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~ Foot prints, that perhaps

another, sailing o‘er lite’s

- solemn main, A forlorn

and shipwrecked brother,
seeing, shall take heart
again. Let us then be up

and doing, with a heart

for any fate ; still achieving,

still pursuing learn to labour
and to wait.”

~ — Long Fellow
- ("Psalm of life")
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~ INTRODUCTION



CHAFTER T .

INTRODUGTION

1.1.0 Pr‘ologu‘e

Reoognition of the recent growth of interest,'in the
gtﬁdy_of hﬁman sensory systems, has brompted advanced oéagulation
of engineering principles and applicatioﬁs with human physiology
and bio4medioiﬂe. Iﬁ a field as diffuse as biomedical engineer-
ing the sensory processes, perhaps, -find the lategt areas of
extensive research and deep study; the most important reason
being that they are qﬁite complicated. Thelir coﬁplexity is wofth
unfavéling, if for no other reason than the fact that whatever we
know about the wrld is based on what we find out through the
- senses. The senses impose limits on what4we know and they'bias
oﬁr understanding of the worlci° All the sensory information is
analysed, changed, abStracfed and' finally étored_in the form of .
knowledge in the bféin. A large portion of'the brain*odrtex, of
our nervous system is devoted to audition. Recent researchers
havé commented that favourite sounds, melodies and speeches not
only speed up récovery of hospitalized ﬁatients but also help to
a gréat extent in, evoking lost memories aﬁd, curing minor brain
disorders. In ancient India special mantras and sutras were

chanted to revive and improve concentration, cure all sorts of

illness and purify the senses.’
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The sense of hearing is a fantastic, difficult and an
exciting phenomenon. Alongwith being incfedible, it is a wonder-
nful receptive mechanism given to us by nature. It collects
energy through its receptors, thg ears, in the form of sound and
converts that energy into a code, the nervous system can use.
The oonversioﬁ is cruoial; and it is not entirely understood.
This vital step is still a mystery. Our brain does not physi-~
cally translate the code into sound; rather the coded information
itself or some correlate of it is what we perceive aévsound;
The process of Perceiving conscious sensations of .sound is still

not absolufely understood.

Sound:energy is transmitted through air by a movement of
air molecules. The disturbance of air molecules that makes up
a éound wave consists of regions of compression, in which the
air molecules are close together andvthe pressure is high, alter-
nating with areas of rarefaction, where the molecules are farther
apart and the pressure ié lower. Anything capable of creating
such disturbances or waves can serve as a sound source. A tone
emitted by a sound source is said to be a pure tone when the
waves of rarefaction and coﬁpression are regularly spaced. The
waves of speech and many other common sounds are not regularly
spaced but are complex waves made up of many frequencies of
vibration. In other words, pure tone is a sound wavé made up of
just one frequency; and complex tones aré combinations of two or
nore pure tones(?ig.l.l.o). If all the pure tones,'that we can
heafg are combined, we get an extremely complicated sound wave,

which appears to be irregular, and is called noise (white noise).
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3
White noise sounds like the hissing static we can pick on our

radio. It has no particular pitch and is best described as a

{
"sush" sound.

The sounds heard'mOSt.keehly by human ears are those from
sources vibrating at frequencies between 1000 and 4000 Hz
(Fig.1.1.1), although the entire range of freguencies audible to
human beings extends from 20 to 20,000 Hz. The frequency of
vibration of the sound source is related to the pitch we hears
the faster the vibration, fhe higher fhe pitch. We can also
detect 15udness and tonal quality, or timbre, of a sound. The
difference between the packing (or pressure) of air molecules
in a zone of compression and/a-zone of rarefactioﬁ, l1.e. the
amplitude of the sound wave, is related to the loudness of the
sound that we’hear° ‘The number of sound frequencies in addition‘
to the fundamental tone, i.e. the lack of purity of the sound
wave, ‘is related to the timbre of the sound. We can distinguish
some 400,000 difterent soundss we can distinguish a note played
on a piano from the same note played on a violin, and we can
identify voices heard over the telephone. We can also selectively
not hear sounds, tuning out the babel of a party to concentrate

on a single voice.

The unit of measurement of sound intensity is called the
'bel'. Often, we work with sounds that are less than one bel
and therefore we use a smaller unit of measurement called the
decibel i.e. one tenth of a bel. The db ratings of some common

“sounds are:
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“sounds are:



Rustle of leaves in gentle.breeze 10 db

Quiet car, 10 feet away - 50 db
Ordinary conversation 60~70 db
Pneumatic drill, 10 feet away 90 db

Phonograph putting out 10 watts, 10 feet away 110 db
Faintest audible sound | O db

Painful sound ‘ - 140 db. S

SoundAintensity is measured with respect to some reference.
Two different reference sounds are used. One is sound pressure
level (abbreviated SPL), which is defined as a wave having a
pressure of 0.0002 dyne/omz. The‘other'is the sensétion level
" (abbreviated SL) which is‘the pressure of a sound that is at the
threshold of human hearing. SPL and SL actually do not differ
very much, but still these fwo references have their own signifim

cancee.

Many a scientists and)biommedioal sbecialisté have tried
to explain the remarkéble and m&sterious operation of audition.
But the most genuine and practical results with the best convinc=
ing evidences have been obtained whenever human anatomy and
phyéiology were combined with a feW‘pfinciplés of electrical
engineering. Scientiéts aﬁd anatomists like Gaspard Bauhin,
Helmholtz, Alfonso Corti, Georg Von Békésy and many others,
explained 'the mechanism of hearing, on Basis of anatomical eviden-
ces ana some basic laws of physics, probounding several theories
of hearing. The validity and logic behind -these theories was

only proved’and counter checked when specialized electrical



5
engineers like Onchi, Zwislocki, Moller, Mundies and several
others gave a new dimension to biomedical engineering, in the
field of auditory mechanics, by‘formulating and eimulating elect-
rical network models of the human ear. These electrical models.
developed and impreved upon gradually, are the only source of
absolute infofmation about the meohanism of hearing and function
of the ear. How sound waves travel down the three portions of
the ear and how are the sound energies screened and sorted, filed
away or acted upon, these questions are answered to every specific
detail by electrical modelling.‘-Besides this, electrical modell-
ing opeﬁs another prominent and usefui field in augition. It is,
’the one of, hearing deficieﬁCy‘classification. To be precise,
any deviation of the parametere of electrieal model of any abnor—
mal'ear, from those of the normal one, offer direct, accurate

and reliable means of detecting hearing losses.

Measurements of sensory performance of the auditory behav-
iour, are rarely .traight“forward. First, because of the fluectu~
ations in Performance that seem to be an inherent aspect\of
sensory behaviour; and second,Abeoause of the influence of such
largely nonsensory attributes as: listener training, motivation,
fatigue, adaptation, baokgrohnd noise, inter-listener variability,
and the Way in whioh the meesurements are organised and carried
out. In the measurement of aﬁditory pressure thresholds, for
example, these attributes, if uncontrolled, may introduce uncer-
tainties of 20 db or more. In spite of these difficulties, how=
‘ever, measUrements of many aspects of auditory behaviour can be

made with sufficient precision and stability to permit useful
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interactions with physiological observations. Instruments which
-aim to assess hearing acﬁity are known as audiometers. The
threshold level of the intensity of sound at different frequen;'
cies ofva sinusoidal wave is determined by pure tone audiometrys
"and the graph(so obtained is called an audliogram. These instru-
" ments caﬁ either'use‘air‘conduction or bone conduction. A'combi“
nation of the use of these devices, speech audiometry aﬁd other
well-established tests allow a decision to be made regarding the
patient's hearing ability.  The instruments are particularly
necessary in order to determine how far the auditory response of
any individual departs from the normal., It is essential that any
instrument is correctly and frequently calibrated against a
standard. In case of air~conduction audiometry the standard is
an artificial ear andlfor bone conduction audiometry an artificial

mastoid is used.

1.2.0 Organisation of Thesis

The present thesis work deals with the electrical modelling
of the 'Human Auditory System' and on its basis the classification
of different hearing impairments. The entire work is divided into

‘seven major topics.

Importance of the work and its study is discussed in the
present chapters and the human ear's essential ana‘tomy and'physip—
logy in the second. The second chapter also deals with the pefw

ception of sound and the theories of hearing.

In chapter three heariﬁg inabilities of varying degree

are enumerated and‘ﬁhe modern science of Audiology is brought into
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limelight. The recent techniques in Audiometry are also discussed.

Chapter IV consists of electrical modelling of the human
auditory systemn The model of the ear studied in this chapter
is the one that has been obtained after detailed mathematical
review of the many existing models. Out of the various electrical
models surveyed, i1t is the model undertaken here which possesses
the characteristics of a normal audiogram and resembles the
standards of_normal hearing thresholds. Therefore, it forms the
foundation of disease classification on the basgsis of electrical

modelling of the car.

