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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 simulation of models of
the mechano-electrical conversion process in the haircells.
.Using this method we clarified the relation between
microscopic events and macroscopic electrical potentials
measured in the cochlea. In particular we show that:

the assumption of a one-tg-one relationship between

the cochlear potentlals ahd the behaviour of a

'31ng1e cochlear transducer is not valld

the restrictive assumption of linearity of the

transduction process over a very wide 1nten51ty

range is not necessary;

and the paradoxical behaviour of the cochlear

potentials”™ in response to the stimulation of the

efferent cochlear pathways is explicable in the
terms of known physiological mechanisms.
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CHAPTER 1

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 difficulties,
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 2a
measure of the physiological system performance because the

underlying mechanical, neural and biochemical events are not



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
of the sound stimulaied ear can be evaluated in terms of:

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

(p) the motion of the ossicles and the transmission
characteristies of the middle ear;

(g) the motion of the basilar membrane;

(4) the electrophysiological response of the cochlea;

(é) the neural pulse pattefnvof the acoustic nerve;

(£) the excitation patterﬁ of the cortical and

subcortical dbrain 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



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 pulee pattern, this cannot as of yet be observed
with sufficient detail, due to the fact that present 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 research related to
the, cochlea and in the study of the communication channel

characteristics of the euditory 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 auditory system.

It is generally believed that the cochlear potentials are



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 dats 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 microscopie 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 physicél 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 wvalid;

the restrictive assumption of linearity of the

transduction process over a very wide intensity range

is not necessary;

and the paradoxical behavﬁour of the cochlear potentials

in response to the stimulation of the efferent cochlear

pathways is explicable in the terms of known
physiological mechanisms.



A rea§ohably detailed account of the anatomy and 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 all
related physiological knowledge, but is restficted to areas

directly relevant to this work.

In Chapter 3 the electréphysiology of the cochlea is
discussed in considerable detail, with particular attention
given to the cochlear microphonie 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 ére treated in Chapter 4, followed by
a detailed analysi; 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 and stimulus intensity at various points of the
cochlea. 1In this chapter a complete description of the
experimental technidues 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. PFrom previous work the
transfer functions of the guinea-pig middle ear and cochlea
are given. The computer simulation of the basilar membrane
motion is accdmplished by the convolution technique and by
state variable methodsf It is shown, however, that in this
case the convoiution technique is too time consuming and
therefore the models are reformulated in terms of state
variables. The solutions 6f 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
potentiel generators. The latter are considered as distinct
potential sources whose behaviour along the cochlea is &z
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 effeects arising
from membrane capacitances. The potential distribution in

the fluid of the cochlea is also considered.



In Chapter 9 the results of the computer simulation of
the cochlear potentials are presented. Utilizing the models
derived in Chapters 7 and 8 we first investigate the
linearity of the mechano-electrical conversign process in
the cochlear transducér. Then frequency fesyohses of the
various cochlear potentials are established and the
potential magnitudes are reléted to the input infensity.
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.



CHAPTER 2

PHYSIOLOGICAL BASIS

In order to place subsequent developments in the proper
contéxt, the treatment of the subjects of Chapters 2 and 3
are admittedly somewhat general and are intended to be descrip-
tive. There are three areas fundamental to this work as a
whole, and they are treated in considerable detail, namely
the dynamics of the middle ear and the motion of the basilar
membrane (Chapter 2), and the electrophysiology of the inner

ear (Chapter 3).

This Chap%er describes the anatomy and functional
physiology of the outer, middle, and inner ear. Our main
interest is the behaviour of the ear of the guinea big, but
not all relevant measurements were carried out on this
animal. Therefore, it was necessary to examine data gathered
from other mammals, including man. Fortunately, it w;s found
that there are great anatomical and physiological similarities
between the auditory apparatus of the various animals, thus

permitting careful generalizations in regard to function.

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
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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 traﬁsmit
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 essentiaslly an open ended pipe. The length of
this pipe is about 2.5 centimeters for man and less than
1 centimeter for the guinea pig. At the inner end, the
ear canal is termina&ed by the flexible eardrum (tympanic
membrane). Due to its shape and size theé ear canal
serves as & 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



11.

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 the incident acoustic pressure variations
are changed into mechapnical 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 of the chain as a whole has been recently
described by Guinan and Peake (3) who showed that at fre-
gquencies below 3 kHz the ossicles move as a rigid body. At
frequencies above 3 kHz the stapes and incus movements lag
behind the malleus displacement. The displacement amplitude
is iinearly 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 function of frequency.
The stapes appears exactly like a small stirrup with a
footplate which fits into one of the entrances of the inner

ear, namely the oval window.



The motion of the ossicles, up to a frequency of
approximately 200 Hz, is determined by suspending ligaments.
Above this frequency the ossicles vibrate about their center
of gravity'which roughly coincides with the axis fixed by
the ligaments. Vibrations are transmitted to the coéhlea by
the movement of the footplate of the stapes, whose mdtion is
very complex but is best described either in terms of pressure
generated at the oval window or as the volume displacement of

the fluids c¢f the inner ear.

The primary'function of the ossicles is considered to be
impedance matching. The middle ear couples the low agoustic
impedance of the air at the eardrum to the high acoustic
impedance of the fluid filled cochlea. Té minimize trans-
mission loss, impedance matching is negessary. 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. 1In c#ts,
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 ossicles changes in

the presence of potentially harmful sound pressures by

l2.



inereasing the effective attenuation. 1In 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 ossicles 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 & 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.

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 turnms while the human cochlea

13.



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
longitudinél channels, the scala vestibuli, the scgla 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 conmunicate

through a small opéning_(helicotrema) at the apical end of
the cochles. 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. 203)° The tectorial membrane partially overlaps the
elastic basilar membrane on which the sensory elements of
the cochlea and 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 beiné called

the organ of Corti. J

1k,
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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
membrene. 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 efférent 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 guineé 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
movement ‘of the basilar membrane. The result of this move-
ment in the organ of Corti is that the tectorial membrane
slides with respeect to the former, and the shearing action
created bends the cilia. This bending initiates neural
excitation, by some process as yet unkrown, but one which is

also common to the semi-circular canal and otolithie 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.



2.3.1. Mechanical properties of the cochlear partition

t

Almozt all the basic measurements of the various physical
parameters of the structures of the inner ear were first done

by Bekesy. The following paragraphs outline his work and

results.,

The éochlear 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® 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).



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 ccchlear partition as a function of
displacement of the stapes (16). This was achieved, however,
by Bekesy utilizing stroboscopic illumination and microscopic
silver crjstals to make the membrane movements visible.
Recently Johnstone and Boyle also succeeded in measuring the

displacement of the cochlear partition by using the Mdssbauer

technique (17)-.

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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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-
rlmental difficulties Bekesy faced when d01ng these measure—
ments. Although the sound pressure level was not exp11c1tly
measured it was within physiological limits. In order to
satisfy himself that the system is linear within these limits
(up to 140 db SPL), Bekesy 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 qmplitudes(2l). In all subsequent work we will
assume that the displacement of the céchlear partition is

linear as a function of stapes displacement.

In regard to the actual time domain phenomensa, Bekesy
observed that a2 sudden displacement of the stapes results in
a pseudo-travelling wave of displacement along the cochlear
partition. Sinusoidal excitation shows a similar pattern

of displacement (Fig.2.10).

Based on Bekesy's work the following conelusions can
be drawn regarding the dynamic behaviour of the cochlea.

Pressure waves generated by the stapes in the fluid reach
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the apical end of the cochlesa almost instantaneously {(in 25

microseconds). Due to differences in scalae cross-sections, '

flow around the helicotrema, and the energy absorbing effect
of the round window, the phasé and magnitude of the pressure
on the two sides‘of:the cochlear partition will be different.
This net pressure difference will set the cachlear duct into
motion but the response of any one point will be a function
of the pertineqt local parameters, specifically of the
elasticity, ma;s, frietion and coupling of the elemgnts of
the membranes. Since these physical characteristics change
along the cochlea, the partition sustains a pseudo-travelling
wave. This“wave-cannot be classified as a true travelling
wave since the energy transfer is not between subsequent
membrane elements.' Evidence indicates éhat:the egergy
necgséary to sustain tﬁis motion of ﬁhe membrane is

transmitted to it by the fluid.
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CEAPTER 3

ELECTROPHYSIOLOGY OF THE COCHLEA

Cochlear potentials exist which are closely related to
the sensory processes of the cochlea. These potentials can
be observed eithg; by differential electrodes placed in the
scala tympani and scala vestibuli (Fig.3.1) or by an
electrode placed on the round window. The potentials thus
recorded are classified as the endocochlear potential (EP),
the coéhlear 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 (22) 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 endoccochlear 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.



ELECTRODE

SCALA
VESTIBULY

SCALA
A TYMPAN!

AUDITORY
NERVE

ELECTRODE

Fig.3.1] Differential electrodes in the first
turn of the guinea-pig cochlea.(From Burns>)



28.

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 {(CcM)

When the ear is stimulated by sound the cochlear micro-
phonic potential (CM) is observable as an ac potential
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 roup@ wihdow and a neck electrode, only’
differentialielectrodes placed in opposition on two sides of
the basilar membfane wiil record pure CM without other
potentials, especially the AP, complicating the waveform.
The cochlear microphonic potential is avfunction of many
factors. Symbolically this functional relationship may be

written as

CM = fn(f,x,SPL,Ipol,OCB,ch,az,o,o,an) (3.1)
where
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
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Ipol

polarizing current through the
organ of Corti

0CB = olivocochlear bundle stimulation
Bys025000,0 = other physiological and chemical
factors :

Observations of the CM as a function of frequency were
published by Tasaki et al (24) who used differential elec-
trodes in two or more turns of the cochlea of the guinea pig.
One electrode pair was also implanted very close to the
beginning of the cochlea and was used as a reference for
Turn-]l measurements. The outputs of the second, third and
fourth turns were compared with 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 were not established since the souﬁd pressures cor-

responding to a constant Turn-l1l CM potential were not

measured due to . experimental difficulties. This unfortunately

resulted in the somewhat misleading curves of Fig.3.3 which
indicate that the cochlear microphonic potential transfer
characteristics are essentially those of a low pass filter.
This is in contradiction with the expected characteristics as

predicted by other observations and studies.

In particuler, the tuning characteristics of the cochlea

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

30.

proportional to the displacement of the cochlear partition (25)
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would indicate that the CM vs frequency plot is somewhat
similar to the mechanical tuning curves. The amplitude
results of Tasaki, Davis and Legouix (2k4), 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.

Tonndorf (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 1 cc acoustic coupler. The
voltage corresponding to a constant SPL in the coupler wes

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 consequently the

results must be treated with caution.
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Fig.3.4 Relative responses as a function
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33.



Tasaki et al also published data on the changes of the

CM as a function of SPL and the variation of this relation-

ship with 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 SPL for a wide range of sound
intensities and frequencies. The CM is unique among the
other cochlear poteqtials in that it reproduces the stimul-
ating frequency waveform with great fidelity. Although the
low frequency waveforms become distorted when the CM vs SPL
relationship becomes non-linear, for high frequéncies a
sinusoidal waveform is reproduced up to the pbint of over-
loading of the ear and beydnd, with 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 with electrode position at constant frequency and SPL

because only a few data points are available (24). Also,
Turn-2 and Turn-~3 date were not taken from the same animals
and since the true SPL in front of the eardrum was not
measured the absolute values of the published dataido not

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

3k.

the functional relationships are not accurately shown by Fig.3.5

but that these experimental results must be considered as

relative with respect to some unknown SPL.
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The CM potential may be modified temporarily and

reversibly by externally applied polarizing 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.

bservations 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
3:10. Unfortunately in his experiments the location of the

CM electrode was not varied but was kept on the round window.
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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 6f -1
dc potential which was given the name "summating-pofential"(SP)
by Davis and his co-workers (33). While stimulating the ear
with high frequency tone bursts, the sunmating potential
appears as a shift in the base line of the oscilloscope trace
on which the cochlear microphonics is superimposed (Fig.3.2a).
This shift may be negative ér positive, the polarity depending
on the location of the electrodes, frequency of the tone burst,

anoxia, sound intensity, hydrostatic pressure distribution in

the cochlea énd 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
experiments. 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
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o the characteristies of the sound stimulus (34). The

general functional relationship may be stated as

SP = fn(f,x,SPL,Vpol,OCB,a1,az,,oo,an) (3.2)

where

SP = magnitude and polarity of the summating
potential

f = frequency of stimulus

x = distance from the stapes

SPL = sound pressure level at the eardrum
v = polarizing current through the organ of
pol .
Corti

Q1s025000,Q = other physiological and biochemical
factors

@ To describe the SP as a function of frequency Davis et
al (34) placed differential electrodes (Fig.3.1l) 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 semiguan-
titative observations emerged:

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

(2) the SP has very small negative or even positive
values for frequencies below 3000 Hz.
In similar experiments Konishi and Yasuno (35) placed
dc electrodes in various turns of the guinea pig cochlea at

known distances from the round window and used sinusoidal



stimuli of known frequency to obtain the results shown in
Fig.3.11l. Although their quantitative data are the best?
available, the observations were taken ﬁnder cbnditiqns
which make it difficult to compare the behaviaur of the

SP,with the behaviour of the CM.

