of physiological 

hypotheses regarding the operation of the ear which at 

present cannot be proved or disproved by direct experimental 

evidence. As this work shows, modelling and simulation May 

help in deciding b~tween plausible alternative theories. 
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One of the significant results arising from simulation 

of the cochlear potentials is that we can show that non­

linear haircell transducer functions are compatible with 

physiological observations. Furthermore, analysis and 

reformulation of the resistance-modulation theory of cochlear 

potential generation indicates that certain linearity assump­

tions are restrictive and unnecessary. Thus, it is possible 

to satisfy existing hypotheses with new mechanical~to­

electrical conversion laws whic~ are physically plaus~ble 

and perhaps desirable, while being in agreement with 

physiological observations. 

Equally as important as transducer non-linearity 

considerations is the possibility that the measured 'gross' 

cochlear potentials are not necessarily represent~tive of 

the behaviour of the individual potential generator. We 

show by simulation that a number of physiological observations 

can be explained in terms of interference effects between the 

individual haircell generators distributed along the basilar 

membrane. It is satisfying to find that experimental results 

are directly reproducible by a simulation,model based on the 

concept of haircell generator potential interference. These 

experimental results are: the behaviour of the electrical 

tuning curves of the cochlea as a function of location and 

sound pressure level; the measured amplitude and phase delay 



characteristics of the cochlear microphonic potential, and 

the experimentally observed linearity of the 'grossI CM 

potential. 

At the beginning of this work it was also believed that 

a simple interference mechanism could account for the behaviour 

of the ëochlear potentials (CM decrease, SP increase) at very 

high sound pressure levels, but this was not to be the case. 

Instead, in order to account for such physiological behav~our 

we have found it necessary to investigate the differences in 

orientation and sensitivity between IRCs' ~nd ORCs. In 

particular, we assume on the basis of physiological and 

anatomical considerations that the IRCs are less sensitive to 

mechanical stimulation than the ORCs and 'that the ac output 

of the two types of haircells is 180 degrees out of,'phase. 

The models constructed on the basis of such assumptions are 

satisfactory, although the simulated CM potential decrease 

at high SPLs is smaller than the decrease observ~d experimen­

tally. This, however, is probably due to temporary or 

permanent damage to the haircells rather than being an 

in~erent property of the modelled processes. 

To prove physiologically that the IRCs and ORCs produce 

potentials which are 180 degrees out of phase we propose a 

simple, albeit tedious, series of experiments. Guinea pigs 

are to be injected with neomycin or some other ototoxic drug 
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and after a period of two to three weeks the CM phase response 

of each ear is determined, followed by the preparation of the 

cochleas for microscopie examination. The ototoxic drugs 

cause varying degrees of haircell damage and a number of the 

damaged cochleas will show almost complete ORC destruction 

while the IllCs will appear normal. Comparing the previously 

recorded phase responses of normal cochleas a 180 degree 

phase shift should be observable. The author has already 

started this experimental series. 

The assumption that the IRCs and ORCs have different 

sensitivity gives rise to an interesting speculation. Since 

presumablyboth haircell and nerve are 'noisy', then at low 

sound intensity it is possibly advantageous for the CNS to 

take a 'majority vote' in order to decide whether or not a 

true stimulus exists at a point on the basilar membrane. 

Accordingly, there are three high sensitivity cells (ORCs) 

and if the majority of these cells produce neural discharge 

th en the stimulus is said to existe As the intensity 

increases the ORCs saturate, but the signal-to-noise ratio 

improves simultaneously and the CNS can rely on the single, 

low sensitivity transducers (IRCs). 

Our next significant result is that we can show with the 

help of the developed simulation models that the 'paradoxical' 

CM augmentation and AP reduction which are due to OCB stimulation 
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are a natural result of known cochlear processes. By 

selectively suppressing the cochlear potential generators 

of our model we can demonstrate that fewer active haircells 

may result in increased CM potential due to lessened 

interference between potential sources. If fewer haircells 

produce generator potentials because of the inhibitory action 

of the OCB efferents, then of course, fewer nerve fipers can 

fire-and a decrease of the AP will be observed. The 

importance of these results is that we can now propose that 

inhibition, a physiologically common mechanism, combined with 

the cochlear interference effect satisfactorily explains the 

dual effect of CM augmentation and AP depression accompanying 

OCB stimulation. In contrast, previous hypothese~'regarding 

this phenomenon are complicated and necèssarily depepd on 

assumptions yet uriproved. 