The next chapter, discusses the hearing deficiency clagsi-
fiéation by audiogram. Chapte; V deals with the techniques of
audiogram interpretation and the international standards of mini=
mum hearing thresholds. It also describes the clinical audio-~
meter that was employed to record twenty normal and forty abnormal/
diseased audiograms. The evaluation of these audiograms has been
done with the help of physicians and experts and partly on the
basis of the audiogram interpretation methods discussed in this

chapters.

Qhapter VI evaluates the performance of the electrical

- model of ear presented in Chapter IV on the basis of mathematic—
ally derived impedance function. This impedanoevfunotion closely
resembles the standards of nofmal audible thresholds, thereby
Justifying the'model to be the desired one for hearing deficiency
classification. Therefore, at this stage, all thé sixty audio-

grams are analysed by a computer software technique and the
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different sets of RﬁLFC'parameters corresponding to each audio-—
gram ére obtained. The ranges of normal ear's electrical para-
meters»are determined by Gaussian probability curves and even-

tually the parameters for the hearing impaired are. detected aﬁd

grouped under respective hearing.defioiencies.

The last Chapter (VII) gives the conclusions obtained by
the entire work and stresses upon further modifications and deve-

lopments that can be carried out in this field.



CHAPTER-I
ANATOMY AND PHYSIOLOGY
~ OF HUMAN EAR




CHAPTER 1I

T pTa e T A

ANATOMY AND PHYSIOLOGY OF HUMAN EAR

2.1.0 Introduction

The eariis an organ concerned with the sense of hearing
and equilibrium. To understand the complete concept of auditory
- behaviour, the knowledge of ear's anatomy and physiology is
necessarily important. It is useful and conventional to divide

the ear anatomically into three sections ¢ the outer ear, the

middle ear and the inner ear, as shown in Fig.2.1l.0.

2.2.0 Quter And Middle Ear

The section called the outer ear consists of those struc-
tures that can be seen from outside the skull. The first and the
most obvious structure is the fleghy piece of tissue known asg the
pinna or auricle. Although, the pinna is relatively small, flat
and immobile, yet, i1t reflects éound waves towards the ear canal.
The next structure is the eér canal, which ektends from the pinna
to the ear drum. The ear canal is technioélly known as the
external auditory meatus. It carries inwards, the sound waves
diffracted and shadowed, partly by the head and partly by the
pinna. The eardrum, correctly called the tympanic membrane, is a
thin sheet of tissue that forms the last structure in the outer
ear. When sound waves travel down the external auditory meatus,
they bounce up against the tympanic membrane, and it begins to

vibrate. Just inside the tympanic membrane, there is a cavity



{ Middle ear cavity

Semicircular
Malleus

canals
Auditory nerve

Cochlea

_ Tympanic
membrane

Eustachian
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FIG. 2.1.0 ST'RUCTURE OF HUMAN EAR.
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in the skull bone that houses the three smallest bones in the
body. This is the middle ear cavity which ig separated from the
ear canal by the tympanic membréne, and i1s called the tympanic
cavity. The series of the three movable boneé, as a group, is
called the ossicular chain and these bonesg are called ossicles.
The ossicles are named according to their shape. The first bone
called malleus (hammer) rests against the tympanio'membrane- The
second bone called incus (anvi}),rests against the first 3 and
the third bone, called the stapes (stirrup) rests against ther
second. Whenever the tympanic membrane vibrates, the malleus
begins to move. Its movements make the incus vibrate. The\ .
incus, in tufn, sets the stapes into movement. In this manner,
the sound vibrations are transmitted from the outer into the
middle ear. The préssures in the ear oénal and the tympanic
cavity are nérmally equal. The ear canal is at atmospheric
pressure, and the middle ear i1s exposed to atmospheric pressure
only through the auditory (eustachian) tubé,nwhich connects the
middle ear cavity to the throat (pharynx). The slit liké ending
of this tube in the pharynx is normally closed, but during
vawning, swallowing , or sneezing, when muscle movements of the
pharynx open fhe entire passage, thevpressure in the middle ear
equilibrates with atﬁospheric pressure. A difference in pressﬁre
can bé produced with sudden changes in altitude, as in an elevator
or, air-plane, when the pressure outside the ear changes, while
the pressure within the middle ear remains constant because of
the closed eustachian tube . This difference distorts the

tympanic membrane and causes pain. The gssicular chain, the
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tympanie cavity with the eustachian tube form the middle ear

-~

[1,4,17,30].

2.2.1 Function of the Ossicular Chain

The placement of the ossicular chaiﬁ bétween the tympanib
membrane and the cochlea has a very speolal 51gn1flcanoe. In thé\
presence of stimuli, the external ear .. recelves .sound .signhals
in form of air pressure cycles. These mdvements;of aif molécules
muist be translated into movements of fluid molecules in»fhe
cochlea. The fluids iﬁside the cochlea ére'Cbnsiderabl&kdenéer :
than air and this higher concentration of molecules in the fluids
offers more resistance (or " impedance") to the‘movements thén the
relatively sparse éir'molecules.dé. _Thérefofe;’a gneatér ﬂﬁxée _
is to be applied,agéinst the fluids than against air to creafe
equal effects on them. This mechanism of apélying more force
agéinst»the cochléar fluidsras compared to~theiforce'created by
movements of,air molecules in externél auditary meatus, - is per4
formed by the middle ear boness the ossicles, thus, légiéélly‘

. perform impedance matching. This impedéhcékmatohing is accom-
plished when the ossicles transfer the movements of the reiatlvely
large tympanlc membrane to the movements of the very small oval.
windows PresSures against the entire Tympanic membrane are funded
ddwn, by'the ossicular chain to pressures agaiﬁst a membfanefdne'
twentieth its size. in‘other‘words, the pressure pef unit area of

"the oval window isléome 20 times greater than the»pressufe per

unit area of the ty&panic mémbrane; This 20 fold increase makes

- upffbr the higher impedance of the cochlear fluids;
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Sometimes, sound waves reach the cochlea. without passing
through the ossicular chain. This occurs when the bones of the
skull vibrate, and the outer bony walls of the cochlea are set
into motion. The vibrations of the cochlear wall make the fluids
inside move. Sounds that reach the cochlea this way, afe called
bone-conducted sounds. Bone conducted sounds commonly occur
when we speak, because, as the tongﬁe and lips move and the air
is expelled, the bones of the skﬁll vibrate. This is partly the
reason for the fact, that our own voice on tape appears strénge
from that we normally speak when we listen to the tape, we do not
receive the bone-conducted sounds that are heard during speech

- [17,20,22,30].

2.2.2 Function of Middle Ear Muscles

o v reeoem

Presence of very intense sound at fhe ear drum éauses, the
ossicles to amplify it further to higher intensities, in order to
acbomplish proper impedance matching between the air molecules of
outer and middle ear, and, the fluids of the cochlea. The reéult“
ing large displacements of stapes footplate tend to drive it
right through the oval window. To prevent this severe iﬁjury,
there is a protective mechanism which inhibits the stapes from
moving far enough to damage the oval window. This proteétive
arrangement consists of two very small muscles in the middle ear
cavity. Whenever the amplitude of a sound wave becomes suffi-
ciently large, these muscles reflexly contract. One muscle,
called the tensor tympani, connects the malleus to the wall of

the middle ear cavity and the second, called the stapedious
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muscle connects the stapes to the wall of the cavity (Fig.2.2.2).
When these muscles contract, the malleus is pulled slightly to
one side, and it does not impart as much of its movement to the
incus as it normally would. The result is that incus too, moves
less than it otherwise would and lesser motion is imparted to the
stapes. Now the stapes is no longer free to move in and out,
like a piston, against the oval window. The effective result is
that the oval window is not pushed or pulled to the limits of
getting damaged or torn by the stapes; and the waves created in
the fluids of cochlea are of lesser amplitude. As a consequence,

the sound seems less intense than it actually is [1,7,30].

2+3.0 Inner Far

The last and the most éssential part of the ear is the
inner ear or internal ear. The third ossicle i.e. the stapes,
rests against a thin flexible membrane in the side of a coiled
structure that forms the inner ear. Inside the coiled structure
are the auditory receptors - the cells that transform sound
information into neural information. The coiled structure looks
something like a very tiny shell and it gets its name, cochlea,
from a Latin word for snail. The cochlea is filled with fluids
and, when the stapés move in and out against the cochlea's
flexibie membrane, waves are created in the fluids. From the
cochlea, a oollecfion of‘neural péthways (axons), oalled the

auditory nerve, carry the neural information to the brain.