In pgrticular, the measurements were not tgken with
differential electrodes although two electrodes were used,
one in the scala vestibuli, the other in the scala tympani
or the neck muscles. Thus, common mode potentials repre-
senting relatively rémote events will bevpicked up by the
electrodes. This is the reason they observed SP respdnses
in the fourth turn for 8 kHz stimulus frequency. (It
would be interesting to know the size of the CM they
observed simultaneously!) Furthermore, although it is
mentioned in the paper that stimulus intensity was measured
in front of the eardrum with a probe microphone, the exact
arrangement was not specified. Consequently, it is
difficult to judge the accuracy and reliability of their

SPL measuring method.

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 between scala media and neck reference

k.
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Fig.3.11] The summating potential as a function of
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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, howevef, 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 exploring electrodes Davis, and later Komishi (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 basgsilar membrane shows that the SP, like the

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

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

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

of the two potentials is quite different. It appears that

the negative SP is related to the "eddy region” of the mechan-
ical pseundo-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 locetion 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,
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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

been 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 logation 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 which arise from middle

ear muscle contractions and mechanical injury due to surgery.
It is difficult to obtain consistent and reproducible measure-

ments and consequently, published data are often qualitative

and incomplete.

Fig.3.12 shows the SP vs SPL function for various
frequencies as measured in the basal turn of the cochlea.qf
a guinea pig (35). In Fig.3.13 the SP vs SPL and the CM vs
SPL functions are compared showing that at least for the
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

by,
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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 vestibuli to the scala
tympani and both potentials decrease for reverse current
diréction. 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 functions shift
along the SPL axis, the amount of shift being proportional

to the intensity and direction of the applied current.

There is no quantitative data on the effegt of olivo-

cochlear bundle stimulation on the SP. By observing sound.

and OCB ‘stjimulation evoked dc potentials Fex (32) demon-
strated that when the sound stimulus gives rise to a
positive SP there is little interaction between the‘
efferent activity and the activity evoked by sound; the
potentials simply summate. On the other hand, if the sound
gives rise to negative SP, the OCB stimulation has little
effect and the sound evoked de activity (the negative SP)

seems to occlude the efferent system evoked activity.

At this point it would be logical to discuss the funec-
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.
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CHAPTER 4

ON THE COCHLEAR TRANSDUCER

From a functional point 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 transducers in which the
mecﬁanical energy originating in the input sound is finally
transformed into electrical 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 forces will
bend the hairs (ciiia) ex£ending from the top of the haircell
thus transmitting enefgy fo it (37). Receﬁtly it was found
that these hairs do not bﬁckle when subjected to shearing
forces. Thus, it hasvbeen suggested by Hawkins (38) and
Engstrom et al (39) that the hairs act as microlevers,
passively transmitting energy to the hairbearing 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

L8,
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deformation of the organ of Corti, and thus the haircell,
results in the generation of proportional electric
potentials (éS,hO)° The detual site of the generation

of the CM and SP seemé to he located somewhere between

the top of the haircell dﬁd 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 mecheanism 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).

h,1, The structure and anatomy of the sensory structures

of the ear

The microscopic structure of the organ of Corti has
been the subject of investigations for over a hundred years.
The early work of Corti (L42), Heﬁsen (43), Retzius (kik),
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
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submicroscopic structural patterns of the.haircells and

surrounding structures (52,47).

In the sections which folléw, 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 distinet cell shapes,
haircell orientations and connecting nerve-endings are

distinguishable (Fig.h.1l).

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
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.h.k).
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 of the guinea pig by us showed that in

this animal there are about 340 OHC/mm and 90 IHC/mn.



51.

Fig.ht.1 Schematic drawing of an inner (A) hair cell and

an outer (B) haircell, C-centriole. Aff.NE-afferent nerve
ending. Eff.NE-efferent nerve ending. IP-inner pillar.
DC-Deiters cell. M-mitochondrion, Nu-nucleus.(From Wersall5l)

TSP

Fig.4.2 Schematic survey of the structure of the organ

of Corti in mammal. OHC-outer hair cells. IHC-inner hair
cells. TM-tectorial membrane. TSP-tunnel spiral fibers.

(From Wersall5l)
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Fig.4.3 Schematic section through the organ of Corti
with afferent and efferent nerve fibers. Note the
different orientation of the IHCs and OHCs with respect
to the basilar membrane.(From Wersall5l)

Fig.4.4 Schematic drawing of the organ of Corti seen
from the surface with outer hair cells (OHC) and inner
hair cells (IHC). The centrioles (C) of inner and outer
hair cells are facing 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
invéstigated 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 from 45 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 suppbrting cells (Fig.k4.3).
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.4.1). It is rather
difficult, however, to ascertain the exact orientation of
these structurés in vivo, since the preparation of histologi-
cal specimens invariably introduces distortions of the

critical areas.
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k.1.2. The sensory hairs of the OHC and IHC

According to Wersall (51), the hairs (or cilia) of the
OHCs form & 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, & 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. L.6D).

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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'Top of inner hair cells of the organ of
Corti with sensory hairs- H and centriole-C

Section through a row of hair bundles
from outer hair cells in the organ of Coxruf

Fig.4.5 Hair Bundle Arrangements.(After Wersall

51)
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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 stereocilis (Fig.h.6a). The individual
hairs are always somewhat club-shaped and appear to be
narrowest Just above the cell surface proper. The mechanical
rigidity of the cochlear stereocilis appears to be high and
when mechanically displaced, slight bending of the hairs is

seen under microscopic observation before they snap.

4,2. Mechanical dynamics of the haircells

It is rather unfortunate that it is not possible to draw
any definite coﬁclusions regarding the mechanical dynamics
of the organ of Corti from available physiological data. At
best one can hypothesize on the basis of the little which is

known of the dynamic properties of the haircells.

The several possible means by which the hairs may
receive some form of mechanical deformation from their

environment are now discussed.
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Fig.h.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.L.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. C.-

centriole 1. Ce-centriole 2. Sp-spikes.(From Wers%llsl)
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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 exper-
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 membrane-islrigid,
but this may not be so. Secondly, parallel motion of the
two membranes is not necessarily permissible,-because the
hairs cannot withstand puli 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 theory. 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 membrqnes.
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).



h.,2.2., Pressure as a mechanical stimulus for the haircell

+

An alternate mechanism proposed for the mechanical
stimulation of the paircell is pressure acting on the hairs
and/or cell body (56;57,58). It i§ imagined that the dis-
Placement of the membranes changes their relativé positions
in some manner and this results in the change of pressure
exerted on the hair, haircell and supporting cell cdmplex.
At first glance this hypothesis appears to be peffectly
feasible, since almost any type of movement with rigid or
viscous membranes will produce some sort of deformation of
thekcochlear struetures producing pressure changesron the
hairs or cell body. One must consider, however, 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 thaf-shea?ing:foréeé:are the
primary factor in stimulating the haircells.

4.2.3. Is the assumption of mechanical stimulation of the
haircell 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 transductiqn takes place
through the special chemical properties of the tectorial
membranes. The charge distribution of the tectorial membrane
suggests a biased semiconductor arrangement somewhat in the

same fashion as suggested by Wei (61).

It is also conceivable that the movement of the
membranes only serves to establish contact between the top
of the heirs and the tectorial ﬁembrane. This means that
depending on the particular displacement patterns established
on the basilar membrane, certain hairs would -touch the
tectorial membrane, while others would not. Thus, a pattern
of conducting pathways may be established which would pass
through the cells associated with the hairs and s0

ultimately give rise to the auditory nerve fiber discharge.

4.3. Innervation of haircells

The innervation of the inner and outer haircells
differs although both appear to receive afferent ang efferent
fibers as shown in a schematic form in Fig.k.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 (Fig.4.7). As indicated on the di-
agram the radial fibers characteristically innervate one or
two haircells and each haircell is innervated by one 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 bundle.

The nerve endings adjoining the haircells not only
differ from afferent to efferept but also from OHC to IHC.
Furthermore, the nerve endings chgnge as a function of the
distance of the haircells from the stapes. The shall 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 IHC are small
and irregularly shaped. On the OHC the efferent nerve

endings are large and also numerous (Fig.h.1l).

In the basal turn all sensory cells are provided with
many large efferent and & small number of afferent endings.
The number of efferent nerve endings diminishes as the dis-
tance from the stapes increases and only the first row of OHCs

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 Wersall5l)
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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 (6L4) linearity of the movement-
potential relationship is generally assumed in both expe-
rimental and theoretical work, although this is pot 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 all 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 theory

Davis' comprehensive description of the sensory mechanism
in the cochlea was mentioned briefly iﬁ connection 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 battefies located in the stria vascularis and the
haircell itself (Fig.5.1). The changes in mechanically in-
duced ohmic resistances are assumed to be linear over 3 or L
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 Jjunction on the

haircell initiates the firing of the nerve fiber.

6L,



Davis expligitly assumes that the cochlear transducer

is linear over a 60-80 db range. We will now examine the

validity of this assumption by using circuit analysis and

physiological considerations.

From Fig.5.1. we may draw the equivalent electrical

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

Va2

where

R= R, + Ry

Let

o
S
|

so that

R + R»

v
R+ R, Q2

R2 Y-

1 | .
=V (5.1)

1

'JUI';U
Y

= the sum of the resistances of the stria

vascularis, the scala media, the tectorial
membrane and the paths from the haircell to
the scala tympani and the stria vascularis.

(5.2)

= v (5.3)

1 X
-l'l 1l + x
x

1

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

or smaller than 1, but of course it cannot be negative.
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Fig.5.1 'Resistance microphone' theory of
cochlear excitation with the primary 'battery'
in the haircell and an accessory battery in
the stria vascularis.(From Davis62)
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Fig.5.2 The 'resistance microphone' concept

Ry = resistance of the stria vascularis, scala
media and the tectorial membrane. R; = variable
resistance (HC), R3 = resistance from the HC to
scala tympani and stria vascularis,



A simple analysis of the function

X

(5.4)
1+ x
may be carried out to determine regions of approximate
linearity. Differentiating we get
d 1
L —) - (5.5)
ax 1 +'x (1 + x)?

The original function and its derivative are p}o@ted in
Fig.5.3. From this it may be shown that if 10% deviation
from linearity is considered acceptable and a 60 db range
of 1inearity 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 R, 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 approximat;ly
equal to 40 kohms. Thus, in the linear range the maximum R,

must be

Ry = 0.053 x & x 10* = 2.1 kohms.

For the linear range the lowest value would be 2.1 ohms and
since the range of haircell output extends well over the

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

than 1 ohn.
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Fig.5.4 Haircell equivalent circuit.(After Sohmer3
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The next step is to determine the current requirements
in the circuit of Fig.5.2b. Since Rz = 0.053 X R the
current will be essentially determined by R and it will be
in the neighbourhood of

0.1k
L x 10"

= 3.5 uA.

At first glance it appears to be quite conceivable that such
a resting current 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 consumptibn is inconceivably large,
being approximately three times that of the whole brain or
perhaps 60% of the Basal Metabolic Rate of the human 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 2.11°7.
Sinece in this case the value of Rz will be largest when

there is no stimulusj the resting current is expected to be
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small. Numerically, the lowest R, in the linear range would

be .
R, = 2.117 x 40000 = 8k4.8 = 85 kohms.