Some known ototoxic drugs acting on the haircells have 

also been observed to produce CM augmentation accompanied by 

AP depression. Therefore, it is suggested that results of 

experiments in which drugs were injected or chemicals were 

perfused through the cochlea be re-examined and the effect 

of the cochlear potential interference be taken into account. 
\ 

Although the simulation of the cochlear poteptials as a 

function of SPL, frequency and electrode loca~ion generally 

produced results which were compatible with physiological 



observations some anomalous responses vere also found. Such 

anomalies resulted only, hovever, vhen high frequency 

responses vere simulated in Turfts 2 or 3 at high sound 

pressure levels. Therefore, it is cohcluded that the primary 

reason for such physiologically incompatible responses is 

the cochlear 'segment'size chosen in Section 9.1. In Turn 2 

and, especially in Turn 3, for high frequencies the basilar 

membrane displacement pseudo-travelling vave is small in 

amplitude and has small wavelength. Thus, the phase shift 

over a segment is not negligible and consequently at high 

SPLs some unforseen interference effects develop betveen 

segments. It is also suspected that the cochlear potential 

distribution model is insufficient and the simulated Turn-2 

and Turn-3 high frequency responses originate partially in 

Turn 1. Further improvement, howeve~, must await detailed 

cochlear impedance distribution data. 
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10.3. Conclusion 

Summarizing the work oovered by this thesis, the 

following major results are claimed: 

(i) Experiments which were designed to establish the 

relations between the acoustic input to the ear and 

the cochlear potentials have yielded results not 

previously available: 

the simultaneous measurement of the cochlear 

microphonic potential (CM) amplitude, the 

CM phase and the summating potential (SP) 

amplitude has been accomplished for the first 

time; 

improved accuracy and reliability of cochlear 

measurements have been achieved by eqsuring 

constancy of the auditory input stim~lus; 

functional relationships between the cochlear 

potentials and the stimulus parameters eould 

be established because of the wide frequ'ncy 

and intensity ranges covered by the experiments. 
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(ii) The modelling and simulation of t~e cochlear potentials 

have been accomplished. It is shownthat: 

the 'grossI cochlear p,otential is a weighted 

sum of the output of the microscopie cochlear 

potential generators; 



the cochlear transducer function is probably 

non-linear; 

the 'paradoxical' eombination of CM augmentation 

and action potential (AP) depression are results 

of cochlear gen~rator (haircell) inhibition and 

microscopie cochlear potential interaction; 

results obtained by simulation of the eochlear 

potentials are compatible with experimental 

observations. 

(iii) A model of the mechano-aeoustical system of the 

guinea-pig ear has been derived in terms of state 

variables and a scaling and optimiz~tion scheme 

is proposed for the economical solution by 

computer of the state equations. 
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APPENDIX 1 

For the bulla open case the coefficients are determined by 
.' .... 

y{(~ - d) 2 + a2} + 40,(y - d) (a - d) 
A ' . = . 

0 Ua - d)2,+ a2}9 (y d)2 -

d 2{(a - d)~ + a2} + 4d(y - d)(a - di) 
B = 0 {(a - d) 2 + a2}9 (y d) 2 -

-y 
C = 

S2}2 0 { (a y)'2 + (d y) 2 - -

1 

D = 2aD 2 - 3(a2 - a2 )D + O.5(F + F ) 
01 0 09 P 9 0 .. 