The intricacy of audition is directly related to the

delicate 2ndcomplicated construction of cochlea. The cochlea is
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a very small, snail ghell shaped structure, embedded in the bone
of the skull. There are, approximately, three and a half coils
in the human cochlea. The complete structure, twisted in a
-turban fashion has a height roughly the same as the width of the
tip of our smallest fingernail. The cochlea is made up of three
long chambers = the scala vestibuli, scala media and the scala
tympani. The first coil in the cochlea appears, in cross section,
as shown in Fig.2.3.0. Each scala (chamber) is divided from the
next one b& a very thin membrane. Scala véstibuli is separated
from scala media by Reissner's membrane; scala media is separated’
from scala .tympani by the basilar membrahen Trying to imaéine
that we could untwist‘the cochlea, slice it, along its length,
right down the middle, throw out the right half and look at the
left half from the cut side we would observe something like
shown in Fig.2.3.1. 1In the figure ' we see that the Reissner's
membrane and the basilar membrane do not extend the length of
the cochlea. At the apex they Join, the opening between them fhat
is created at the apex is called the helicotrema. The three
cochlear chambers contain fluid. Because scala vestibuli and
scala tympani communicate with each other at the helicotrema
they contain the same fluid called perilymph. Scala media
contains a slightly different fluid called the endolymph. The
wallg of the cochlea are made up of bone, except at two places
along the cochlea's base. There we have two flexible membranes.
The membrane that covers the bage of scala vestibuli is éalled‘
the oval window. It is tﬁe same flexible membrane pushed and

pulled by thé stapes, thereby creating waves in the perilymph of
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scala vestibula.- The waves travel down the length of scala
vestibuli, and through the helicotrema, the waves continue into
the perilymph of scala tympani. At its base, scala tympani aléo.
has a flexiBle membrane, called the round window-. As the pefip
lymph surges against it, the round window bulges out and in,
providing a kind of damping mechanism for the wavessReissner's
membrane and the basilar membrane are extremely thin tissues. -
Because of this, whenever waves occur in the perilymph, waves
will also occur in the endolymphs Thus, scala media will also

be affected when the stapes pusheé in and out against the oval
wiridow. The portion which includes Reissner's membrane, scala
media and its endolymph? the auditory cell receptors and their
asgsociated sfructures, and the basilar membrane = has been given
its own tabel: it is called the cochlear duct. The receptor
cells and their associated structures are located along the entire
length of the basilar membrane. The receptor cells are extremely
thin and have short hairs at their tips and are therefore called
hair cells. They Jut up out of supporting cells that rest on the
portion of the basilar membrane nearest the inner, narrow side of
scala media. Resting on top of the hair-cellg, there is a flap
of tissue called the tectorial membrane. All these structures
fit into the cochlea as shown in Fig. 2.3.2. The collection of
supporting cells, hair oeils, and tectorial ﬁembrane is called the
organ of Corti. It is this sensitive and fragile organ which is
most vital and indispensible link to the brain. All the hair
cells, of the organ of corti, bear very small, bristle = like

endings called cilia, which touch the underside of the tectorial
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membrane when the tectorial membrane moves relative to the ciiia,
the cilia are deformed by the movement. Somehow this activates
the hair cells. Lying just underneath the.bases of the hair
cells, among the supporting cells, are dendrites of neurous.

The somas of the neurous are located, in the bony, central core
of the cochlea, and their axous travel together towards the brain,
forming the auditory nerve (Figs2+3+3). When the hair cells
become active, they create graded potentials in the dendrites.

If the graded potentials are sufficiently large by the time fhey

reach the axon, action potentials occur.

Although once again we are in a mystery world where reecep-
tors translate physical energy into neural information, some
things are known about the processes invalued. First of all, the
critical step is to get the tectorial membrane to rub across the
cilias causing the bending of the cilia fromlside to side. This
is called-the shearing force and it occurs because the tectorial
membrane and the MHasilar membrane (dn'whioh the hair cells rest)
move at different rates and in slightly different directions,
when waves are set up in the endolymph; Part of the reason for
the differences in their movements has to do with the facﬁ,’tﬁa%"
the tectorial membrane is anchored at only one edge, while the
basilar membrane is anchored along both edges. The netfresult is,
that the tectorial membrane tends to slide (back and forth)
across the basilar membrane, bending the ciliar Another important
and known fact is that shearing forces causing bending in opposite
directions tend to produce cpposite effects. If the cilia are

bent one way, the dendrites become depolarized (an excitatory.
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response); if the cilia are bent in the opposite direction, the
dendrites become hyper-polarized (an inhibitary response).Finally,
it is suspected that activation of hair cellg is somehow related
to changes in the distribution of ions in the endolymph immediate-
ly surrounding the cilia. The precise way in which the shearing
of the cilia creates ionic changes is not known. In the auditory
nervous system,‘there/aré four sets of synaptic areas\(nuclei)
between the auditory nerve and the neurons of the auditory cortex.
At each of the synaptic areas, information may be compared, modi-
fied, analysed, detected or stored. The system is bilateral,
meaning thereby that information from each ear ends up being sent
to both sides of the brain. At virtuzslly every synaptic area,
there is more and more mixing of the information that originated
in the two ears. By the time, the information reaches the auditory
cortex,; there is an almost equal amount of information from each

ear, arriving on each side of cortex {17,20,30,37].

2.4.0 Theories of Hearing

e AL TR Ry T T et A oy T o

When the frequency of a sound wave is changed, the sound
changes in pitch.. The human ear can differentiate between sounds
of different pitch or frequency. This ability of the ear is
primarily attributed to the complicated reactions within the-
cochlea, whenever a change in sound's frequency is deteoteq.
‘Higtorically, there are two kinds of theories behind the reactions
taking place within the cochleas Fregquency theories and place
theories. These theories which seek to explain the essence of
hearing; were proposed long before much was known about the

structure of the cochlear‘duct.
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2.4.1 Frequency Theories

Frequency fheories hypothesise that the basilar membrane .
moves up and down in tune with the movements of thé stapes. For
a low frequency sound, the stapes move in and out against the
oval window relatively few times each second; as the frequency of
sound is increaged, the stapes move in and out at a fagter rate.
And the basilar membrane vibrates-at the same frequency as the
stapes. In ofher words, the vibrations of basilar membrane are
identical to those of air molecules entering the ear. The most
well known frequency theory is Rutherford's Telephone theory.

He proposed that the basilar membrane behaves.éimilar to the
diaphragms in telephones. The diaphragms move at the same
frequency as the driving stimulus (sound for the speaker diaphragmnm;
electrical impulses for the listening di'aphragm)° Ernest
Rutherford, proposed that the basilar membrane works the same way?s
it too moves at the same frequency as its driving stimulus (the:
movement of the ¢ :apes). Accordingly, he meant, a sound of 25 Hz
moves the,basilar membrane up and down 25 times per second. A

sound of 250  Hz moves. it up and down 250 times per second.

2.4.2 Place Theories

TS ST Wl Wi et BRI

In opposition to the frequency theories, all the place
theories, Propose that the basilar membrane does not respond as
a. single unitary structure. They propose. that different portions
of the basilar membrane react to sounds of different frequencies.:
These theories postulate that sounds of different.friequencies’

each activate a particular place along the length of the basilar-
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membrane. The most well known of the older place theories is
Helmholtz's Resonance Theory. Hermann Von Helmholtz (1863)
postulated hiz *hocry by principally concentrating on the shape
of the basilar membrane. According to him, the basilar membrane
is narrow at the base of the cochlea and broad at the cochlea's
apex. As shown in Fig.2.4.2;, we can’clearly notice Helmholtz's
findings. He proposed that the basilar.membrane is similar to
musical instruments that are made up of a'series of stretched
strings of various lengths Fig.2.4.3 when a short string is
plucked; 2 high, pitched sound is produced by the string's vibra-
tion. When longer strings are plucked, low pitched sounds are
produced. An identical operation is acoompiished by the basilar |
membrane when sound pPressure waves cause the selective resonance
of the membrane. Thus, high freguency sounds cause vibrations in
the narrow end of the basilar membrane and low frequency sounds

produce vibrations in the middle or wide portions of the menmbrane.