Assuming the 60 db linearity range again, the largest Rz will
be 85 Mohms or larger which is consistent with the estimate
of Johnstone (65) who puts the individual haircell resistance
in the neighbourhood of 50 Mohms. For such large values the
resting current would certainly be small, bﬁt the thermeal

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

v; =4 x k x T xR x Af (5.6)
where
k = Boltzman constant = 1.38 x 10 2% joule/deg K
T = absolute temperature
R = resistance in ohms

Af = bandwidth

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

v§ =4 x 1.5 x 10* x 3.1 x 10% x 1,38 x 1072% = 2.57 x 10 '°®



Tl.

Thus for 40 kohms

ave v§ = 10.3 x 10~ !2
Y/(ave vé) = 3,21 x 10°% v = 3.21 uv (5.7)

This noise voltage must be compared to the expected generator

voltage which at threshold must be in the neighbourhood of

Veen R, x i =1 x 3.5 x 10°%V = 3.5 v

The signal-to-noise ratio would then be approximately 1.

This is consistent with the concept of a physical threshold

in the mechano-electrical conversion 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% x 2.57 x 10°'® v = 21.8 x 10"% v

2
ave vR)

4.67 x 107" v = 46T uv (5.8)

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

ratio would be much less than 1.

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 1inegrity considerations
limit the acceptable resistance values to very small and very
large values. When R is small the resting current is large,
and has never been observed experimentally; when Rz is
assumed to be large noise considerations make the hypothesis

gquestionable in its present form. In Chapter 9 we will show



that there is no need to assume linearity of the mechanical
movement-to-cochlear microphonic -potential geﬁerator. Then,
of course, Davis' hypothesis;is eminently reasonable and
plausible since it is the assumptibn of linearity which

creates 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 end 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 "all-or-none" type. The action of many haircells
then gives rise to macroscopically observable potentials in

the form cf 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 sensitivg to pressure
changes because of a molecular construction which has two
stablé chemical states. To éxpiain the sensitivity of the
membranes to minute chemical and mechanical changes, it is

necessary to presume that the membrane is on the verge of

T2.
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s’ trgnsition 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 haircell 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 (31) 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 éenerator botentiai source

flows through resistances Rz and r;. Ry is the resistance

across which the CM is measured and r; is an 'OCB-controlled’
resistance representing an electrical pathway passing
through the afferent nerve endings adjoining the haircell.

It is supposéd that the OCB stimulation chénges this resis-
tance, thereby increasing the current thfough R2 and
consequently a CM increase results. Although this model was
inspired by Davis' concepts of the generation .of the receptor
potential, it does not include the series resistances
neééssary to compléte the circuit. Turning again to circuit
analysis concepts it is possible to express all sources and
resiétgnces 'looking into' Bé.(or~R2 and r; in series) in

terms of & resistance and- an ideal voltage source connected
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in series, but not in parallel as Rz. With this modification
the circuit becomes essentially the same as that discussed in

connection with Davis' hypothesis and of course, the same

comments apply.

5.1.4. A non-linear cochlear potential generatdr model

Consideration of the properties of the summating
potential led Johnstone and Johnstone (64) to 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 Bekeéy w#ich:indicate
that the hechanigal stimulation of the haircells is due to
sheariné action between fhe bgsilar ahd tectorial meﬁbranes,
the Johnstones derive a mathematical rélationship for the
generated cochlear pétentials (CM and SP) as a function of
the angle between the hgircell's body and cilie. “The model
is shown in FigiSOSa. and, using the notation shown, the
haircell body-to-cilia angle (¢) as a function of angular
displacement of the basilar membrane (o) can be derived by

trigonometry as
= K_ .
o = arcot(ho o + cot ¢o) (5-9)
This relation is plotted in Fig.5.5b and it can be seen

immediately that ¢ will vary asymetrically for a symmetric o

variation as a function of the 'bias angle' (¢o). ¢o will be
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Fig.5.5b Theoretical relationship between basilar-membrane
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@ present because of the resting angle between haircell body
and cilia and it will be different for the IHC and the OHC
(see Fig.h.l). This fact is used by the authors to explain
the generation 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 scalaeg the
generation of harmonics in the observed CM and the magnitude
variations of both the CM and the SP as a funetion of the

SPL of the stimulus. Nevertheless, the theory may be

criticized in that the SP as measured by gross electrodes is
not & 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 model:and as
measured by the authors at one point in the basal turn to a
épecific 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.



5.2. Interaction between haircells

Davis' consideratiops are limited to a single receptor
cell and its 'cirquit'. 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 poséible
to derive the effect a change in Rz 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:

aj1i1 + aj12i2 + ay13is = by
ap3i1 + a22i2 + 823i3 = 0
az1i; + aaziz + @33ig = 0

where

a1 = R; + Rs + Rj

a12 = =R,

a13 = Rg + Ry

az21 = -R)

a22 = 2R; + Ry

a23 = =Ry

a3y = -R3 - R

a3z ¥ =Ry

833 = 2R3y + Ry + Rz + Ry

b, = VE + VHC

T7.
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Fig.5.6 Interaction between haircells. The haircells
are represented by the circuit of Davis' 'resistance
microphone'! model (see Figs.5.l1l and 5.2). The network
represents a segment of the organ of Corti; Rus is the
resistance between neighbouring haircells. Haircell
'interaction' arises from the circuit properties of
this network. This interaction may be 'inhibitory' or
'‘excitatory', depending on the values of the various
resistances.
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Let us denote the voltage across R, and R; by Vs and Vé

respectively. Then

Va2 = Ra(i, - i3)

t

Va2

Ra(is)
What we would like to know is what change will be observable
on Vy as Vo is changed. In particular is it possible to

) a - '
observe an increase in V; as & result of a decrease in Vg ?

To answer this question we must investigate the ratio

DVa a
- where D = —_—
DVa dRs

and determine whether it can become negative or not for
certain combinations of resistance values. After

differentiation and manipulation we find that

DV 222813413 - az23A23 + az23832A33 + (az1832~231822)A33

DV, 813A:3 - az3A23 + 2R3+ Ry + R2

that i§, a function determined by all the R terms except Ré.
This expression may be positive or negative depending on the
relative values of Ry, Rz, R3, and Rg, but our present
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 DVz/DVQ 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 cochléar 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 distribution of the
cochlear potentials

In Chapter 3 we described the previously ;gporteq
properties of the cochlear potentials (CM, SP and AP) as
recorded by qifferentiai electrodes. However, since the
relationship between the gross recording electrodes and the
cochlear potential generators is of central importance in
our work, 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
with the differential electrodes (see also Fig.3.1). 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 relativély good

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

by Bekesy that the potentials on two sides of an insulating

8o.
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Fig.5.T7 Cross-sections of the cochlea with differential
electrodes, The points marked as 'generators'
correspond to the physiological source of the CM. The
exact location of this source is not known.
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sheet repfesenting Reissner's membrane in a model have
different spatial distritution, i.e., "any local disturbance
inside the endolymph is spread out over practigally tpe_whole
length of the cochlea in the perilymph..."(67). Bekesy alsé
calls attention to the factathat the impgdances afound the
cochlear potential generator are very complex (68). Thus, it

is possible to observe different distributions for different

frequencies and dc.

In spite of the foregoing considerations it appears to
be generally assqmed in cochlear electrophysiological,
pharmacological and auditory behavioural work that potentials
picked up from differential or even round window electrodes
qriginate from a segment of the basilar membrane all of
vhose elements move in phase. This assumption being made,
usually only implicitly, the measurements of cochlear
potentials with gross electrodes are taken to reprééent

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
pieces of evidence that the CM potentials recorded by
differential electrodes originate within a few millimeters

of the recording site (24,28). 1In the first paper the



authors 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
two phase curves is 90°. 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 selectively
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 de 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 & 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 microphonic potential. They concluded that
"the CM measured at the RW does not reflect cochlear changes

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

gssumption explici#ly, their observations and conclusions

have been taken By many workers to mean implicitly that the
cochlear micréphonics can.be assumed to be reqorded from a
segment of the cochlea smail enough so that the generators can
be considered to be in phase. As the preceding two paragraphs
indicate, experimental evidence does not warrant such a con-
clusion. 1In particular, the "few millimeters" 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 basilar membrane segment in question. Thus,

the generators will not be in phase and macroscopic obser-

8L,

vation will reflect not only the summation of the individual
responses, but possible cancellation effects due to phase
differences between the outputs of the cochlear generators

located varying distances from the round window.

The work of Whitfield and Ross (70) is very significant.
These authors investigated the effect of abandoning the tacit
assumption that the source of the cochlear potentials, as
observed by gross electrodes, is a set of in-phase generators.
Their conclusion is that as a result of considering the

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

into account.
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By assuming a non-linear voltage generator which is
distributed along the basilar membrane, Whitfield and Ross
were capable of explaining, albeit quglitatively, a great
number of the expefimentally observed properties of the
cochlear potenﬁials. They assume that the cochlear elec-
trodes will pick up a weighted and low pass filtered average
of the oﬁtput of the individual generators. Then, although
the individual generator output may be quite distorted, the
summated response will be nearly sinusoidal and will corres-
pond to the amazingly undistorted CM waveform. It is also
easy to see that due to the assumed non-linearity of the
individual generators a dec shift is possible corresponding
to the SP as observed experimentally. The time delay inherent
in the movement of the pseudo-travelling wave down the basilar
membrane will produce various interference patterns with
respect to the electrode and it is quite possible that these
patterns explain many of the peculiarities of the CM and the
SP. The authors did not develop their theory in quantitative
detail, but only investigated the possiﬁilities of their

basic idea through some very rudimentary models.
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CHAPTER 6

EXPERIMENTAL DETERMINATION OF THE COCHLEAR POTENTIALS

This chaptgr 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 suﬁmating
potential was measured under similar conditions in various
turns of the cochlea using very carefully balanced electrodes.
Also, many of the experiments were repeated several times

using different SPLs.

6.1. The design of new experiments

As we have seen in Chapter 3, frequency domain
observations related to thé cochlear potentials are
available but closer examination reveals that many of the

published experimental 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 (T1) used T 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 waveforms of these
transients are again unknown, since the waveform was
recorded with an earphone in an acoustic cquplgr. In order
to compare experimental results with model simulation
results it is necessary to have data which %eré obtained

with a known input signal.

For recording the cochlear potentials from theﬁguinea
pig we use the differential electrode arrangement developed
by Tasaki and his co-wofkers (24). Typically, two pairs of
electrodes are implanted, one pair always in Turn 1 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 to 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
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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 (sée Section 6.3). When the input in an uninterrupted
sinusoidal éignal, this probe measures the SPL continuously
and directly. However, when the input is a tone burst, the
SPL 1is 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 typicél experiment, the CM amplitude and 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 all 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 could be made and the changes
due to the deterioration of the animal's general physiolo-

gical state could be observed.

Table 6.1

List of frequencies used for CM and SP measurements

in establishihg the frequency reéponse

kHz kHz kHz
o1 1.2 k.o
.2 1.k 5.0
.3 1.6 6.0
b 1.8 7.0
.5 2.0 8.0
.6 2.2 9.0
.T 2.4 10.0
.8 2.6
.9 2.8

1.0 3.0




6.2. Instrumentation and measuring technigques

The instrumentation for the experiments described in
this chapter can be divided into two parts, the stimulus
generating system and the measuring/recording sxstem. The
stimulus generating system is required to supply continuous
and gated sinusoidal waveforms of any frequency in the audio
range with controlled amplitgde and phase. The measuring/
recording system is designed for the on—line observation and
permanent recording of the low level physiological signals
oréginating in the auditory apﬁaratus 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.6.1. The Acoustic Pulse
Generator al produces sinusoidal bursts of controlled

envelope shape. The audio frequency sinewaves originate in

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

1 Use of * indicates that the instrument has been designed
(or modified) and built in the OTI Research Laboratories.
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produces the synchronizing signals 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 agoun£ for all
ffequencies of interest. The output of the Power Amplifier
(McIntosh T5, TO 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 %132) mounted in a special low volume coupler which
was designed to eliminate resonances in the acoustic system
(Fig.6.2). TFor sound pressures in excess of 100 4b SPL a
University Model PA-HF Driver Unit is connected into the
system. The VIVM is used to monitor the voltage which is
necessary to achieve the desired SPLs at the eardrum. Fron
these voltage 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 systemn.
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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 (2L)
and are characterized by their low input noise (2 mierovolts
rms). These preamplifigrs include a remote balancing
arrangement which compensates for any slight misbalance of
the electrodes. Further amplification of the signals is
achieved by Modified* Grass Model 6 Amplifiers. Two
hp Model 122A Oscilloscopes are used for direct observation
of the responses and for photography with a Grass-Kipograph
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 210T) can be connected to
any of the channels and used as a tunable audio-frequency
voltmeter permitting direct reading of the continuous
sinewave rms, average or peak ievels at impxoved signa}-

to-noise ratios.