F 
0 9 - F 

D 3aD j 
0" = -02 09 413 

~(F03 + Fo~) + j(F - F
02

) 
D 

. 01 = 03 413 3 

where 

r 1 = -a + j a 

r2 = -a - ja 

e 



and 
r1 

F = 01 (rI + d) 2 (r2 + y) 

r2 
F = 02 (r2 +_ d) 2 (r2 + yJ 

y(rl + d) - 2rl{rl + y) 
F = 03 {rI + d)3 (r2 + y) 2 

y{r2 + d) - 2r2{r2'+ y) 
F = 04 {r2 + d)3 (r2 + y) 2 

For t~e bulla closed case the coefficients. are determined by 

c = c 

-y 

25.6. 
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F - F 
D 3ClD - j 

C3 C4 = C2 C 3 413 

f3{F C3 + FC4 ) + j{FCl - F ) 
D C2 - -C 9 413 3 

where 

rI = -Cl + jf3 

r2 = -Cl jf3 

P = -r + jg 

and 

p 
Gl = 

(p + y) {{p + Cl)2 + e2}2 

rI 
F = Cl {(r 1 + r)2 + g2} (rI + y) 

r2 
F = C2 {(r2 + r)2 + g2} (r2 + y) 

y{(rl + r)2 + g2} - 2r 1 (r 1 + y)(rl + r) 
F = C3 {( rI + r)2 + g2}2 (r 1 + y)2 

y{(r2 + r)2 + g2 - 2r2(r2 + y) (r 2 + r) 
F = C4 {(r2 + r)2 + g2}2 (r2 + y) 2 



REFERENCES 

1. Flynn, W.E., and D.N. E11iott: Role of the pinna in 
hearing, J. Acoust. Soc. Am. 38:104-105 (1965). 

258. 

2. Wiener, F.M., and D.A. Ross: The pressure distribution in 
the auditory canal in a progressive field, J. Acoust. Soc. 
Am. 18:401-408 (1946). 

3. Guinan, J.J., Jr., and W.T. Peake: Midd1e-ear character­
istics of anesthetized cats, J. Acoust. Soc. Am. 
41:1237-1261 (1967). 

4. von Bekesy, G.: Experiments in Hearing,. __ ~Ai,~ed,1?y, ,E.G. 
Wever, pp. 95-104, McGraw-Hi11 Book Co., New York, 1960. 

5. Burns, W.: The periphera1 mechanism of hearing: the 
response of the ear to normal and to intense sound, The 
Advancement of Science 68:1-18 (1960). 

6. Davis, H., R.W. Benson, W.P. Cove11, C. Fernandez, 
R. G01dstein, Y. Katsuki, J-P. Legouix, D.R. McAu1iffe, 
and l. Tasaki: Acoustic trauma ii the guinea pig, 
J. Acoust. Soc. Am. 25:1180-1189 (1953). 

7. Wever, E.G., and M. Lawrence: Physio1ogical Acoustics~. 
Princeton University Press, Princeton, N.J., 1954. 

8. Barany, E.: A contribution to the physio1ogy of bone 
conduction, Acta Oto1aryngo1. Suppl. 26 (1938). 

9. Simmons, F.B., and D.L. Beatty: A theory of midd1e ear 
muscle function of moderate sound 1eve1s, Science 138:590-
592 (1960). 

10. Simmons, F.B.: Perceptua1 theories of midd1e ear muscle 
function, Ann. Oto1. Rhino1. Laryngo1. 73:724-740 (1964). 

Il. Davis, H.: Biophysics and physio1ogy of the inner ear, 
Physio1. Rev. 37:1-49 (19~7). 

12. von Bekesy, G.: On the e1asticity of the coch1ear 
partition, J. Acoust. Soc. Am. 20:227-241 (1948). 

13. von Bekesy, G.: Paradoxica1 direction of wave trave1 
a10ng the coch1ear partition, J. Acoust. Soc. Am. 27:155-
161 (1955). 



259. 

14. von Bekesy, G.~ The variation of phase a10ng the basi1ar 
membrane with sinusoida1 vibrations, J. Acoust. Soc. Am. 
19~452-460 (1947). 

15. von Bekesy, G. g Experiments in Hearing L.e,~,i..t,edby E. G. 
Wever, pp. 404-429, McGraw-Hi11 Book Co., New York, 1960. 

16. von Bekesy, G.: On the resonance curve and the decay 
period at various points on the coch1ear partition, 
J. Acoust. Soc. Am. 21g245-254 (1949). 