For the Helmholtz's Resonance Theory to be correct, the
bagilar membrane mist be under considerable transverse tension,
i.e. if the strings of the musical instrument are slack, they
would not resonate. They must be taut. Helmholtz suggested
that this is also true for the basilar membrane. Many years
after Helmholtz proposed his theory, a researcher named Georg Von
Békdsy directly tested Helmholtz theory by making a small hori-
zontal slit in the‘middlevof the basilar membranc. If the memb-
rane were under transverse tension, it should have ripped opehe.
As it ‘turned out, the basilar membrane did not rip open, and Von

Bekdsy concluded that the basilar membrane is normally guite slack.
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He proved that the Helmholtz Resonance Theory is not totally
wrong, because he confirmed and accepted the notion of place
theories. He, then, proposed a new theory known as the Travell-
ing Wave Theory'. Von Békédsy managed to drill a small hole in
the wall of the cochlear duct, sprinkled some very fine shavings
of aluminium on the basilar membrane, covered the hole with glass,
and then watched what happened vhen the stapes moved at different

frequencies.

The aluminium shavings were needed because the basilar
membrane itself is so thin as to be virtually transparent. He
discovered that the place theories aré essentially correct:
different portionsof the basilar membrane reaot to sounds of
different frequencies when the stapes moves at higher frequencies,
the narrow end of the basgilar membréne moves yp and down the most.
As the frequency of stapes movement is lowered the location of
the maximum movement of the basilar membrane shifts towards the
wider end at the apex of the cochlea. The movement of any parti-
cular location along the basilar membrane is created by very
complicated waves in the fluids, which are set up by movements
of the stapes and reflections of waves off the walls of the
cochlea. 'As waves, reflect off the walls, they reinforce, or
cancel out, both, each other and the additional waves being gene-
rated by the movements of the stapes. The outcéomg is that some
portions of the basilar membrane are subjected to strong waves,
while other portions remain relatively still. This is schematic~
ally represented in Figa2m4m4m‘ Referring to the dashed

"envelopes™ , it is clear that different portions of the basilar
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membrane are mnaximally affected by different sound fregquencies.
The more a region of the baéilar membrane moves, the more the
tectorial membrane bends the hair cells of that region. 4nd the
more the hair cells are bent, the more their associated neurons
wlll change their firing rates. Evidently, sound frequency is
signalled by the identity 6f the group of neurons that produces
the greatest changes in firing rates, implying thereby that our
auditbry perceptions depend upon comparisons of the relative
activity of different neurons. This approach, to understanding
the cochlea, is called Von Békdsy's Travelling Weve Theory, and
it correctly describes the movements of the basilar membrane in
response to sounds above 500 Hz. Sounds with frequencies less
than 500 Hz create up and down movements equally.throughout the
entire length of the bagilar membraney as a result,‘hair oeils
through out the cochlea are equally affected by sounds bélow
500 Hz. Therefore, the principle béhind frequency thebries is
correct when it comes to low frequency sounds, and the principle
behind place %heories is correct when it comes to moderate and

high frequency sounds [16,17,27,30,37].
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CHAPTER III

HEARING DEFECIENCY AND AUDIOMETRY

3.1.0 Introduction

Déafness and hard of hearing have different meanings.
Deafness means nearly complete or total loss of hearing. It can
be oongenitél or acquired. An individual who is congenitally deaf
is one who ig either born deaf or later becomes deaf because of
an inborn defect. In-the.acquired type, the pPerson is born with
normal hearing but bécomes deaf due to an accident or illness.
Hard of hearing applies to those who lose some of the ability to
hear later in life, but who may have learned to speak before the
ioss occured. Deafness is caused by mény conditionsy most of
these are mentioned and described in the following paragraphs.
Five to ten percent of people have a hearing defect, temporarily
or permanently, which is severe enough to impair their normal
functioning of the ear. Hearing loss may occur at any age and
produces disability depending upon the degree of loss; the age at
which it occurs (interference with language and speech develop-

ment), and whether one or both ears are affected [7,17].

3.2.0 Hearing Losses And Disorders of the Har

R R SRR S
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In general we can classify hearing losses into four major
categories. The first one categorizes- "as-..conduction

deafnesse If an individual <cannot " hear “sownds that
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reach the cochlea via the tympanic membrane and ossicular chain,
but can hear the bone conducted sounds say produced by resting
the base of a vibrating tuning fork against the skull; the person
is said to suffer from conductive hearing loss. Thie type of
loss is associated with defects and diseases of the middle ear,
ear drum or ear canal. The resultant hearing disability, as
meagured by pure tone audiograms, is usually fairly uniform as a
function of frequency, but increases at high and low frequencies.
The second, broad, category of hearing impairment is nerve deaf-
ness. In this case the suffering individual cannot hear either
airborne or bone conducted sounds. It is due to disturbance or
damage in the inner ear i.e. cochlea, er, some defect in the

- auditory nerve leading to the brain stem. This deficiency is
also known as sensori-neural loss, the audiogram showing 1oes for
ugually high tones than for low ones. Two common causes of
cochlear impairment are Meniere's syndrome and traumatic noise
exposure. The laiter typlcally affects the outer hair cells at
the basal end of the cochlea and produces a rapidly falling high
frequency hearing loss. Disorders in the auditory nerve occur
~due to a tumour; hemorrhage, or multiple sclerosis. Some of these
disorders causing sensorineural loss are discussed, in more
detail, later. The third major class of hearing loss is central
in nature. This type of impairment is not, neoessarilyyiaccomw
panied by a decrease in auditory sensitivity but tends to mani-
fest itself, in varying degrees, thfough a decrease in auditary
comprehension. For example, the subject may have a normal or

- nearly normal audiogram, but may be unable to recognise or-
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interpret sounds, specially speech. The state also refers to
mixed type of deafness i.e. due to disturbance in both the conduc-
tive and nerve mechanisms. Lastly, adding the fourth clagsific~
ation we have the functional type of deafness. For this type of
hearing loss, there is no knowh organic involvemento While this
clagsification is said to have an undiagnoséd‘pathology, it does
Properly embrace many very real cases of deafness, for whiéh the

causes are psychological or motivational rather than physiological.

Disorders of the ear occur in numerous forms. The most
common of ear disorders is earache. It can be caused by a
foreign body that becomes trapped in the ear reéulting in its
inflammation. If the foreign body plugs the auditory canal,
there is a blunting of hearing or a temporary deafness which is
relieved on removing the object. Earache is also caused by boils,
furuncles, fungus infection, inflammation of the ear canal. But

in these cases normal hearing is not affected.

Many disorders, both inflammatory and non*inflammatory
affect fhe-middle'ear. These are, in most of the cases, caused.
by respiratory infections which invade the middle ear through the
Eustachian tube. Bacteria also cause such infeofions,'entering
the middle ear cavity, through perforation(s) in the ear drum.
Acute middle ear infeotion\called otitis media, causes swelling
of the Bustachian tﬁbe; and waves of deafness occur freguently.
Hearing is_impairéd if repeated attacks of otitis media persist.
A chronic middle ear infectionldevelops as a result of persistent
ear infection or from respiratory diseases. It may also be caused

by diseases such as tuberculosis, measles and syphilis. One of
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the main symptoms of chronlc middle ear- infection is a ringing
sensation in the aféected ear. It comes at intervals in the

i beginning, tho: grédually ringing becomes constant. The sound
varies both in pitch and intensity. Hearlﬁg is certalnly affected,

- but total deafness seldom occurs. Another serious disorder of the
middle ear is secretory otitis media; characterised by the collec~
tirn of fluid in the middle ear. This fluid may be either clear
or glue~like. The predominant symptom of the disordéfvis impaiﬁed
hearing, which varies from slight to almost tofal loss of hearing.
Acute draining middle ear infection is another basis‘ofvimpaired
‘hearing. It originatéé from the same causes as all the middle.
ear infections menfioned above. The chief symPtom is filling of
the ear with fluid, which gradually becomes puslikeg Hearing is
affected as‘iong as pus remaing in the middle ear. After several \
days, the eardrum ruptures spontaneously'and; abouﬁ, after three
weéks time., the fluid seeps‘throuéh the cahalg then subsides and

stopss This per oratien in the drum usually, but not always;

- heals over.

Many cases of severelylmparraiheaw1ng in adults are

" attributed to middle ear infections in childhood. One reason for
prevalence of such infections among children is thaf, in infants
and young~0hildren, the Bustachian tube is shdrter and more
_ngarly’horiéontal. Thué, the tube is more likely to becéme an
avenue of infeqtions in children thaﬁ in adults. The_easiest and
cmost effective manner of ‘preventing middle ear infections is to
establish good hygiene habitsrand loW'resistanoe to respiratory

diseases, since childhood. If early diagnosis of middle ear
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infections is not done, the infections spread éasily towards the
inner ear, asvparts of the ear are very delicate and intricate,

thus vulnerable toc many diseases. -

Tinnitus,. or ringing\in the ear, ig yet another very common
auditory phan@menoh which is experienced occassionally, to a mild
degree, by almost everyone. The disorder is caused by spontan~
eous discharge of hair cells or nerve fibers. The sensation of
noise, also known as ear noise, is more noticeable in quiet
environment. It is symptomatic of an irfitation of the sense
organ and 1s induced in many ways; such as, by excessive intake
-of drugs like quinine antibiotics and aspirin. The symptom may
also be caused by excessive amounts of coffee, tobacco or alcohol
or due to exposure to high iﬁtensity sound. The incidence of
tinnitus increases with age and the ear noises occur most often
in persons between the ages of 50 and 70 years. It also intensi-
fies under conditions of stress and tension. In severe cases, it

contributes significantly to the disruption of speech perception.