Accurate time measurements are made using a technique
described by Laszlo and Gannon (Th). 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 Model 226B)
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and since the stimulus frequency is known this time datum
can be reinterpreted in terms of phase. Phase'megsure- |
ments, however, are more expeditiously made by utilizing

the Phase Meter (Phazor 210B) which will"extragt the pﬁase

information from extremely noisy signals.

The 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 4134 Condenser

Microphone.

6.2.3. Calibration procedure
§

The calibration of the instrumentation is performed by
measuring the amplitude and phaseiresponses of the entire
measuring 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) measuréments are made

on the oscilloscopes and other recording devices.

However, difficulties arise in the phase calibration of
the acoustic probe, because in commerciglly aveilable
couplers the phase pattern is complicated and unknown
although the rms sound pressuré level is constant. Unless

special attention is given to accurate phase calibration
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-~ 15 mm, steel tubing 1 mm 0D

- 28-30 mm, PE 100 polyethylene tubing

- ring made of PE 240 polyethylene
tubing

- approximately 15 mm long steel wool
tuft for acoustic damping. Exact
length is determined experimentally
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 impossibdle.
Therefore, the phase calibration of the acoustic probes.is
carried out in a coupler designed by Dr.E.Shaw of the
Applied Physics Section of'the National Research Council.
Thé calibration setup is shown in Fig.6.5. The design of
the coupler ensures that only 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 and is
exéctly in front of the control microphone and since the

two microphone-amplifier 'chains' are exactly the same, the
phase difference recorded by the phase meter is entirély due
to the probe tube. Typical calibration resulfs are shown in

Fig.6.6.

6.2.4. On the significance of accurate sound pressure
measurement

In the foregoing we have repeatedly stated that the
acoustic driver cannot be pre-calibrated in an acoustic
coupler and then used in the ear on the assumption that the
sound pressures generated will be equgl. To prove this
point quantitatively we compared the SPL megsured in front
of the eardrum and the SPLs measured in both a 2 cc and
1/2 ecc acoustic coupler while keeping the voltage across

the driver constant.
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The experiment started ﬁith a ﬁormal guinea-pig
preparation fqr CM and SP measurements. The SPL was
mogitored in‘frogtvof the eardrum in the standard fashion
with an implanted acoustic probe and the acoustic driver
voltages necessary to maintain a constant SPL at all 27
frequencies (Table 6.1) were also measured. Next, the
Driver Unit and the acoustic probe were removed from the
animal and were introduced into a coupler mounted on a
Sound Level Meter™> (Fig.6.7). Then the same voltages were
applied to the acoustic driver as when it was in the guinea-
pig's ear, and the SPL was measured simultaneously with the
Soun@ Level Meter and the acoustic probe. The results 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 d4b in the coupler. The reverse is also
true, namely that when the voltage necessary to maintain
the coupler SPL constant is applied to the Acoustic Driver
whi}e.in the ear, the SPL will vary over a similar range,

but in the opposite direction than shown.

Clearly, precalibration of the acoustic driver in a
coupler is an inaccurate method and the input SPL (and phase)
must always be determined by direct measurement in front of

the eardrum.

laruel 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. Surgical Procedurel

For this study guinea pigs weighing between 250 and
300 gms were anaegthetised with Dial (CIBA). The.right
bulle was eiéosed via a fentro-laterql approach and thg
bony wall of the bullg‘itself was' opened widely so as to
expose the ventral half of'the tympanic ring. Then a hole
was 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 diameter of the hole be the same as the outside diameter
of the acoustic probe, a dummy probe was used to ensure a
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 under forty-times magnifiéation to ensure

that no damage had occurred.

Next, the hples for the intracochlear electrodes were
drilled in the appropriate turns and a conical plastic
speculum, specially modified to screw onto the transducer,
was sewn into the external canal. Attention was once more

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

1This section is based on a description by Dr.R.P. Gannon.
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in the experiment for the measurement of the SPL was
inserted in the hole prepared for it. Then intracochlear
electrodes made from nicrome steel wire were inserted into
the holes andvlaid against thé edge of the opening in the
bulla. After ensuring by visual inspection through the
tympanic mémbrane that the tip of the probe was in 8 correct
position‘immediately external to but not touching the ear-
drum, the ﬁrobe and electrodes were cemented into poéition
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 electrodes 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 inspectiop was made once more to ensure
that the §robe tip as seen through the tympaniec membréne

was in the correct position.

A tchheotomy was performed in most cases in order to
secure a éomplétely free airway and to reduce the respiratory
noise but artificial respiration was not found necessary.
Whenever exceptionally quiet conditions were desired Flaxedil
(Poulenc Ltée, 0.5 mg/kg) was injected to paralize the animal

and a specially modified respirator was used to maintain the

airflow.
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6.4, The amplitude and phase of the cochlear microphonic
potential as a function of frequency, SPL 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
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 éurves ip

order to ;ndicate the ranges of experimental variability.

In Fig.6.13 the normalized curves are reinterpreted
into absolute terms. The actual average peak amplitudes and
~the corresponding average frequencies and.,their lower and

upper limits are also plotted.(Fig.6.1L4).

The general feature of the curves shown in Figs.6.9 to
6.12 is the 'tunipgfcurve' shape simi;ar to the cochlear
partition displacemént curves measured by Bekesy (Figs.2.5
and 2.6). It is also notable that the peak amplitude in
Turn 1 (electrode 1ocation MRF ~ TO00 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 T) which indicate similar behaviour for the combined
middle ear and basilar membrane response. Turn 2 (electrode
MRF = 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 membrgne changes as a function of sound
intensity (14) 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 SPL, Fig.6.14, then Turn-3 data show this
phenomenon quite clear;y, although Turn-l and Turn-2 average
results are not consistent. Individual measurements, however,
do show this movement of the vibrgtién pattern for all 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 SPL. Also, if we compare the curves recorded at
different SPLs from the same turn it can be seen that for
Turn 2 and Turn 3 the curves become broader as the SPL

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



6.4.2. The phase of the cochlear microphonic potential

Since phase data recorded from individual experiments
show that the phase response varies little with the SPL
(Figs.6.15 to 6.17), average CM phase responses as a
funetion of frequency for 60 db SPL (Fig.6.18) are
representative of the CM phase for sound pressure levels
up to 80 db. The repetition of the phase measurements at
different sound pressure levels in all 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 potential éanﬁot be taken

before the animal's physiological condition deteriorates.

The most notable feature of the phase curves shown is
that the phése response recorded from Turn-1 electrodes is
relatively 'flat' while Turn-2 and Turn-3 responses display
steeply increasing phase lag. This we interpret to be the
result of the interference 5etwéen the outputs of the
individual CM generators; specifically, in Turn 1 where the
interference is the greatest the phase change is relatively
small, whereas in Turn 2 and Turn 3 where large numbers of
haircells are excited in phasé the gross CM phase clearly
reflects 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 response curves of Figs.6.15
to 6.17 as well: "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 #hifts appear in Turn 1 fof high,'in Turn 2

for medium and in Turn 3 for low frequency sounds.

6.4.3. The effect of middle ear 1nfect10n on the frequency
response curves .

|

In some experiments traces of middle ear infection.were
found during surgery. While most of these prepafations were
discarded some of.them were used to find the amplitude and
phase response changes which may be expected due to the
diseased middle ear.- In Fig.6.19 the CM amplitude and phase
Eurves are shown for an ear in which there were signs of
past middi¢ eax iquctionm. Tﬁe irregularities between 1000

and 2000 Hz are observgble on both the amplitude and the

phase curves. In some other experiments the amplitude
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@ irregularities were found to be more pronounced, but

unfortunately no phase observations were made in those cases.

6.4.4. Notes on high frequency CM potentlals measured in the
third turn of the cochlea

It is well known from experimental,practice that
unbalanced differential eiectrodes will record common mode
signals originating at relatively remote locations. It is
not known, however, how much CM potential is dug to remote
'pickup' by well balanced electrodes. Tpis is of particular
intgrest for Turn-3 electrodes because measurgble 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
frequency 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 organ of Corti
(Fig.6.20). The cochleogram of the cochlea of the injected
animal shows complete destruction éf hairceils in the first

turn, while the other cochleogram shows an essentially normal

cochlea although some 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
essentially 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 also very different. The damaged cochlea
shows very small CM potentials at any f;equency while the

response of the normal animal is about average.

These observations indicate that third turn responses
observed for frequencies above 2 kHz are probably remote
electrical events picked up from the first and second turns.

6.5. The summéting potential as a function of electrode
location, SPL and frequency

The measurement of the summating potential is much more
difficult than that of the cochlear microphonic potentisal.
It is difficult to record consistent data because variations
in the physiological 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 experimental preparation to another. Also, even slight
imbalance of the differential electrodes seems to change the
frequency response pattern of the summating potential,

especially 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, then to photo-

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

122.

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 all

three of these responses 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 1 (Fig.6.22) because the responses recorded for
this turn show much greater consistency than potentials

obtained from either Turn 2 or Turn 3.

Some preparations have shown excellent stability and
geod balancing of the electrodes was also possible. In such
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
frgquency, electrode location and sound pressure 1evelg
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 & non-linear function of the sound intensity
everywhere 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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Ea CHAPTER T

MATHEMATICAL MODELS OF THE GUINEA-PIG EAR

The subjects of this chapter are the modelling of the
dynamic behaviour of the mechano—ﬁcousfical part of the
guditory system of the guinea pig and the solutions of the
resulting differential equations in the time domain. 1In
this work the model for the guinea-pig middle ear and cochlesa
reported previously by Laszlo (21) will be used. Since in
(21) the author carefully examines the variogs conditions
and eriteria related to the modelling of the mechano~acoustical

components of the ear and gives the details of the mathematical

derivation, only a brief summary 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.
Tt is shown that because of limitations on computer core
memory size and computation time, in this case the state

variable method is preferable.

T.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.
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@ In determining the middle ear transfer functions use is made
of the evidence of M3ller (75) stating that the transfer
functiops may be estimgted entirely from the acoustic
impedance dats measured in the plane of the eardrum and of
the scoustic impedance data of Zwislocki (76). Based on
their results and on other considerations é satisfactorily
simplified form of the guineaepig middle ear transfer

function was shown to be

2 2 .
M(s) = a_ *+b (7.1)
' (s + a)2 + b2

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

Table T.1l. The frequency response diagrams for both the

bulla clpsed and bulla open cases are shown in Fig.T.1l.

The model of the guinea-pig cochlear par@itiqq was
developed by parallgling Flgnagan's treatment of thg human
basilar membrane (19,77,78,79), From basilar membrane
displacement:émﬁlitude and phase data it is possible to
deduce a general tranéfer funption form containing approp-
riate parameters. Theée parameters enable us to adjust the
form of the general equation to fit any particular respon$e

at various points along, the basilar membrane:

. 2
2
= e s e by [l e (1
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e where

P(s)

basilar membrane displacement

B = maximum response frequency of a given point on
the basilar membrane. The value of B is
determined for a point along the cochlea by the
distance of the point fr?m the stapes.

o,y parameters dependent on B
c1,c2 = amplitude factors
exp(-sT)= delay term which brings the phase response of
the model into agreement with the phase
measured experimentally.
Of the above parameters B determines the location of
the maximum of the magnitude of P(s), whereas o 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 T.1.