17. Johnstone, B.M., and A.J.F. Boyle: Basi1ar membrane 
vibration examined with the Mossbauer technique, Science 
158:389-390 (1967). 

18. Lawrence, M.: Dynamic ranges of the guinea-pig coch1ear 
transducer, Co1d Spring Harbour Symp. QuaI. Biol. 30:159: 
167 (1965). 

19. F1anagan, J.L.: Mode1s for approximating basi1ar membrane 
disp1acement, Bell System Tech. J. 39:1163-1192 (1960). 

20. von Bekesy, G.: Experiments in Hearing, _~,~i}i.e,d b,y E.G. 
Wever, pp. 500-510, McGraw-Hi11 Book Co., New York, 1960. 

21. Lasz10, C.A.g A mode1-oriented study of the coch1ear 
microphonic response in the auditory system, Master's 
Thesis, McGi11 University, Montreal, 1966. 

22. Schmidt, R.S., and C. Fernandez: Labyrinthine dc 
potentia1s in representative vertebrates, J. Cellular 
Comp. Physio1. 59:311-322 (1962). 

23. Moscovitch, D.: Personal Communication. 

24. Tasaki, I., H. Davis, J-P Legouix: The space-time 
pattern of the cochlear microphonics (guinea pig) as 
recorded by differential e1ectrodes, J. Acoust. Soc. Am. 
24:502-519 (1952). 

25. von Bekesy, G.: Microphonics produced by touching the 
coch1ear partition with a vibrating e1ectrode, J. Acoust. 
Soc. Am. 23:29-35 (1951). 

26. Zwis10cki, J.~ Office of Naval Research Symposium Report 
No. ACR-l, pp. 182-190 (1955). 



1 

27. Tonndorf, J.:.Loca1ization of aura1 harmonics a10ng the 
basi1ar membrane of guinea pigs, J. Acoust. Soc. Am. 
30:938-943 (1958). 

28. Tasaki, I., and C. Fernan~ez: Modification of coch1ear 
microphonics and action potentia1s by KC1 solution and 
by direct currents, J. Neurophysio1. 15:497-512(1952). 

260. 

290 Fex, J.: Augmentation .of coch1ear microphonics by stimu­
lation of efferent fibers to the coch1ea, Acta 
Oto1aryngo1. 50:540-541 (1959). 

30. Desmedt, J.Eo: Auditory-evoked potentia1s from coch1ea 
to cortex as inf1uenced by activation of the efferent 
olivq-coch1ear bund1e, Jo Acoust. Soc. Am. 34:1478-1496 
(1962). 

31. Sohmer, Ho: The effect of contra1atera1 olivo-coch1ear 
bund1e stimulation on the.coch1ear potentia1s evoked by 
acoustic stimuli of various frequencies and intensities, 
Acta Oto1aryngo10 60:59-70 (1965). 

32. Fex, J.: Efferent inhibition in the coch1ea re1ated to 
hair-ce11 dc activity: Study of postsynaptic activity 
of crossed olivococh1ear fibres in the cat, J. Acoust. 
Soc. Am. 41~666-675 (1967). 

330 Davis, H., C. Fernandez, and D.R. McAu1iffe: The 
excitatory process in the coch1ea, Proco Nat1. Acad. 
Sci. U.S. 36:580-587 (1950). 

34. Davis, Ho, B.H. Deatherage, D.H. E1dredge, and C.A. Smith: 
Summating potentia1s of the coch1ea, Amo J. Physio1. 
195:251-261 (1958). 

35. Konishi, T., and T. Yasuno: Summating potentia1s of the 
coch1ea in the'guinea pig, J. Acoust. Soc. Am. 35:1448-
1452 (1963). 

360 Davis, H.: Periphera1 coding of auditory information, 
Sensory Communications, edited by W.A. Rosenb1ith, 
pp. 11~-141, M.I.T. Pr~;~~i961. . . 

37. von Bekesy, G.: Description of some mechanica1 properties 
of the organ of Corti, J. Acoust. Soc. Am. 25:770-785 
(1953). 