The eardrum (tympanic membrane) which divides the external
ear and the middle ear is subjedt to puncture or rupture through
sevéral types pf inJjury. Most\commonly, ear drum is punctured
due to insertion of a sharp object into the ear. Also, violent
explosions near the ear may cause the drum to tear or rupture.’
Decreased air pressuring during or after descent from high
attitudes, severe sneezing, diving, and increased Pressure
frequently, are also reSponsible for damaged ear drum. The
damaged ear drum is usually the site of smail, chalky {lime)

deposits, which are formed due to repeated attacks of ear
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infection. There is no successful method of removing chalk
deposits without seriously injuring the ear drum and thus depress—

ing the hearing to greater extent.

Advanced age is another well known cause of impaired
hearing. Changes associated with aging occur throughout the
auditory system and include the degeneration of hair cells,
particularly in the basal turn of the cochleay alterations in the
cochlear fluids and the loss of neurons in the ascending path
ways and cells in the auditory cortex. These effects are collect-
ively termed presbycusis and are mainly manifested as a high
frequency loss that increases with age and adversely affects
speech discrimination. An additional phenomenon assoclated with
it, is a dip in the audiogram at 4 KHz. Prolonged exposure to
very intense noise or industrial noise also produces this reduc~
tion in hearing sensitivity which cannot be easily distinguished

from presbycusis. ~

Loss of sensitivity is not the only symptom of a hearing
defect. Various forms of distortion or loss of clarity of thé
incoming sound signal are alsé common. Sensori-neural impairment
is usually accompanied by some degree of impairment of speech
discrimination. As a result of hair cell degeneration, some of
the frequéncy=resolving power of the cochlea is lost and the
hearing impaired individual experiences difficulty in making fine
distinctions between speech sounds, particularly in the high
frequency range. Speaker's voice 1s easily heard but the effected
person is unable to distinguish, for example, between the words

"fat" and "sat".
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There is another phenomenon called recruitment that occurs
in conjunction with many types of sensori - neural lossess sﬁb—
Jecting the patient to experience an abnormally rapid growth of
loudness with sudden increase in signal levels. As a result, the
impaired ear has a considerably reduced dynamic range; because
not only is the threshold of detection elevated, but a rela-
tively small increase in sound level makes the sound uncomfort-
ably loud. The abnormality called diplacusis 1is one; in which a
tone 1s heard as having a harsh or buzzing quality‘or having more
than one pitch. A common form of diplacusis is that, in which
different pitches are heard by the two ears for the same sound.
The disorder, rendering-a nerve type of deafness is caused by
local irritation, fatigue or mild injury to the organ of Corti,

and .sometimes is due, to prolonged exposure to a very loud sound.

Attributed for its origin to the inner ear, there is
another serious malady described by Prosper Menieré named.Meniere's
syndroms after him. Its charaoferistic symptoms are sudden,
severe attacks of dizzines, tinnitus; and a fluctuating hearing
loss. The cause and mechanism of thils order have not been defini-
tely established; and therefore, thg term "syndrome" is used |
-generally rather than the term "disease”. Persons in the middle
age group are more commonly affected by this syndrome. The
vertigo associated with this phemomenon may be so violent that thé
simplest activities become impossible. Usually, the patient has
a sensation of objects whirling around.Nausea and_vomitihg are
associated usual symptoms. The course of this syndrome is unpre-

dictable and the patient may suffer for a very long period with
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the episodes of attacks oocurring after gaps of a few years. The
hearing loss in the ear, involved, is total. According to one
theory, the syndrome is related to an unvalance of pressure

- between the perilymph and the’endolymph. Careful and a very
calculated surgical operation of the cochlea is carried out to

drain out, usually, some of the endolymph fluid.

To conclude, deafness is due to many causes summarizing
them, oncé again, following are the conditions from which poor or
total loss of hearing results:

(1) Temporary or chronic infection in one or both ears;

(2) Secondary complications of disease elsewhere in the bodys

(3) Direct damage or defect in some part of the hearing system;

(4) Aging; (5) Occlusion of the auditory canal; (6) Aero-otitis

medias (7) Meniere's syndrome; (8) Otosclerosis; (9) Noise, and

(10) Certain ototoxic drugs including Kanomycin and Streptomycin.

Associated with the above the degrees of hearing loss are:

(1) Conductive deafness which results when sound waves are not
transmitted properly through the outer and middle ear.

(2) Nerve deafness results when there is a damage to the inner
ear or the nerve path way to the brain; This is a greater
handicap and in many cases 1s difficult to cure.

(3) Mixed hearing loss contains elements of both the conductive
and the sensori-neural types of loss.

(4) Centfal type hearing loss 1s caused by disorders in the

 central nervous systeim.

Certainly, mixed and central types of hearing losses are

most severe ones and can rarely be reversed.
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Poor hearing also results when any individual suffers
from severe infections during very early childhood.Head colds,
fonsillitis, measles, searlet fever, mumps and meningitis are
some of the infections diseases which damage to varying degrees
the hearing mechanism of a child. These infections may attack
one br many parts of the ear. The degree of loss of hearing.is
dependent on the severity of the infection. If a woman develops
German. measles {rubella) during the first three months of her
pregnancy, the new born will, in at leagt, 70 percent of the cases,
suffer a paftial hearing'defect. This congenltal deafness may be
masked by even more severe birth defects resulting from the
mother's infection. 01ld age may have some bearing as a cause of
hearing ioss. Serious infection with damaging éonsequences to
hearing rarely occurs after a person has passed‘the age of twenty.
Later in life, usually after the age of fifty,-changes whicﬁ lead
to partial loss of hezring, specially for higher tones, may occur

B

in the auditory rn.rve [3,7,8,16!.

-

3.3.0 éggiology

It is a relativeiy modern field which has been unraveling,
since the mid nineteenth century, many baffling guestions related
to speech and hearing sciencesj neurophysiology; psychophysicss
architecture and functions of the auditory nervous systems
mechanism of hearing and structure of the ear; auditory impavie-
mentss speech Perception deficiency, techniques of measuring
hearing acuity; developing and progressing sensory aids for the

deaf and dumb, and different methods of categorization of auditory
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deficiencies, the most vital being audiomgtry. The history of
audiologyg to be vrecise, can be traced down the yeér 1876 when
Alexander Graham Béll discovered, while attempting to develop a
speech waveform display for the deaf, the principle of driving
a'relatively large mass (which was an electromagnet) by a very
fine, lightweight diaphragm that was.sufficiently sensitive to
respond to acoustic vibrations in the air. This discovery led to
the developmént of telephone. In the yvears that followed, it had
an enormous influence on subseguent research and study of the
different aspects of audiology mentioned aboves. The science of
audiology was utilized to the best results after the World War II.
In India, its advent was even later i.e. in tﬁe mid 1960's. Since.
then, as a profession and research field audiology has grown
considerably both in terms of thé sophistication and in terms of
the 'extent of its application. The most upgraded and versatile
device used in its application fields by professignals offering
audiological services, is the audiometer. Depending on their
extensive and indispensible utility audiometers can'be broadly
classified into three main categories. in'the most crude form
audiometefs are manually operatedu Recent advent of automated
and microprocessor based systems for‘on line computations, moni-
toring and control has led to the increased production and circu-
lation of automatic and microprocessor based audiometers. Audio-—
métérs can be further classified into the following types:®
Screening, clinical diagnostic, Individual or group type; all
having speech and pure-tone facilities. Developmental changes

in the field of audiometry cover a time~span of nearly more than
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100 years Advances in this field of bio-technology are summarized

below [1,11,15,21.38].