Using these constants, the normalized frequency plot of

P(z), z = % is shown in Fig.T.2. ¢, and cy were determined

by Flanagan as:

_ 10”7
cyp = T (7-38-)
(0.66) x (2m x 1000)

< 2mg

(7.3b)
K =1, 8 > 2mq



133.

normalized
amplitude

p—t 1.0

T .5
: 2 :All!sl [y 1 | N A | O
phase (degree)
' bbb} ' —— 100

= -100

-200

-300

—t—t— $ y s -400
2 3 4 5 67

normalized frequency —————>

(O,
.
ot
«©

[ o

Fig.T.2 Frequency response of the model of the
cochlear partition.



13h4.

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 éf the
mechanical system of the guinea-pig peripheral auditory

appargtus. The overall transfer function is

' 2
2 2 2
H = e;Xcz a’_+ b i . 8 exp(-sT)
n (s+b)2 4+ b2 (s+y) (s+a)? + B2

(7.4)

with the values of the parameters given in the Table below:

Table T.1
m=o0 m=c

Bulla open Bulla closed
¢1 as given on page 132
c2
8 2 x 900 2 x 950
b 0 21 x 1645
o 0.58
Y 2.08
T 27 x 0.2085/8
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E’ Bode plots for some values of B 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 wes

found.

hm(t) clcz[pexp(-yx) + E +

+ —l? {Do-0D +(02+B2)Ds-(a3+30B2)D3} exp(-ax) sin(Bx) +
28

+ D3 exp(-ax) cos(Bx) +

+ —lg {B2D;-2aB2Ds+(302B2-B*)D3}lx exp(-ax) sin(Bx) -
28

- —l;-{Do-aD1+(a2-62)Dz-(a3-3a82)Da} x exp(-0x) cos(Bxﬂ
2B

(1.5)
where
x =1t -T
t = time variabdle
T = 2m0.2085/8
For the bulla closed case hm(t) = hc(t)
1l B 2 2 1/2 .
E = EK: ({Ki -t} +g ) exp(-fx) sin(gx+y)
Y = tail( &
(Bc/Ac) - f
(7.6)

@ C=Cc’D°=Dco’ ... ete
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@ For the bulla open case hm(t) = ho(t)

E = ((B -axa )x-A ) exp(-xd) (7.7)

The values of the constants are given in Appendix 1.

T.2. Computer simulation of the basilar membrane motion by
the convolution method

To simulate the basilar membrane motion the expressions
for ho(t) and hc(t) can be used to calculate the response of

the model in the time domain by solving the convolution

integral:
y(A) = [n(x) x i(r - x) x ax (7.8)

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(A) for any arbitrary i(t). Using these
programs we found that while the convolution technique is
straightforward and simple, its use in this case is impractical,

because it is very time consuming and costly.
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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 calcglation will take 14000 multiplications,
while the integration step reqires 60000 multiplications.
Since 180 points are nécessary for 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 avéilable computer
memory size. In the example above the memory requirements
are about 30000 computer words or about 120000 bytes. Such
a memory is seldom available, necessitating the use of disc
or tape for auxiliary data storage. The additional time
involved in data transfer increases the necessary computer

time further to approximately 4 hours.
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E’ T.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 refofmulate the
guinea-pig ear model for simulation,'expressing it in terms
of state variables. From é 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 equations for linear systems

The concept of state is'fundamental and it may be said
that the state of the s&stem cdntains all the relqvant
information concerning thé past history of the s&spem
necessary to determine its beﬁaviour.in response to any

prescribed input form.

The properties of systenms whose behaviour is Qescribed
by the notion of state can clearly be defined and mathematic-
ally these properties are expressed as a set of state

equations
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y(t,to) = alx(to),v(t,to)}

X(t) f{X(to),V(t,tO)} (7-9)

where

f and g are single valued functions and
to = 'zero' time

t

time, t > to

These equations simply state that in the time interval

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

‘deterministic 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
ordinary differential equations with constant coefficients,

the state equations may be written as

x(t) = A(t) x x(t) + B(t) x v(t)
y(t) = c(t) x x(t) + D(t) x v(t) (7.10)
where
x(t) are the state variables (x1,xz,.,.,xn),

A(t) is the essential matrix,
B(t), c(t), D(t) are coupling matrices and
v(t) is the input fﬁnction (scalar).
A general simulation diagram for these equations is shown in

Fig.T.b4.
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For an nth order single input-single output, linear and
constant cqefficient system the differential equation can be

written as

n n-1 _ n n-1
(p+e__,P +...+81p+80)y = (bnp +b _,P +...+¥b1p+bo)V
(7.11)
where
= &
P =3t
The simulation diagram is shown in Fig.T.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 detail.at the appropriate ﬁoint
in this chapter. EQ.(T.ll) may be expressed in terms of 'n'
first order differential equations in which the variables are
the 'xi' shown in Fig.T7.5. ©Since these variables satisfy the
necessary consistency criteria (80) xi's are chosen as state
variables. After appropriate substitutions and rearrangement

the state equations may be expressen in the form of Eqs.(7.10):

-;1 i i 0 l/k 0 .....0 —1 —X1 7 -;1/k i
%2 0 0 1/K.evs.r. ;z Ba/k
%3 0 0 0 .....0 X3 Ba/k
= . . . + X v
in_l . . . 1/k X Bn-l/k
lfn | [kn-lao k" %a, ..."'.an'Ll\fn | {?n/k |
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The matrix B can also be expressed in terms of the

differential equation coefficients:

T

of the guinea pig is given by Eq.(T.h).

B2

Bj

Also

.3.2.

o I
[] il
—
7] [
(T |
{]
o
=
(@]

State equations of the guinea-pig ear model

b ]
kb -1 " kan_lBo

2 2
k bn_2 -k an_zB° -kan 1B1

3 2
k bn—a -k an_aBo -k an_2B1 —kan 1Bz

1 1=l

Lk b, -k'a .Bo -k T a .  Bi-... -ka B |
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original

(7.13)

(7.1%)

The displacement transfer function of the basilar membrane

To simplify

calculations c¢; and c, 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
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when the actual computer calculations are carried out the

time-delay is reintroduced by defining a relative time

variable t H
rel

rel ~

where
t = real time
T = time delay as determined by Table T.l. Note that
T is a function of B.
trel(t,B) is then the time variable used in the calculation

of the displacement of the basilar membrane at a given

distance from the stapes,which is characterized by the

parameter B,and at a given time.

Eq.(T7.4) may be rewritten as

b7s7 + 'bsss + bsss + bus“ + b3$3 + bzsz + bis + by (7.15)

s7 + ags® + ags® + ays' + azs? + ays? + a;s + ag

and the coefficients are easily determined (Table T7.2).
Thus, the state equation matrices for the guinea-pig ear

model are:

A = Eq.(T7.12) with values supplied by table T.2.
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® o |
0
0
B, = 0 also B! = (1/k)B (7.16)
0
k®b,
~-kagBg
C, = [1 0 0 0 0 0 o] (7.17)
b, =[]
—m
Table T.2
Bulla open Bulla eclosed
f = a f = a
g = a? g = a? + b2
Coefficient value
ag 2f + y + ha
as gy + 2fy + ha(2f+y) + 6a2 + 28
ay gy + ha(g+2fy) + (2£+y)(6a2+2R2) + ko’ + LBZa
a3 haty+(g+2fy) (6a2+2B2)+(2f+y) (ha?+hap2)+(a2+p2)?
a2 gy+(6a2+282)+(g+2ey) (hal+hap?)+(2s+y) (a?+p2)?
a1 gy(ba’+haf?) + (g+2fy)(a?+82)2
@ a0 gy(a2+p2)?
bi gB"
b, 0, i # 1
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T.4. Computer simulation of the basilar membrane motion by
the state variable method

The solution of the state equations (7.10) is given by

x(t) = ¢(t-2) x(A) + J’tg(t—r,) B v(zg) dat (7.19)
A
y(t) = ¢C _:g(f) | (7.20)
where 1
g(t—l) = eé_(t-l)

Let T be the sampling period and then

ot
i

(n + 1)T

A = nT (7.21)

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

Rule it may be shown that
x{(n+1)T} =
exp(AT) {x(nT) + (T/6)Bv(nT)} + (2/3)T exp(AT/2) Bv{(n+l/2)T} +

+ (1/6)Bv{(n+1)T}
(7.22)

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 + 1)T the output of the system,

yi(n + 1)7} = ¢ x{(n + 1)T},

at time (n + 1)T can be calculated. It is necessary,
however,}to find the state transition matrix ¢ = exp(AT)
first. To evaluate ¢ we use a method of Liou‘(8l), vho
approxjmates the state transition matrix with a matrix

series:

¢ = exp(AT) (7.23)

R
H ™M

If appropriate error bounds are specified, it is possible to
calculate ¢ to any desired accuracy by evaluating the

necessary number of terms in the series.

The actual implementation of the above scheme is made
difficult by the fact that the values of thg 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 'k' in our formulation of the general state

equations.

1h7.
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One definition of the norm of the matrix A is
K" e |} (7.24)

al] = (1/K)((m-1) + =

wvhere
m = order of original differential equation.

This expression may be minimized with respect to 'k':

II Il m-1 .
. aﬁ = -2l (m-i-1)k(™1"2)a | = 0
k - 1
i=0
m-1 i .
: (m-i-1)x"""|e,| - (m-1) =0 (7.25)
=0

The foregoing.polynomial may be solved for 'k' and the
resulting values substituted back into Eq.(T.24). The 'k'
value giving the smallest ||A|| is used as the scaling

factor in subsequent calculations.
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Table T.3

Approximate values of the coefficients of the guinea-pig ear

methematical model

différential equation coefficients of vélue
coefficients unscaled
A and B matrices

ag Ahul '. . -~ Ag,y 1028

a; - . Ao . 1 1028

as Aqg 102!

2 A 10!7?

ay Azs 10'3

as A 10°

as Aqgg 195

Be) 102"

By 10?9




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. The work
of Johnstone (6L4) has already been -mentioned briefly in
Chapter 5 and will be elaborated in greater detail in
Section 8.3.2. Also, from second turn cochleaf.microphonic
measurements Matsuoka et al. (8?) calculated the impedance .
values of the simplest series and parallel equivalent
circuits fitting their data. Anpt%er approach was taken by
the author (21) who attempted to.find a 'gross' mafhematiéal
model of the cochlear microphonic pofential. 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 reviewed 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 past. First of all we look upon the cochlear potential

150.



generators as distinct, distributed sources along the basilar
membrane. Secqndly, we consider the individual haircell, its
mechanical and electrical characteristies and its mic;oscopic
cqntribution to the macroscopically observable potentials.
Thirdly, we pay attention to the circumstances of recording

and the relations of the electrode and the haircells.

8.1. 'Gross' model of the cochlear microphonic potential

In the author's previous work (21) the basic considera-
tion was that, in general, the complex frequency domain

equation for the cochlear microphonic potential could be

written
ch(s,X): Wix) x Af(x) x P(s) (8.1)

where

W(x) = weighting factor

Af(x) = amplitude factor
P(s) = transfer function of the mechanical pért
of the auditory systenm
ch = cochlear microphonic potential

x = distance from the stapes.
The problem is of course to find fupetions W(x) and Af(x)
and towards this end a straightforward approach was taken.
Since the generation of the cochlear microphonic potential
depends on the displacement of the cochlear partition, we

can find the transfer characteristics of a 'CM model' by
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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
toge%her on normalized plotsj; consequently, the résults
involve small differences (Fig.S.l) and hence must be

treated with caution.

At first glance little regularity or general trend can
be observed 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
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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 availabd

data.

le
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Fig.8.1 Relative differences between the electrical
and mechanical tuning curves of the guinea pig ear,



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

A (x) = cep®+erp’+esp®+esp reyp respi+eap®iernte (8.3)

where all c¢'s are funetions of 'x' and 'p' is"the sound

pressure.