261. 

38. Hawkins, J.E., Jr.: Cytoarchitectural basis of the guinea­
pig cochlear transducer, Cold Spring Harbor Symp. Quant. 
Biol. '30:147-157 (1965). 

39. Engstrom, H., H.W, Ades, and J.E. Hawkins, Jr.: structure 
and functions of the sensory hairs of the inner ear, 
J. Acoust. Soc. Am. 34:l356-l~63 (1962). 

40. von Bekesy, G.: Shearing microphonics produced by 
vibrations near thè innerand outer hair ce).).s, J. 
Acoust. Soc. Am. 25:786-790 (1953). , 

41. Davis, H.: Some principles of sensory receptor action, 
Physiol. Rev. 41:391-416 (1961). 

42. Corti, A.: Recqerches sur l'organe de l'ouie des 
mammifères, Z. wiss. Zool. 3:109-169 (1851). 

43. Hensen, V.: Zur Morphologie der Schnecke des Menschen 
und der Saugetiere, Z. wiss. Zool. 13:481-512 (1863) 

44. Retzius, G.: Zur Entwicklung der Zellen des Ganglion 
spirale acustici und zur Endigungsweise der Gehornerven 
bei den Saugetieren, Biol. Untersuch. Neue Folge 6:52-
57 (1894). . 

45. Held, H.: 'Die Cochlea der Sauger und der Vogel, ihre 
Entwicklung und ihr Bau, Handbuch der Normalen und 
Pathologischen Physiologie~~dited by A. Bethe, Vol. II, 
pp. 467-526, J. Springer, Berlin, 1926. 

46. Duvall, A.J., A. Floek, and J. Wersall: The ultra­
structure of the' sensory hairs and associated organelles 
of the cochlear inner hair cell, with referenee to 
directional sensitivity, J. Cellular Biol. 29N497-506 
(1966) . 

47. Engstrom, H.: Electron micrographie studies of the 
receptor eells of the organ of Corti, Neural Mechanisms 
of the Auditory and Vestibular Systems, edited by 
G.L. Rasmussen and W. Windle, pp.48-64, C.C. Thomas, 
Springfield, Ill., 1960. 

48. Engstrom, H., and J. Wersall: The ultrastructural 
organization of the organ of Corti and the vestibular 
sensory epithelia, Exptl. Cell Res. 5:460 (1958). 



49. Engstrom, H., H.W. Ades, and A. Andersson: structural 
Pattern of the Organ of Corti ~., .. A}.m,qvist and Wiksell/ 
Gebers ,F~rlag AB, Stockholm, 1966. 

50. Flock, A., R~ Kimura, P.G. Lundquist, and J. Wersall: 
Morphological basis of directional sensitivity of the 
outer hair ceLls in the organ of Corti, J. Acoust. Soc. 
Am. 34:1351-1355 (1962). 

51. Wersall, Jo, Ao Flock, and P.G. Lundquist: Structural 
basis for ftirectional sensitivity in co6hlear an~ 
vestibular sensory receptors, Cold Spring Harbor Symp. 
Quant. Biol. 30:115-132 (1965). 

52. Iurato, So, et al: Submicroscop~a Structure of the 
Lnn~r ear, Pergamon Press, Toronto, 1967. 

, : 

262. 

53. Schuknecht, H.F.: Neuroanatomical correlates of audit ory 
sensitivity and pitch discrimination in the cat, Neural 
Mechanisms of the Auditor and Vestibular S stems~ 
edited by G.L. Rasmussed and WoF. Windle,'pp. 7 -90, 
C~C. Thomas, Springfield, Ill., 1960. 

54. Kolmer, W.: Gehororga~~ Handbuch der microskoposchen 
Anatomie des Menschen, edited by W. von Molle~dorf, 
vol 3, p.250, Springer-Verlag, Berlin, 1927. 

55. Iurato, S.: Submicroscopic structure of the membraneous 
labyrinthe 2. The epithelium of Corti's Organ, Z. 
Zellforsch. u. mikroskop. Anat. 53:259 (1961). 