¢ e sewemas oo

Year

petd = axen e

Type of Audiometer‘

1875

1878

1879

1885

1890
1899

1504
1914
1919

1921

1922
1924
1940

on-—
wards
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.Audiometer

EE zw i

Telephone receiver (it makes possible
use of earphones in audiometer)

A coumeter (utilized telephone
receiver for the first attempt to
develop puretone audiometer)

Electric Sonometer (ingpired first
the use of the Tterm audiometer)

Application of binaural receiver in
audio meter

B.C. Vibrator

with logarithmic
intensity

Phonograph in audiometer
Electric generator

Otandian (First audiometer which
could produce puretones of any
described frequency and of
measurable intensity)

Vaccum tube audiometer (utilized
interrupter switch)

First Commercial clinical audiometer

Provision of both AC and BC made
available in audiometers

Several commercial audiometers
appeared in market with vacuum
tubes replaced by transistors
and integrated circuits. '

P

=

Discoverer

hAlexander Graham.
Bell

Hartman

D«.E« Hughes

Jacobson

Gradings

Seashore

Sohrer Bryant
Stefamine

Germans

Gutman

Wegel and Fowler

“Knudsen and Jones
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3.4.0 Pure Tone Audiometry

Whether commercial or clinical diagnostic type or advan~

ced microprocessor based - all types of audiometers employ test-

ing the hearing acuity with the help of pure-tone sound signals

of varying magnitudes and frequency. Generation of pure tones

and assessment of a person's hearing

ability is genuinly- brought

about by a combination of precisely, accurately and carefully

designed electronic circuits composed of, necessarily, an oscil-

lutor, attenuator, transducer and switching mechanism - all

together forming the audiometer [1,5,21,23].

(a)

(b)

Oscillator: It has a range of freguencies, producing elect-
rical signals of sinusoidal waveform either in discrete
frequency steps or a continuous range. These frequencies/
frequency signals are made free from harmonic distortion,

at the intensities required, by careful designing of the
oscillator.,

Attenuator: A1 attenuator is needed to accurately change the
power output of the oscillator. Thié is usually in steps of
5 db, but smaller intervals are available for more precise
testing. | »
Transducers The signal may be presented to the patient by
alr-conduction either from a loudspeaker or through ear-
phones. The latter is a more usual method as it reduces the
effects of background noise. The transducer must be a high~
grade moving coil devioé, free from distortion at the fre-
quencies required. It is specially important to investigate

the frequency response of an earphone for resonance. In
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bone-conduction audiometry a moving iron transducer is used
as a much larger mass is to be moved. Also, this transducer
must be applied to the head at the proper location by suitable
means so that a definite pressing pressure 1s achieveds

(d) Switching? The switching mechanism is necessary for the
switching of pulses to be made silently to avoid the "click™
effect on the ear due to a transienf response which is
produced by a sudden application of pressure. The electrical
pulse is allowed to build up and deday by passing it through

a low'pass filter before it reaches the coil.

3,4.1 The Békdsy Audiometer

\
The recently developed audiometers are based on the

_principle of working of the Békdgy Audiometer. The automatic
clinical diagnostic type are'actually Békésy Audiometers used by
Pathologists, bio~engineers and medical physicists. In its origi-
nal form, the aud ometer has a continuously variable frequehcy
with a range of 100-10,000 Hz. The oscillator is driven by an
electric motor over the complete range in 15 minutes. The sub-
Jject can change tﬁe intensity by preséing a button, which drives
a motor to change an attenuator; so that the intensity decreages
at about 2.5 db/min. The subject presses this button for as long
as he can hear the test tone, then releases it as soon as the
tone becomes inaudible.

The recording is made automatically, since the motor
driving the frequéncy control also moves a card under a pen=
recorder. The resulting audiogram is a zig?zag pattern, but

shows the threshold responge of the subject [1,21,23,31}.
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34,2 Eiiiggetion of Audiometers

i e T S S e e I S

In the case of air-—conduction the power output from the
transmitter, which provides the electrical signals to the ear-
phone, can be determined. But it is difficult to determine the
intensity of the signal received at the ear in terms of pressure.
This can only be done by coupling the transducer to.an artificial
ear which is equipped with a microphone of known sensitivity. It
is essential that this artificial ear is carefully designed to
simulate the average human ear, i.es. so that at all frequencies
it presents an acoustic load, to the sound wave, of the same

magnitude as the average human ear.

In case of bone conduction the amount of vibration from a
moving iron transducer can be determined, but the effect on the
ear itself is not known. The calibration of these transducers\is
performed using an artificial mastoid that simulates the average
humen head in terms of mechanical impedance. The sound waves are -
detected by a vibration sensor instead of a sound pressure detec=
tor as in the artificial ear. This detector cannot be placed
between the transducer and the mastoid as it would affect the
calibration; so the detector, a piezo-electric crystal, is placed
in the body of the artificial mastoid. Here it receives a frac—
tion of the force at the surface, the applied force's resultant
on the mastoid being measured independently. The response of
the ear in our conductional geometry is independent of the means
by which the transducer is connected to the ear, whereas, in

bone conduction audiometry the response depends on the area of

contact and the force of application of the transducer. &
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" gtandard has been set for these conditions by the International
Organisation'fon.Standardization.i.e. the static force must be

5.4 Newtons and the area. of contact mist be 1,75 cm2[l].

3.4.3 Recording of Results by Audiometer

In audiometers used for screening large numbers of subjec—
ts,'say in an industry, the instrument'should be self recording
(e.g. Békdsy audiometer). Five or six discrete frequencies
(e g 0.5;192,354 and 6 KHdz) or, a continuous fange of frequency
is used’and the intensity is allowed to.vary at the rate of
+ 2.5 db/s of ~ 2.5 db/s. Consequently, the subject indicates
when he hears the signal by pressingla button. A mpré general
diagnoétic ingtrument has more facilities and.ranges.of frequen=
cies. The testing of a subject is complioated"by the psychqu“
gical aspects of understanding instructions and respohdiﬁg
accordingly to the patient's ability to make a decisiony whether
fhe pafienf isrmOre willing té say, "yes" when he might be
wrong or vice-versa. This introduces an error in testing that
can cause unreal éhangés of 15-20 db in either diréction of the
thfeshold lévél at a-given'frequency. The response to the sig-~
nals near the threshold is not a simple "yes' or "no" response
but shows a statistical relationship dependent on the intensity.
 Over a raﬁge of 1=-2 db a subject will show a result which varies
according to the level of intensity. If pulsed tones are used
at high intensity the pulse will be heard every time, but there
comes a,pdint, as the intensity is iowered, at which the sub~-

ject will hear only a percentage of the pulses, even though they
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are all of the sarﬁe_intén_sityr~ Detailed study ‘shows that this
response is an S—shaped curve (Fig.3.4.3), A suitablé criterion

. -for determining a precise thfeshold response is to use the 507
reéponse. With fhe limited_tune, uéually available, this coﬁplete
curve cannot be plotted. Tn practice it is found satisfactory

to define the threshold as that wvalue of sound pressure at which
at least two responses are obtained for four separate stimuli of
2-second duration. This point is approached by first lowering the

 intensity and then raising it [1,31,38].

3ebel Masking

In patienté with unilateral hearing loss or asymmetpical
biléteral loss there is a pdssibility of obtaining_a false thres—
hola level for the poor ear (Test ear or T.ear) as the signal may
be of such an intenéity that it -is transmitted across the skull
to the non-test ear (N.T. ear). This produces é false diagﬁosis.
To prevent this faulty diagnosis the technigue oailed magking is
employed. Masking consists of a noise presented to the N.T. ear
to shift its-threshold level upwards and effectively more intense
tones can be used for the T. ear without crossovere. Therefore,_
whenever there is a problem of the test fone (in air conduction
af;d bone conduction tests) beiﬁg heard by ﬁhe N.T. ear, masking
is a powerful tool. Different mdsking noises applied in 4.C. and

B.C. tests are as follows [3,4,5,10].

.3.4;5 Masking Noises

(i) Complex noise? It consists of a fundamental frequency and its

harmonics.
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(ii) White noise: Is a continuous spectrum of'frequency. The
actual frequencies presented to the ear,; although, depend on the
frequéncy response of the transducer. This frequency response is
reasonably~f1at (i 2 dbJ upto 6 KHz.

(iii) Narrow band noise: It is produced»by-passing a continuous
spectrum of frequency through a band-pass filtér. The pass band
is described by ite centre frequency (e.g. 1 KHz) and band width
at -3 db (e.g. 300 Hz).

Narrow band noise is preferable to white noise, but either must
be used instead of complex noise because discrete tone can

produce beats with the test tone.

Masking is used in air-conduction audiometry when the
sighal applied to the.test ear exceeds, the bone-conduction
threshold in the non=~test ear, by more than 40 db. In bone
conduction audiometry, masking is used, whenevef the test ear
exhibits an air-bone gap. The procedure of maskiﬁg is as follows
in case of bone-conductional tests: |
(1) The air-conduction threshold on the N.T. ear is determined
using the magking noises
(ii) Next, the bone conduction threshold on the tesf/ear is
determined using the pure tone.

(iii) Finally, the masking noige is increased by 10 db and step

(ii) is repeated.