Although this attempt to model at least one of the
cochlear potentials met with only limited succesg, neverthe-
less, this early work produced some important results.
Firstly, it showed that the cochlear microphonic response
amplitude as a function of frequency is closely related to
the mechanical tuning curves of the cochlea. Secondly, the

proposed transfer functions provided explicit expressions of
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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, but not least, in the experimental

phase of the early work old measurement techniques were
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@ improved 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 potentia; distribution in the cochlea

In Sectidn 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
8 one-to-one relationship to the potentials generated by an
individual hairéell. Instead, we have to take into ggcount

the phase differences arising from the delays with which the

mechanical pseudo-travelling wave excites the various groups
of haircellsband also tﬁe various attenuating impedances which
lie between the source cell and the recording electrocdes. 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

Voi = f(xe,xi,h) x Vv, (8.4)



where

ei

V., =
i

It follows

where

=
1}

Our aim is
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the potential measured by the electrode due to
the ith haircell;

location of the electrode;
location of the haircelly
electrode distance from the basilar membrane;

potential generated by the individual haircell.

that

n
vV = I V_. (8.5)

total cochlear poteptial recorded by the electrodey

total number of haircells.

to find f(xe,xi,h).

8.2.1. The cochlear potentials and electrostatic

considerations

The individual haircell generator may be considered

electrically as a dipole located in a non-homogenous media

and we assume that its potential is recorded by differential

electrodes

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

insulating properties of the membrane separating the two

poles of the dipole, the contribution of the positive and

negative pole will prevail on the scala vestibuli and the

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

for the electric potential,

ra
= Vi
v -rlf K(r) 't 4ar (8.6)

r

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 cochles

The fundamental work in what may be called the

'electrganatomy' 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 good insulator;

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

(c¢) considerable cross-conduction exists between the
the different turns of the cochles.

Furthermore, by introducing a pair of electrodes at one
point in the cochlea and applying a known voltage across them
vhile exploring the voltage distribution with another pair,
Bekesy also measured the electrical attenuation along the

cochlea as a function of distance (Fig.8.3).
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Fig.8.2 The cochlear potential generator as a dipole.
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Using potentiometric arrangements Bekesy also measured
what he termed as "...the coarse pattern of the electrical
resistance in the cochlea" of the guinea pig. 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 betweén the scalsa
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. 1In particular, by placing electrodes in the
various scalae and on the neck of the experimental animal,
they were able to estimate the resistance values attridbu-
table to six pathways:

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

(b) ©blood vessels inside the cochlea to scala tympani
= 0.6 kohmj

(¢) Dblood vessels inside the cochlea to scala vestibuli
= 0.8 kohm;

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

(e) scala media direct to scala tympani (organ of Corti)

@ = 24 kohm;

(f) scala media direect 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

f(xe,xi,h) = A%

_ 2 ] _ 2
q =+ n?+ (xe xi) (8.7)
where

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

extent.
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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 L)
allow 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 comnsider only parts
qf the complete process as shown in Fig.8.5. In particular
we will attempt to describe 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 Chapters 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 measured were
gross potentials. Consequently, assumptions had to be made
in regard to the movement of the basilar membrane and the
nature of the individual haircell 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 1is that it will give an
opportunity to investigate the various mechano-electrical
conversion schemes. Thus, in the next chapter we will
simﬁlate the various physioiogically plausible conversion
schemes and correlate the resulting cochlear potentials with
experimentally oﬁservabie facts. The following aspects of

the transduction process will be considered and modelled:
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(1) 1linearity;
(2) nature of possible non-linearities;

(3) gain.

- 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. If there 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 unity, 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
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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). 1In Johnstone's model it is
assumed that the poté;tial 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° for the IHC and ¢o = 130° 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 reléting the angle of the hair to
the cell body.,or the basilar membrane. Neither could we
determine this angle from histological material available at
the OTL Research Laboratories using light microscopy.
Clearly, it is necessary 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.
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A reason for the choice of the ¢o(IHC) = 60° and

¢o(QHC) = 130o is that for thése values the positive
potential produced by the IHC will be greater than the
negative potential produced by oneAOHC 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 ¢ must be chosen for the IHC s0 that the IHC will
produce at 1gast three times the positive potential
generated by the OHC because there are three times as many
OHCs as IHCs. Thus, it appearé 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.h.3).

To find a more realistié 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 ¢o = 0 rather than for ¢, = 60°
or ¢o = 1300. 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 sinusoidal input waveform as it does for
¢Q # 0. 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 characteristics 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

V = Kyarcot{f(a)} fla) 20
V = 0.5K;arcot{2f(a)} fla) < 0
a = g(D)
where

V = potential output

0 = basilar membrane deflection angle

D = basilar membrane displacement

K1= constant

The plot of this function is shown in Fig.8.7.

®
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169,

2.4

V= 0.5x Ky X cot™1 (2 x £(a))

1

V=K X cot™ " (£(a})

F2!0

—1.6

—1.2

FIG,8,7 SIGMOID TYPE TRANSDUCER TRANSFER CHARACTERISTICS
( CONVERSION LAW ) SATISFYING THE SENSITIVITY A™D
ASY™ETRY CONSIDERATIONS DISCUSSED I THE TEXT.




For f(a) we assume, after Johnstone, that
f(a) = B X a

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°® since this would give 'a' 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
o = g(D) which represents the functional relationship
between the basilar membrane displacement (D) and the

membrane deflection angle (a).

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 (a) may be calculated
(Fig.8.9):

2D

a = g(D) = w

The values of 'D' may be found from the basilar membrane
displacement model given in Chapter 7. The maximum
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' also increases (90) when 'D' increases as we go
farther away from the stapes the inecrease in 'o' would not

be significant.

* For illustrative purposes, the values.of 'a' were
calculated for two points, 3.5 and 18 mm from the stapes
respectively, with T4 db SPL in front of the eardrun
(Table 8.1). We see that even maximal values of 'o' are only

fractions of a second of arc at this SPL.

Table 8.1
distance = 3.5 mm distance = 18.0 mm
freq Hz D o D o
mm radians mm radians
100 .59%x10” 8 .68x1077 .12x1076 .50%10" 8
1000 .27x10" 7 .31x10" 8 .43x107° .17x107°
10000 .28x10"8 .32x10"7 - -

Note that one second of the arc = .485x107° radians
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D 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/(1 + x). Inspecting Fig.5.3 we see that on the
basis of the general criteria discussed previously (see
Seetion 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

<
1

£(x) = 45 (8.9)

"
il

g(D) (8.10)

where

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

»
1]

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

lw)
1]

displacement of the basilar membrane at a given point.

The relationship 'f' based on the x/(1 + x) ratio is
satisfactory but since 'x' can never be negative, we must
find a functional relationship 'g' such that it will be

applicable for positive and negative values of 'DY.
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The simplest possible expressioﬁ is linear:

x = g(D) = K1(D + K3), (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/(1 + 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.8.10a - see dotted line).

To consider an alternative possibility, it is conceivable
gp 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 from 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 the 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 rélationship may

be expressed as

x = g(D) = |[D + K3 (8.12)
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with V = f£(x) as in Equation 8.9 and the plot of V vs D is
shown in Fig.8.10b. Further discussion of the various
formulations of the conversion law will be given in

Chapter 9 within' the context of the simulated cochlear

potentials.

8.3.4, Internal electrical dynamics of the cochlear transducer

When describing the process of the haircell potential
generation the resistances and capacitances éssociated with the
haircell must be taken into account. The.potentigls observed
by an electrode not actually inside the cell body will be
greatly affected by the electrical filtering effects pfoduced

by the haircell body and surrounding membranes.

A greatly simplifigd picture of the hairecell is shown in
Fig.8.11 and its equivalent eiectrigal circuit in Fig.8.12.
The_Justification for using a lumped representation instead
of a distributed one originates in the nerve membrane
calculations of Cooley and Dodge (91). They found that it
is permissible to 'lump' 500 micron long longitudinal
segments while still retaining sufficient continuity in
calculating field and propagation effects. Although the
haircell may not be as unifornm as a nerve axon, it is only
20-50 microns long and, therefore, the lumped representg—

tion of Fig.8.12 is considered to be permissible.
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h =20 - 50 ¢
(1=5lll
ED Fig.8.11 Simplified haircell geometry. (Numerical
data from Spoendlin92).
AAAAA
V. - 2

Fig.8.12 '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
haircell area corresponding to the change %n haircell size
from the hase of the cochlea to its apex. Using data from

Spoendlin (92):

A = 8.2 x 10°% cm?
max-

>
!

nin = 35 X 107% cm?
Since data do not exist for the 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 uF/cmz. The membrane
conductance is more difficult to estimate, since the conduc-

Q tance of the active or the inactive membranes varies greatly
from cell to cell in the same tiésues. These variapions are
even greater from tissue to tissue, but usualiy fali within

the range of .1 to 1 mmho/cm? (93). Using these values we

find the approximate values

C = 8,2 x 10" !2 p
max
-— =12
cmin.— 3.5 x 10 F
R2 = 2.9 x 10% ohms
max

= 8
Rzmin = 1.2 X 10° ohms




The cell interior specific resistance is taken to be the same
as the neuron axoplasm's (about 35 ohm-cm). Thus, the

resistance of the céll interior will be

Ry
max

4,5 x 107 ohms

R, 1.8 x 107 ohms

min

Now we are ready to calculate the characteristics of the

circuit of Fig.8.12. The output voltage is represented by

Vo = R2 ~ v
(Ry + Rz) + JwCR;iR,

and for 'minimal' and 'maximal' values the expressions are

.869
1+ Jwx 5.5 x 105

.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.
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8.3.5. External electrical dynamics

In order to draw conclusions regarding the external

180.

electrical dynamics of the haircell we would have to determine

the details of the configuration of the electrical surround-

ings of one haircell (Fig.8.13), 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 are therefore more appropriately discussed in
terms of the macroscopic potential distribution in the
cochlea (Section 8.2). Due to the lack of specific
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. Sipce the
noise due to the recording apparatus can be measuréd, it is

easy to show that most of this noise is physiological in
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origin. Furthermore, since noise due to muscle contraction
and breathing can be recognized and eliminated, it may;be
stated with some certainty that the ongoing physiological
processes of the cochlea are inherently 'nojéyﬂ from the
electrical point of view. This noise may.have manj
origins: it may be noise associated wi£hlrandom events
in metabolism, membrane permeability,,etc.; it may
originate in mechanical motioﬁs associated with haircell
stimulation or in the generation of streaming potentials.
The possibility that noise is an inherenp property of the
conversion process cannot be ruled out, however, and may
have significance in the study of generator potential-

nerve firing relationships.

Conceptually we may separate the observed noise into
two components 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 thg 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
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experimental observation where modification of the cochlear
potentials was due to the noise generated in the cochles,
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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CHAPTER 9

SIMULATION OF THE COCHLEAR POTENTIALS

" In this chapter we present the results of digital
computer simulations of the cochlear potentials, making use
of the models of the various parts of the peripheral auditory
system. Our investigations here consider the linearity qf
the potential generation process, the frequency response of
the cochlear potentials for the different turns, the behaviour
of the CM and SP as a function of sound pressure level and the

effect of efferent input to the haircell.

9.1. Organization of the simulation model and the computer
program

The model for the simulation of the cochlear potentials
is shown in Fig.9.1. The middle ear model (ME) and the
basilar membrane model (BM) have been derived in Chapter T.
The transducer mechanism (TD) will be represented by the
model discussed in Section 8.3 or its modification as given
in Section 9.3.3 and the potential distribution factors (PDF)
are determined by the rglations given in Seqtion 8.2. As
shown on the diagram the various processes which are part of
the overall model share a common parameter 'x', which is the

distance from the stapes measured along the cochlea. A
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second paraméter of great importance is the location of the
electrode, but this parameter is incorporated into the
potential distribution factors and is not shown explicitly

in Fig.9.1.

Fof exactness, the oﬁtput of every haircell along the
basilar membrane should be calculated and summed but this is
both impracticél and unnecessary. in this respect the number
of haircells to be considered is about 10000 and so 10000
calculations of the basilar membrane displacement and the
transducer proéess output would be required. Timihg analyses
of the computer programs show that the calculations take
approximately 10 msec per haircell per time step and so the
total time per timé étep is 100 seconds. This is prohibi-
tively long, sinée, for example, to determine the amplitude
and phase of the model output in response to a sinusoidal
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 bé considered‘to be moving in phase and by
assuming that the haircells on that segment have identical
6utputs. if these simplifications can bé shown‘to be
permissible we‘may represent all the}QHCs and IHCs.within

a segment by a single generator 'complex' containing 3 OHC
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e and 1 THC 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 189 segments, each 100
microns long. Thus, on each segment there are 10-12 rows of
haircells, which seems to be a reasonadbly 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 a
function of distance along the basilar membrane for.; 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 0.1l kHz
are given. Thé détted parts of the curves indicate that the
amplitudes dropped below 0.5% of the maximum amplitude apd
consequently, for the frequencies 15 and 5 kHz respectively,
the contribution of haircells from these regionsnis 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 & 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 paramgters of this filter cannot be
specified due to the lack of relevant experimental data, we

employ a simple digital filter of the form

o ‘ .
v (e ) = iE--n v, {(km + i)at} (9.1)
@
wvhere
Vo = output point
Vi = input samples
1/At = initial sampling frequency
m = number of points the average is moved
tm=k(m><At), k =1,2,3,...