56. Mygind, S.H.: Functional mechanism of the labyrinthine 
epithelium- l, Arch. Otolaryngol. 82:452-461 (1965). 

57. Mygind, S.H.: Functional mechanism ot the labyrinthine 
epithelium- II, Arch. Otolaryngol. 82:579-590 (1965). 

58. Mygind, S.H.: Functional mechanism ot the labyrinthine 
epithelium-III, Arch. Otolaryngol. 82:3-8 (1966). 

59. von Bekesy, G.: Pressure and shearing torces as stimuli 
of labyrinthine epithelium, Arch. Otolaryngol. 84:122-
130 (1966). 

60. Nattalin, L.: The distribution ot acoustic energy within 
the cochlea, Life Sei. 5~1345-1348 (1966). 

61. Wei, L.Y.: A new theory of nerve conduction, IEEE 
Spectrum 3:123-127 (1966). 



e 

263. 

62. Davis, H.: A mode1 for transducer action in the cochlea, 
Co1d Spring Harbor Symp. Quant. Biol. 30:181-190 (1965). 

63. Tasaki, I: Afferent impulses in aUditory nerve fibers 
and the mechanism of impulse initiation in the cochlea, 
Neural Mechanisms of the Auditory and Vestibular Systems, 
edited by G~L. Rasmussen and W.F.Windle, pp. 40-47, 
C.C. Thomas, Springfield, Ill., 1960. . 

64. Johnstone, J.R., and B.M. Johnstone: Origin of summating 
potential, J. Acoust. Soc. Am. 40:1405-1419 (1966). 

65. Johnstone, B.M., J.R. Johnstone, and I.D. Pugsley: 
Membrane resistance in endolymphatic wal1s of the first 
turn of the guinea-pig cochlea, J. Acoust. Soc. Am. 
40:1398-1404 (1966). 

66. Schwartz, M.: Information Transmission, Modulation and 
Noise, pp. 213-214, McGraw-Hi11 Book Co., New York, 1959. 

67. von Bekesy, G.: Gross 10calization of the place of origin 
of the coch1ear microphonics, J. Acoust. Soc. Am. 
24:399-409 (1952). 

68. von Bekesy, G.: Comments on the measurement of the 
relative size of dc potentials and microphonics in the 
coch1ea, J. Acoust. Soc. Am. 34:124 (1962). 

69. Simmons, F.B., and D.L. Beatty: The significance of 
round-window recorded cochlear potentials in hearing, 
Ann. Otol. Rhinol. Laryngo1. 71:767-801 (1962). 

70. Whitfie1d, I.C., and H.F. Ross: Coch1ear-microphonic 
and summating potentials and the outputs of individual 
hair-c e11 generators, J. Acoust.' Soc. Am. 38: 126-131 
(1965).· . 

J1. Pestal10za, G.,'and H~ Davis: E1ectric responses of the 
guinea-pig ear t6 high audio frequenbies, Am. J. 
Physib1 •. 185:595-6~0 (1956). 

72. Teas', D.C., S.P. Diamond, H. Davis: E1ectrophysio10gic 
respons~ to ac~ustic transients. I. Cochlear microphonics, 
J. Acoust·. Soc. Am. 31:1574 (1959). 

73. Teas, D.C., D.H. Eldredge, and H. Davis: Coch1ear 
responses to acoustic t~ansients, An interpretation of 
whole-nerve action potentials, J. Acoust. Soc. Am, 
34;1438-1459 (1962). 



1 74. Lasz10, C.~., and R.P. Gannpn: A prec~s~on time 
measuring technique for biomedica1 use, Proc. 18th 
Anh. Conf. ,Eng. Med. ~iol. 7:215 (1965). 

75. M511er, A.R.: Transfer function of the midd1e ear" 
J. Ac 0 u st. ' Soc. Am. 3 ,.: 15 26 ~ 1534 (1963). ' 

76. Zwis1ocki, J.: Ana1ysis of the midd1e~ear function. 
Part II: Guinea-pig ear, J. Acoust. Soc. Am. 35: 1034-
1040 (1963). 

264. 