As the masking intensity increases, the apparent threshold level,
for bone conduction, of the test ear rises. Therefore it is
recorded that the true threshold of the T. ear is when the appa-

rent threshold level remains fixed at a value.

-
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3.5.0 Tests Conducted by Modern Audloneters

QeSS

In general the tests, conducted by an audiometer, in
recent times are classified into two well knowﬁ and important‘
groupss

Subjective tests and

ObJective tests.

Subjective tests include Recruitment of Loudness, Short
Increament Sensitivity Index (SISI), Threshold Tone Decay (TTD)
and Speech Audiometry. Reorﬁitment of loudness is a term asso=
ciated with cochlear or peroeptive deafness. Even if-the bone
conduction threshold is normal, there is a recruitment of loudness,
meaning thereby that while near the threshold a sound is heard
with less than normal loudness; at intensities quite above the
threshold sounds are heard at normal loudness. The test of this
consists of asking the subject to make loudness adjustments to
pure tones of the same freguency apolied alternately to each ear.
An example, of the results of this kind of testing, is depicted
in Fig. 3.5.0. The Short Increment Sensitivity Index is used in
the diagnosis of cochlear disorders. In this test, a pure tone
is presented to the subject at a certain intensitj (ugually,
about, 20 db above threshold) but bunctuated at random intervals
by a pulse of 1/5 second duration with a small increament in
1nten51ty level (usually 1 db) which is 1mpercept1b1e to the
normal ear. However, the subject w1th loudness recruitment is
likely'to register this change because of the greater slope of
'1oudness sensation against the intensity level. Therefore, the

patient is asked to count the number of pulses that are heard
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and this score is used as a measure of the degree of disordér.

The threshold Tone Decay is the test which gives a measure
of the degree to which a loss of sensitivity is produéed due to
prolonged exposure to a, téne/sound. The test indicates fhe
level>of the toﬁe‘to'be raised so thét it is properly perceived.
The patient is tested by comparing the effect of a continuous
tone with a pulsed one. Patients suffering from retrocochlear
disorders may have a normal threshold with pulsed tones, but
show dramatic tone decay for the continuous tone. For patients
with severe damage of the cochlear parts (may be hair cells,
basilar,membrane or connecting fibers to the auditory cortex) the
tone is increased in intensity to 60 db over a two minutes conti-
nuous exposure! When the audiometer is used as a speech audio-
-meter 1t functions as a device for reproducing speech Sigﬁals, éf
all sorts, at a known intensity for making tests of artioulatiqn
or intelligibility. The component syllables of speech have a
range of intensity of nearlyVBO db. Therefore, the instrument
needs a careful design to produce a list of syllables and words
for a specific purpose. In some audiometers these are spoken or
read in the inbuilt microphone of the instrument, but the usual
convention is to record them on tape. The speech signal is
presented to the subject through micfophones or free-field. Thé
inﬁensity level during recording is read on a volume indicator
(eg. VU meter) of known responge. To obtain the speech audiogram,
a plot of the number of oorreot~w5rds (word score) against ;nten~
sity is made. This has the same S~shape as the curve for pure
tones shown in Fig.%,3.4. Here-again, the. threshold response is

taken as the 50% level.
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After brief explanation of different subjective tests, we
come to the objective tests. These tests are specially useful in
cases where lack of co—operation in other tests is observed.

Thus for children and patients who cease to follow the instruc-—
tions given by the personnel conducting audiological examination,

the objective tests offer a useful approach. They are as follows.

3.5.1 Evoked Response Audiometry

T ooy T I LEa T I TERSR T ST AS. A & RIS S, TR A

Here the respohse of the patient to an auditory stimulusg
is detected in the EEG. The most prominent signals are from the
vertex of the scalp (known as V~potentials, QV in amplitude), in
the form of a complex of waves. These responses are divided into
three classes, the categorization depending on the time of

appearance of the response after application of the stimulus:

* (1) Fast; with a latency of 8-50 milliseconds.
(ii) Siow; with a latency of 50-300 milliseconds.
(iii) Very slows with.a latency of 300 milligeconds to several

seconds.

These very low voltage signals are detected by a sgpecia-
lized computer known as Computer of Average Transients (CAT).
The CAT operateé on the basgis of summing many signals and then
presenting their average as the fiﬁal outﬁut (response signal).
This technique of summation and averaging has a very benéfioial
advantage of effectiVely increasing the signal to noise ratio.
Noise is a coﬁmon feature mafking the weak EEG signals and being
random in ﬁature is erased ouf since summation of random signals,

eventually, cancels them to zero. The signal to noise ratio is
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_improved.by a. factor N , where/N represents the number df‘totél
responées added togethér. The triggéring of the averaging system
is done by using and épplying a signal from the'audio—sfimulus
generator so that CAT starts operation instantaneéusly ﬁerforming

the averaging in about 500 ms. . ' | .

3.5.2 Acoustic Impedance Audiometry

'This technigue of asséssing auditory behaviour is very
widely uSedgrand is éﬁ objective examination, for.diagnOSingAthe"
middle ear diseases, in particular. It is well known that the
acoustié impedance of the tympanic membrane. determines the trans—
mission characteristics of the middle ear i.e. if the acoustic
impedances changes it direotly affects the tranémission of soﬁnd
signal through the middle ear. . Therefore measurement of this
aéoustic impedance 1is performed, in this objective test, by
varying the pressure on the ear drum.‘_The variation in pressure
is brought about by using a manometer'wifh a coupling tube and
then reflecting .sound waves of known intensity off the tympanic
membrane. The'membrang reflecting the sound waves.intensifies
or attenuéfeé their intensities substéntially aocbrding to the
defects of the ear. The'intensity of the reflected wave is
detected by a microphone and this Qbservation is used‘to calcu-
late the impedance offered by the membrane. When the recorded
impedance is lower than normal the patient suffers from ossicular
discontinuity. If this aooﬁstio impedance is higher than'ﬁormalr
the deficiency is Qlinical otosclerosis , and for very high‘

value of. the impedance above normal the patient is said to suffer
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from acute inflammatery and chronic diseases of the middle ear.

5543 Eighth Nerve Action_Potential

o o wm e T T

It is another name given to action potential of the
cochlear nerve and is a very importaﬁt physiologicai variable
used in objective audiometry to diagnose diseases of remote inner
éar° Measurement of this potential is entireiy a cumbersome and
careful operation présenting the létest technique used by medical-
Physicists these days, to detect all types of cochlear disofders
and the disorders of nerve pathways Between the cochlea and the
auditory cortex. First of all a sound stimulus is given to the
ear which eventually converts it to a series of action potentials
travelling to the brain via the cochlear nerve. These action
potentials form the response tc the original sound stiﬁulus and
are measured by piercing'neeale electrodes in the auditory nerve
or by using electrodes in the medullary region. The recorded
response is ampli‘“ied and sent to the CAT so that the information
is computer processed Jjust as in the case of evoked response |
audiometry. The characteristics of this processed information
lead to the detection and diagnose of the many diseases, defects,
and losses of audition in the inner ear and the augitory nerve.

Another recently developed technigue is thai of taking
the EMG of.the post auricular ﬁuscle. The electro~myogram.ig
monitored for response to auditory stimuli and the signal is
again extracted from background noise by computer averaging

techniques [1,4,15,20,38].
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CHAPTER IV :

MODELLING OF HUMAN AUDITORY SYSTEM

4.1.0 Introduction

As a whole, the entire human éystem and its functioning is
a complex mechanism undergoing every moment somé unknown.and some
known changes. Out of the five sense organs, the human ear is no
~exception. Numerous methods and theories have been laid down to
analyse the undergoing proéesses in the, vet, partially undis-
covered‘ear mechanisms. Modelling, ié the outcomé of the may
methods adopted and followed that, answers aﬁd deciphers the
“intricate operations'of the human ear-thus simplifyiﬁg its opefa-
tional*aﬁalysié to best anatomical evidences. It is a powerful
process to clagsify andeiamine the different parts and performan~
ces of‘the ear. In the past‘feW'yeafs, the mdst up”tO“date | |
technique of modelllng the sense organs, widely used and 1mproved
+ upon gradually, is the technlque of 'Electrical Modelllng
Besides unrolling-the complexities,oj the ear it is the only
technique available that enables a biomedical.gxpert to engineer
- the formulation of the complete ear és an independent;ﬁnit and
hence analyse to deepest intricacies the remarkable function and
perférmanbe of different parfs of the ear-unraveling thereby, thé
defects, deficiencies and diseases affecting the ear to wvaluable
diagnostic results. In the present work an attempt has been
made to carry out the task with the help of elaborate computer

software and graphics. Details are discussed in relevant sections.
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For convience purposes, modelling and performances of
each part of the ear are considered first separately and then

the equivalent model of the complete ear is analysed.