The cutoff point of this filter is determined by the number
of points used in the linear average (Fig.9.3). 1If 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 simu;ation of the cochlear potentials is carried out
on digital computers available at the McGill Computing Center
(IBM 7Ot and 360/50) and at the Otolaryngological Research
Laboratories (LINC-8). Using the LINC-8 and the campus-wide
RAX.network which allows remote entry into the 360/50 system
it is possible to run the simulation 'on-line'. The LINC-8
permits the use of such display devices as an oscilloscope
and a digital plotter and the model's parameters can be mod-
ified instantaneously yia an attached teletypewriter. Thus,
the versatility of digital techniques is combined vith the
convenience found in analog computers. The flow diagram
shown in Fig.9.l4. presents the features of the simulation

programs, of which a number of variations were written in

FORTRAN.

9.2. Linearity of the transduction process and the waveform
of the 'gross' CM

The evidence for the linearity of the transduction
process is that for sinusoidal stimulation of the ear there
is a remarkable 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
actual decrease in the electrical output. This relationship

is most unusual for a mechanical system, and it is even more
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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 simple 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 'gross' CM potential recorded by an electrode
at the same location. Fig.9.5 shows the output of the
single haircell in response to a sinusoidal 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. HC located at 3.5 -mmj
electrode at 3.5 mm; attenuation 6 db/mm.
Stimulus: TO000 Hz sinewave.
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Fig.9.6 Waveforms of the 'gross' cochlear potential
arising from 180 HCs distributed along the cochlean.

The individual HCs produce the output shown in Fig.9.5.
Electrode located at 3.5 mm; attenuation 6 db/mm.
Stimulus: 7000 Hz sinewave. :
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70

Fig.9.7 Waveforms of the '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
0 db/mm. Stimulus: TO000 Hz sinewave.
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D potential arising from the distributed HCs all along the
cochlea, nevertheless the waveforms resemble sinusoidal
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 from the stapes, the 'gross' poten-
tial is con51derably more distorted (Fig.9.9). This is a

Ip well known phy51ologlcal fact namely, high intensity CM
recorded in Turn 2 (8.7 mm) can show 'clipping' of 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 1is
linear. Furthermore, as discussed in Section 5.1l.1, othgr
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.9.8a Waveforms of the filtered cochlear
potential generated by a single haircell as a
function of sound pressure level. HC located
at 3.5 mm; electrode at 3.5 mm; attenuation

6 db/mm; 15 point linear average filter.
Stimulus: TO000 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: TO00 Hz
sinewave.
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of distortion depending on the location of the recording

electrode.

9.3, The simulation of the cochlear potentials as a
function of sound pressure level

9.3.1. A simple phase cancellgtion mechanisn

As presented in Chapter 3, the CM vs SPL functionsl
have the shapes shown in Figs.3.5 and 3.13 and furthermore,
for high frequencies and Turn-1 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 phase cancellafion
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 disélacement move
with lesser amplitudes. Due to the time;delay involved
between the qechanical displacements of the maximally and
submaximally excited cells there is a phase difference

between their potential output. It is supposed that the

This 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.9.10. 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 suffigiently 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.h)
in the manner shown in Fig.9.11. It is reasonable to assume
that the indﬁv?dual haircell. output must either stabilizé at
some valué or it mugt go to zero as the éoundlpreqsgre level

increases. It is surprising to find, however, that there
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characteristics. The function is not plotted
to scale.
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is relatively little drop in either the individual haircell
CM output or the gross CM potent1al before extreme dlstortlon
of the waveforms occurs (Flgs 9.12 and 9 13). Fllterlng has
little effect on the output_of the 1nd1v1uual hai;cell, but
the 'gross' CM potential decreases to about 1/3 of its peuk
value. This &ecrease is accompanied, however, by a corres-
-ponding decrease in the SP which is contfadictqry.to
physiological evidence (see Fig.3.13).

9.3.3 Interference effects between out-of- phase IHC and OHC
potentlal outputs

Since neither the simple phase cancellation mechanism .
nor the modified arcot transducer characteristies produces
simulated.co%hlear potentials with the expected functional

. : i
dependence on the sound pressure level, it is necessary to
re~examine the assumption made earlier thgt the IHC and OHC
models should be identical in every respect. The anatomical
differenceé between the IHC and OHC and the observations of
Bekesy (40) which suggest that the two types of haircells
produce maximum CM for two different directions of bending
of the hairs indicate that perhaps simulation should
differentiate between the two types of cells. Considering
Fig.4.3 which shows the cross—sectipn of the organ of Cor@i,

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 angle between the hair and the cell
body gentg;-line will increase for the IHC and decrease for
thg OHC. Thus, if the hairfto-cell angle:is significant in
determining 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 membrane displace-
ments in a plane perpendicular to the longitudinal axis of
the cochlea have different directions for the parts carrying
Q . the THCs and OHCs. Presumably in consequence the IHCs 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
thet this occurs because the OHCs are subject to larger
displacéments'than the IHCs and consequently the: former reach
a region of dangerous overload for smaller SPLs than the
latter. The different sensitivities of the IHCs and OHCs are

possibly also indicated by the observation of Engstrom and
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his co-workers that at rest the hairs of the IHCs do not
éouch the tectorial memb:ane but some hairs of the OHCs

do (39). Since quantitative physiological data are non-
existent we conduct a number of simulation experimgnts

to determine the effect of changes in relative OHC and

IHC 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 IHCs.

In the following computer experiments we use the
simulation .model discusseq in Section 9.1 with appropriate
modifications to represent the difference 5etween IHCs and
OHCs. In particular, we now assume that the IHC and OHC
potential outputs are out of phase by 180 degrees and the
THC output reaches its maximum for 20-30 .db higher sound
pressure levels than the OHC. Figs.9.lka and 9.14b show
the behaviour of the CM amplitude and the SP of a single
hairpell 'complex' at 500 Hz and T000 Hz as a function of
SPL. The curves have similar shapes, the differences
reflecting the different responses 6f the basilar membrane,
3.5 mm from the stapes, to 500 apd TOOO Hz. The response
of the individual haircell is as expected: the CM pétential
increases,‘reaches a maximum and 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 level the unfiltered

output starts to become distorted. Since thg individual
haircell output has never been re;orded experimentally no
comparison of the single haircell 'complex' éutput and a

real haircell output can be made.

It is possible, however, to compare 'gross' potentials
measu;ed experimentally apd simulated dynamipally by our
model. In Figs.9.15-9.18 the results of the 'gross'
potential simulation are shown for 100, 509, 2000 and TOO00 Hz
in Turns l,‘2 aﬁd 3. For 100 Hz the simulated CM outputs
;each approximately the same peak level in all three turns of
the cochlea, but this occurs at different sound pressure levels:
Turn 3 reaches the maximum at about 90 db SPL, Turn 2 between
90 and 100 db SPL and Turn 1 at 100 @b SPL. This compares
favorably with experimental data obtained by Tasaki (24) for
103 Hz (see'Fig.3.5). For 500 Hz no direct compafison is
possible, because Tasaki's data do not include the corres-
ponding responses but our results (Fig.9.16) seem to fall
somewhere between the curves for 280 Hz and 1026 Hz on
Pig.3.5. TFor this frequency the curves become 'flatfer‘ and
the peak amplitude smaller as we proceed from Turn 1 to
Turn 3. For 2000 Hz (Fig.9.1T7) the results for Turn 1 and
Turn 2 are comparable with Tasaki's curves for 2370 Hz.

Turn 2 peak output is smaller and reached at a lower SPL
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than Turn ] peak output. The Turn 3 CM vs SPL plot (Fig.9.1Tc)
shows some.unexpected chargdteristics. At low levels the

slope of ﬁhe cﬁrvé is the same és for Turn 1 and Turn 2, buf
between 50 and 60 db SPL the CM response becomes a nSnélihear
function of the sound.pressure level. Furthermore, the peak
amplitude of the CM is larger than in Turn 2. Comparison of
the curve for 1980 Hz in Fig.3.5 with Fig.9.17c shows that for
this electrode location and frequency the simulated CM does

nqt correspond to the experimental observatidns (see also

Section 9.4 and Fig.9.22).

Fig.9.18 shows the simulated CM response for TO00O Hz.
In Turn 1 the response is simi;ar to that observed
experimentally up to about 90-100 SPL, But at higher levels
only slight decrease of the CM is oﬁservable on the model
while the experimentally observed decrease is more signifif
cant. It should not be forgotten, however, that for 120 and
130 db SPL there is usually permanent damage to the ear,
although this necéssarily is not taken into accougt in the
simulation. Both Turn-2 and Turn-3 responses for T000 Hz
show anomalous behaviour similar to that observed for 2000 Hz

in Turn 3 (see also Section 9.4 and Fig.9.2k).

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.
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Comparing the simulation results for Turn 1 at 7000 Hz with
Fig.3.13 we also see good agreement: the SP keeps increasing
although the CM reaches a maximum and decreases. Unfortu-
nately there are no sufficiently detailed experimentél dats
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 simulation because as we will
show in Chgpteq 10 the SP positivipy is a result-o? the
fesistance distribption in the cochlea. This resistance
distribution at present cannot be dgfined_in_sufficiéét

detail and accuracy to permit modelling (see Section 8.2.3).

9.4, The simulation of the cochlear potentials as a function
of frequency. ! '

The model used in the simulation of the cocplear
potentials as a function of frequency is the same as the model
used in Section 9.3.3. In order to compare 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 a function of frequency at 60 and 80 db SPL in

Turns 1, 2 and 3. The results are plotted in Figs.9.19-9.2k,
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The simulated CM amplitude data agree very well with the
experimental data presented in Séction 6.4.1. The CM
amplitude 'peaks' ift Turn 1 at 800-900 Hz, in Turn 2 af
500-600 Hz and in Turn 3 at approximately 300 Hz. These
results are in agreement with the a?erage frequency dafa
presented in Fig.6.14 corresponding to the avefage peak CM
aﬁplitudes. 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 this is in.agreémént wifh: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, indicating a relative icrease in the contribution 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 become progres-
sively narrower from Turn 1 to Turn 3. A comparison of
Figs.9.19, 9.21 and 9.23 shows that this indegd‘i;pthe case
for the simulated CM amplitude curves. It is interesting
that the Turn-2 and Turn-3 CM amplitude responses exhibit

anomalous behawiour in the 2000-3000 Hz region; it is
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probably the same effect which produced the curve shown in

Figs.9.17c, 9.18b and 9.18c (see Section 10.2).

The simulated CM phase responses are also in close
agreement with our experimental results as comparison of the
phase cur&es of Figs.9.19, 9.21 and 9.23 with the average
experimental pbase curves of Fig.6;18 showé. The Turn-1
phage 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 incrgases
(see Figs.6.15-6.1T7 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 described. 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
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experimental data (Figs.6.24 and 6.26) and simulation results

(Figs.9.21 and 9.23).