77. F1anagan, J.L.: Computationa1 mode1 for basi1ar membràne 
disp1acement, J. Acoust. Soc. Am. 34:1370-1376 (1962),' 

78. F1anagan~ J.L: Mode1s for approximating basilar 
membrane ,4isp1acement. ~art II, Bell System Tech. J. 
41:959-1009 (1962). 

79. F1anagan, J.L., and C.M. Bird: Minimum phase responses 
for the basi1armembrane, J. Acoust. Soc. Am. 34il14j 
118 (1962). 

80. DeRusso, P.M., R.J. Roy, and C.M. Close: State Variables 
for Engineers, p. 326, John Wi1ey and Sons, Inc., New 
York, 1965.' 

81. Liou, M.L.: A nove1 method of eva1uating transient 
response, Proc. IEEE 54:20-23 (1966). 

82. Matsuoka, K., T. Konishi, and F. Nakamura: E1ectric 
impedance of the coch1ea and its signifi~ance for 
evaluating coch1ear microphonics, Acta. Oto1aryngo1. 
47:326-335 (1957). 

83. von Bekesy, G.: The coarse pattern of the e1ectrica1 
resistance in the coch1ea of the guinea pig 

(E1ectroanatomy of the coch1ea), J. Acoust. Soc. Am. 
23:18-28 (1951). 

84. Misrahy, G.A., K.M. Hi1dreth, E.W. Shinabarger, and W.J. 
Gannon, E1ectrica1 properties of wall of endo1y.mphatic 
space of the coch1ea (guinea pig), Am.J. Physio1. 194: 
396-402 (1958). 

85. Mizukoshi, O., T. Konishi, and F. Nakamura: Physico­
chemica1 process in the hair ce11s of organ of Corti, 
Ann. Oto1. Rhino1. Laryngo1. 66:106-126 (1957). 



•• 86. Engebretson, A.M., and D.H. E1dredge: An ana1ysis of 
interference in the coch1ea, J. Acoust. Soc., Am. 
41:1578 (1967). 

265 . 

87. von Bekesy, G.: D-C potentia1s and energy balance of the 
coch1ear partition, J. Acoust. Soc. Am. 22:576-582 (1950). 

88. Wëiss, T.F.: A mode1 for fir~ng patterns of auditory 
nerve fibers, M.I.T~ Tech. Report 418, 1964. 

89. Hirsch, I.J.: The Measurement of Hearing, pp. 195-199, 
McGraw-Hi11 Book Co., New York, 1952. 

90. Fernandez, D.: Dimensions of the coch1ea (guinea-pig), 
J. Acoust. Soc. Am. 24:519-523 (1952). 

91. Coo1ey, J.W., and F.A. Dodge: Digital computer solutions 
for excitation and propagation of the nerve im~~lse, 
Biophysica1 J. 6:583-599 (1966). 

92. Spoend1in, H.: The Organization of the Coch1ear ~eçeptor, 
._S. ~~rg~r, New York, 1966. 

93. Ruch, T.C., and J.F. Fulton: Medical Physio1ogy and 
Biophysics, p.48, 19th edition, Saunders, Phi1a., 1960. 

94. Stauffer, W.M., J.C. Di11, and R.W. Stacey: Rea1-time 
numerica1 fi1tering of physio1ogica1 signa1s, IEEE 
Trans. BioMed. Eng. BME-12:195~197 (1965). 

95. Davis, H: Mechanisms of excitation of auditory nerve 
impulses, Neural Mechanisms of the Auditory and Vestibu1ar 
System, edited by G.L. Rasmussen and W.F. Wind1e, 
pp. 21-39, C.C. Thomas, Springfield, Ill., 1960. 

96. Papare11a, M.M., and W. Me1nick: Stimulation deafmess, 
Sensorineura1 Hearing Process and Disorders, edited by 
A.B. Graham, pp. 427-443, Little, Brown and Co:, Boston, 
1967. 

97. Feinmesser, M., and H. Sohmer: Influence of streptomyci~ 
and dihydrostreptomycin on the coch1ear potentia1s of 
the guinea pig, Ann. Oto1. Rhino1. Laryngo1. 74:48~58 
(1965). 