9.5. The effect of change of the value of the potential
attenuating factor on the simulated cochlear potentials

The cochlear potential 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
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.T0T9
(3 db/mm attenuation) from 0.5 (6 db/mm attenuation) the CM

Q and SP are simulated as a function of sound pressure l;ével
(Fig.9.25). As expected the curves corresponding to 3 db/mm
attenuation larger potential values than the curves for
6 db/mm attenuation (see Figs.9.1llb and 9.18a) 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 thg corresponding curves of Fig.9.19.
The CM amplitude curve, however, is somewhat narrower fdr the

smaller attenuation, reflecting stronger interference between




231,

e
-
E 3
—

10000

10001

SINGLE SEGMENT CM
100 1

10T

CM AND SP IN MICROVOLTS

1--

1 } + t t + + + 4 5
40 60 80 100 120

STIMULUS SPL IN DB

F16.9.25 CM AND SP AS A FUNCTION OF STIMULUS SPL. MODEL CONFIGURATION:
1 "SEGMENT' AT 3.5 MM OR 180 'SEGMENTS': ATTENUATION 3 DB/MM: ELECTRODE
1 MM ABOVE BASILAR MEMBRANE. STIMULUS: 7000 HZ SINEWAVE,




SP IN MICROVOLTS

1000

800

600

CM IN MICROVOLTS

400 A

200

0 |} I LI L AL ¥ ¥ LA

-200 L

PHASE IN DEGREES

-400 - ‘ X

-600 4 B

1 2 5 1 2 5 10
FREQUENCY IN KHz

FI16,9.26 SP, CM AMPLITUDE AHD CM PHASE AS A FUNCTION OF FREQUENCY IN
TURN 1 AT 60 DB SPL. MODEL CONFIGURATION: 180 'SEGMENTS': ELECTRODE AT

3.5 MM: ATTEMUATION 3 DB/MM: ELECTRODE 1 MM ABOVE BASILAR MEMBRANE.
STIMULUS: 7000 HZ SINEVWAVE,

232,




233.

i’ distant points along the cochlea for 3 db/mm than for
6 db/mm attenuation. This increased interference is also
noticable on the phase curve which shows decreased phase

delay for 3 db/mm attenuation.

It is perhaps significant that waveforms are also
relatively insensitive to changes of the potential
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 by simulated OCB stimulation

Electrical stimulation of the crossed componént of the
olivo-cochlear bundle (OCB) reduces auditory nerve
responses (AP) to acoustic stimuli and con;urrently enhances
the amplitude of the cochlear microphonic (CM) potential
(29,30,31). The experimental observations are summarized by
Desmedt (30): "The OCB activation (also) paradoxially
potentiates the cochlear potential (CM), but the change
amounted at most to +b-equivalent-db increase in sound
energy. This increase in receptor potential, while important
for understanding the synaptic mechanism of the innerfear, is
ignored by the centfﬁl nervoué system,lsince acoustic signals
are simultaneously suppressed in the auditory nerve." The

augmentation of the CM potential has been also observed in
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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
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 haircell ‘activity 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 respéctively
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 hairce;ls,and conseguently not
only the extgnt, but also the location of the 'inhibition' is
significant. The inhib;tion of a‘relatively small segment
may result in a deérease, ﬁhile the elimination of 3 complete
turns of thg 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 SPL).

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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s CHAPTER 10

DISCUSSION OF RESULTS

In 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 cochlear potentials

Using improved techniques and instrumentation we are

able to measure the cochlear potentials with reasonable

a accuracy.

complete than other published data. The greater reliability

The results are believed to be more reliable and

is achieved because of @he 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 simultaneous
measurement of the CM potential amplitude, the CM potential
phase and theFSP has been’successfully accomplished. Further-
more, the measurements have been carried out over a wide

frequency range at several sound pressure levels.




240.

The plots of the amplitude of the cochlear microphonic
potential as a function of frequency resemble the basilar
membrane displacemént (tuning) curves and may appropriately
be named the electrical tuning curves of the cochlea. These
curves confirm some earlier observations regarding the
bghaviour of the basilar membrane. First, the frequency at
which the electrical tuning curves reach their pgak value
changes as prédictéd by the mechanical transfer characteris-
ties 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 phagse 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 ?ffects.
Evidence for this is given in Fig.10.)l which shows the CM
phase shift measured in Turn 1 of & normal cochlea and in a
cochlea in which the haircells located between the electrode
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 cochles.

The measurement of the SP as a function of frequency
also has produced interesting results. The SP shows much
greater variability than the CM in time and between
experimental animals, but it is possible nevertheless to

!D confirm previously reported features of the SP behaviour.
In some aspects our results are different, however, because
we have utilized the differential recording technique.‘ The
use of differentiai electrodes eliminates the effect of
remote and 'common-mode' potentigls in the measured SP and

therefore our Turn-2 and Turn-3 SP curves go to zero at

high frequencies.

The significapce Qf well balanced electrodes can be seen
in Fig.10.2 where cochlear potential responses are shown with
balanced differential electrodes (no response), with scala-
vestibuli electrode grounded (CM with 'SP ') aﬁd with scala-

tympani electrode grounded (CM with 1sptry, Thus, the
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e 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
is that the SP curves are negative for those frequencies which
generate ghe largest CM values in the turn in which the
elect¥odes 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 electrodés. 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.10.3). 1In order to find the value of the
voltage V12 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 measured R12 and R = RVl + RT2 experimentally.
The distribution of resistances along the cochlea will‘depend
on the ratio of cross sectipn areas of the scala Yestibuli‘
and the scala tympeni. We utiliie the relevantAda£a.Of
Fernandez (90) and caiculafé ﬁVl and RT2 frOm R. Since

RV2 = RVl + 312 agd RTl = RT2 + R12 the numerical values qf
all resistances aré known and V12 can be determinéd;
Fig.10.3c shows the value of V12 for a source of 1 V located
gt 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 siﬁilar,
indicating that SP polarity is indeed a function of the
conducting path between the potential souréé.and‘the

reqording eleetrode.

Similar measurements of Vlé were made with an
'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-versa.
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 'gross' cochlear potentials the data
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processing phase of the expéfiments 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 evalﬁation-of the data is so time consuming that it takes
appréximately three working days to process one complete
éxperiment. 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 @he experimental Work
presented was carried out.. A LINC-8 comput;r has been
installed andithe necessapy,special equipment.is at present
being 5uilt. With the help of.automated instrumentation we
will be able to investigate further the behaviouf of the
cochlear potentials and qlso to étart ﬁew éiperimeﬁts

suggested by our model simulation work.

10.2. On the modelling and simulation of cochlear potentials

The primary purpose of the simulation of the cochlear
potentials is to help in evaluating and understanding physio-
logical phenomeﬁa. There are & nuﬁber of physiological
hypotheses regarding the operation of the ear whichlat
present cannét be‘proved or disproved.by direct experimental
evidence. As this work shows, modelling and simulation may

help in deciding between plausibdble 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-
line#r.haircel; transducer functions are compatible yith
physiological observations. Furthermore, analysis and
reformulation of the resistance—modulation theory of qochlear
potential generation inéicates that certain linearity»assump-
tions are restrictive and unnecessary. Thus, it is éossible
to satisfy existing hypotheses with new mechanical-to- |
electrical éonversion laws which are physically plausible
and perhaps desirable, while béing in agféemént with

physiological observétions.

Equally as important as transducer non-linearity
considerations is the possibility that the measured 'gross'
cochlearvpotentials are not necessarily repfésentg%ive of
the behaviour of the individual potential genérator. We
show by simulation that a number of physiological observations
can be explained in terms of interference effects betwéen the
individual haircell generators distributed along.the basilar
membrane. It is satisfying to find that experimental results
are directly reproducible by & simulation. model based on thg
concept of haircell generator potential interfergnce. These
experimental‘résults ére: 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
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characteristics of the cochlear microphonic potential, and
the experimentally observed linearity of the 'gross' CM

potential.

At the beginning of this work it was also bélieved that
a simple interference mechanism could account fé6r the behaviour
of the céochlear potentials (CM decrease, SP increase) at very
high sound préssure levels, but this was not to;be the case.
Instead, in order to account for such physiological behaviour
we have found it necessary to investigate the differences in
orientation and sensitivity between IHCs and OHCs. 1In
particular, we assume on thé basis of physiological and
anatomical considerations that the IHCs are less sensitive to
mechanical stimulation than the OHCs and:that the ag.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 observed experiﬁen-
tally. This, however, is probably due to tempérary or
permanent damage to the haircells rather than being an

inherent property of the modelled processes.

To prove physiologically that the IHCs and OHCs produce
potentials which are 180 degrees out of phase we propose 8
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 microscopic examination.‘ The ototoxic drugs
cause varying degrees of haircell damage and a number of the
damaged cochleas will show almost complete OHC destruction
while the IHCs 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 IHCs and OHCs have different
sensitivity gives rise to an interesting speculation. Since
presumably;both haircell and nerve are 'noisy', then at low

!B 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 (OHCs)
and if the majority of these cells produce neurgl discharge
then the stimulus is said to exist. As the intensity
increases the OHCs sgturate, but the signal-to-noise ratio
improves simultaneously and the CNS can rely on the single,

low sensitivity transducers (IHCs).

Our nextvsignificaht 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




251.

are a natural result of known cochlear processes. By
selectively suppressipg the cochlear potential generators

of our mo@el we can demonstrate that fewer active haircells
may result in increaseq CM potential due to lesgeneq
interference between potential sources. If fewer hairgells
produce generator potentials because of the inhibito;y action
of the 0OCB efferents,ltheﬁ of course, fewer nerve fibérs can
fire -and a decrease of the AP will be observed. Thg
importance of these results is that we can now propasg that
inhibition, a physiologically common mechanism, gombined with
the cochlear interference effect satisfactorily explains the
dual effect of CM augmentation and AP depression accoppanying
G OCB stimulation. In contrast, previous hypothes'es'a‘régarding‘
this phenomenon are complicated and neceésariiy”depeﬁd on

assumptions yet unproved.

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 coéhlea be re-examined and the effect

of the cochlear potential interference be taken into account.

Although the simulation of the cochlear potentials as a
funetion of SPL, frequency and electrode location generally

produced results which were compatible with physiological




obseryations some anomalous responses werevalso found. Such
anomalies resulted only, however, when high frequency
responses were simulated in Turfis 2 or 3 at high sound
pressure levels. Therefore, it is concluded that the primary
reason for such physiologically incomﬁatible 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 displacemeﬂf pseudo-travelling wave 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 between
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, however, must await detailed

cochlear impedance distribution data.



10.3. Conclusion

Summarizing the work covered 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 ensuring

constancy of the auditory input stimplus;

functiohal relationships between the cochlear
potentials and the stimulus parameters could
be established because of the wide frequéency

and intensity ranges covered by the experiments.

(ii) The modelling and simulation of the cochlear potentials
have been acgomplished. It is shown that:
the 'gross' cochlear potential is a weighted

sum of the output of the microscopic cochlear

potential generators;

253.
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the cochlear transducer function is probably

non-linear;

the 'paradoxical' combination of CM sugmentation
and action potential (AP) depression are results
of cochlear generator (haircell) inhibition and

microscopic cochlear potential interactionj

results obtained by simulation of the cochlear

potentials are compatible with experimental

observations.

(iii) A model of the mechano-acoustical system of the
guinea-pig ear has been derived in terms of state
variables and a scaling and optimization 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

Yila - @) + 82} + ha(y - @) (o - @)

A = : :
° {(a - a)2:+ B%}® (y - )2
a%?{(a - a)% + B2} + ba(y - a)(a - @)
5 = | .
° {(a - @) + B%}® (y - a)®
-y
C =

©  {(a - y)?+ B2} (a-¥)?

= S 2 _ p2 3 _ 2y :
Dgo = c‘Do1 (o g )Doz + (o 3a8 )Dos + o’S(Fol + Foz)
= _ 2 _ p2
Dy, = 20D, 3(a B )D03 + o.s(F.pa + FO“)
F - F
‘ ol o
D = 30D - J
02 03 4B

B(F + FOA) +.J(F° - F_ )

D = : o3 1 02
where

r; = -a + JB

Yy = =0 = JB



and
‘ ry
F01 = TR N
(ry + d)2 (22 + v)
. rz
Foz = -
(ra +d)2 (r2 + ¥v)
y(ry + d) - 2ri(r1 + v)
F = . -
°3 (rp + @)% (r2 + v)?2
y(ry, + a) - 2ra(rz -+ ¥)
¥ =
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(rz + @)% (rz + y)2

For the bulla closed case the coefficients are determined by

(1/g) * Im(G,)

A =
(o]
B, = R1(G,) + (£/g) x Im(G,)
-y
c, =
{(a - y)2 + B2}? {(£ - v)% + g%}
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-— 2 2
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Dc2 = 3aDc3 -J hB'
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