4.2.0 Electrical Modelling of Outer Ear

The most peripheral of the auditory subsystems is the
external ear wﬁich includes not only the acoustic effects of the
external auditory meatus (ear~canal), but also the diffraction
and shadowing nroduced by the head and the auricle. The parts df
the external ear before the tympanic membrane can be modelled,
for most acoustic purposes, as a lossless structure with rigid -
walls. In its simplest fofm, the structure can be compared to a
cylindrical pipe or tube. But since different individuals have
varying shapes and sizes of the ear canal, it would be proper to
illustrate the transmission of sound through the ear canal by

giving it different forms or shapes.

In the idcal condition, conventionally assumed, the ear
canal transmits all the incident sound energy without loss into
the middle ear via the tympanium. Therefore the canal is modelled
and compared to its electrioél counterpart . — the lossiess trangs~
mission line. At the input of this model,; sound preésure is
equivalent to electrical voltage that is-carfied by the trans-

- mission system in a manner quite analogous to ear canal trans-
ﬁitting sound waves. In general, a wave represents a collection
of disturbanées whose occurrence.at two different instants of
time dePends on the time lag factor being proportional to their

space-location distance or separation length along the path of
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travel. 2ccurrence of these disturbances at Successive moments is
called motion of the wave and is usually known as propogation of
the wave along a direction. Relating all these factors mathe-

matically, we proceed as followse

Let us assume that the instantaneous value of voltage, at
a particular location, along the transmission line is v(d,t),
where 'd' represents the distance variable and 't' the time
variable. For pure tone inputs, the voltage varies sinusoidally
and for any frequency 'w', the input voltage, initially, (i.e. at
d = 0) can be given as V{(0,t) = v, sin wt. At some variable
distance d, the signal is delayed by the term d/u corresponding

to time t, and can be written as,

v(d,t) = v sin w(t - d/u)
= V_ sin (wt - wd/u)

m
= Vm sin (wt - 84)
=V, sin (wt - ©)
where,
vV, = Peak magnitude of input signal
u = Velocity of propogation of waves
B = %'= propogation constant
8 = fd = delay phase angle.
Again, |
R = %’: %%i
. 8= 2B g = ana/a (1)

where A represents the wavelength along the transmission line.

!
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The delay phase angle '8! is a very significant parameter
here. We have seen from Eq.(1) that 'e¢' depends on wavelength
(\) and any distance 'd' along the transmission line. Since '@
varies inversely with A, we choose the upper limit of audio

frequency range, and obtain, A by the relation,

A = Velocity of propogation/frequency of sound.
Then from expression (1) above, we can calculate the value of 'e'.
The value for 'd' can be chosen from the set of different lengths,
of ear canal, experimentally estimated by various scientists. The
magnitude of '®' so calculated, gives the maximum delay in phase,

which is a negligibly small value.

This small value of maximum delay obtained, allows the
modelling of ear-canal as a transmission line with lumped circuit
elements. In other words, it allows the assumption of the fact,
that at a given instant of time the ourrentlflowing at each point
of the system hag identical magnitudes and that the magnitude of
voltage between all pairs of 6pposite points of the transmission
system is identically same at a particular time instant. Hence,
the distributed parameters of inductance, capacitance and resis~
tance can be represented as lumped ones. The circuit configura~
tion of lumped T-networks is chosen as the transmission line
model of ear canal becausethis'is the only arrangement that
permits the simplé conversion of individual network elements into
their equivalent transformed acoustical counter-parts, and, thus
renders the closest relationship between anatomy and modelling of

ear~canal.
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The ear canal in its simplest form is considered to be of
uniform cross—sectional area. This oversimplified approximation
further leads to non-uniform cross-—sectional area considerations
modelled as ﬁore accurate electrical networks. How exactly we |
proceed to the realistic configuration, is step-lined in following .

articles [2,6,14,33].

4.3.0 Review of Uniform Ear Canal Configuration

G e

The elements of the lossless transmission line model are
capacitances and inductances, with the inductaﬁces appearing in
the series branches and the capacitances as shunt bfanches. These
parameters have a significant Jjustification for their placements
in the model, which is obtained by equating, the inductance in
Henr&s to acoustic mass units; and capacitance in Farads to
acoustic compliance units. The acoustic mass and the acoustic
compliance in turn depend on twb very important anatomical
measurements, the radius of ear canal (taken to be a tube of
uniform cross~section) and its 1ength- The following relation-

ships illustrate this analogy.
The total inductance of the model is given as,
_ 2
L=d o /or (2)

~and the total capacitance is given by,

C=4dn 1«2/9o & - (3)
where,

L = inductance in ienrys -

C = capacitance in Farads
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d = length of ear canal
r = radius of cross section of canal
PO = density of air

It

velocity of sound.

The analogy holds, and is performed, for the ambient conditions
of temperature and pressure. The values of r and d vary from
individual to individual. A group,of different values of radius
and length of canal, investigated by a few scientists,points to
the obvious variatipn, | |

!

Length of Ear Canal (cm) Radius of Cross—section (cm)

2.2 (BRauer) 0.38
2.7 (Békdsy and Rosenblith) 0.35
2425 (Teranishi and Shaw)l 0¢35
2.3 (Weiner and Ross) 0.37
2.25 (Zwislocki) 0.374

Therefore, L and 2, really cannot be fixed at a particular value.
To construct the model, we choose d = 2.25 cm and r = 0,374 cm,

to begin with. Substitution of these values in equations (2) and
(3) gives the total inducténce LT ag 5.90 mH and the net capacit~

ance magnitude as C, equal to 0.694 uF. Applying these values in

T
the T-network configuration, the single-T-representation of the
ear—oaﬁal is depioﬁed in Fig.4.3+0. Although this.model repre-
sents the external ear to a considerable extent but essential

nature of the network representation is actually configured in a

miltiple T-network arrangement‘whiohrcén be easily simlated as

an independent ‘electrical—ear-canal' model, for analysis purposes
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Now the question arises = what is the criteria of determining the
number of T”seotiong,énd what is the optimum value of this number
Before entering these details let us consider the most effective
parameter of a non-dissipative transmission line = the oharacter'

Istic impedance Ze

The lossless transmission line when terminated by its
characteristic impedance, presents a very useful behaviour of its
voltage=transfer charaoteristics, that offer the greatest help in
determining the number of I“éeotion° The response plots for
single, double and ten section networks, shown in Fig.4.3.1; are
.drawn in the graphic representation of Fig.4.3.2. Referring to
these figures ¢ the networks terminated by 92 ohms (explained
later), show a response that deviates from unity for the section
less than ten, meaning thereby, that a minimum of ten tee-section

forming the transmission line, model accurately the ear—canal.

The end branch of these network fepresentation's comprises
of the terminating resistance which is shown to be 92 ohms. It is
speoially to be noted here, that this value of terminating resis-
tance is but one of a number of values that have been found in
various investigationse Therefore, it is suggested‘that values of
the terminating resistance can be taken from 25 ohms to 10,000 ...
ohms. Fig.4.3.3 depicts the effect of changes in ZO, for a ten~
section network configuration, on the voltage transfer éharac*
teristics of the ear-canal and signifies the optimum selection
of the resistance termination. A unity responsé ourve/piot

signifies the lossless and distortionless transmission of sound

\"\4 6 A7)

Central Lisrcry University of Roorkes
RGSRERS

signal [2,4,6,9,26,28].
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4.4.0 Non-Uniform Ear—Canal Representation

When the enr-—canal 1s compared to a tube of uniform orosé"
section, the purpose of modelling is basically to' study, and
infer, the effects of transmission line network on the sound(
signal i.e. to theoretically justify that a transmission line
with lumped elements channelizes all the input signals faithfully
to the tympénium. Anatomy of the ear dictates that the ear canal
is not one with uniform dimensions i.e. the radii of the tube-
structure, taken as physical model, differ in magnitude at the
entrance and at the end of the canal. In other words, the more
practical representation is offered by a tapered canal. Since
the volume occupied by a uniform canal and a tapered one is same
(approximately), modelling and analysis in both the cases is
similar. The details of tapering and the subsequent alterations
in the eleﬁents and hence in the entire network are enumerated

in the paragraphs to follow.

i

It has been investigated that canal taper dependé on the
individual. Very rarely, an individual,'with normal ears, can
have differing ear canal taperings. A few invéstigétors have
discovered that, on an average, ear canal at its entrance possesses
a radius of 0.332 cm, while at the tympanium end has a radius of
0.415 cm. The dimensions areAfound in- reversed magnitudes in
many’individuals. This physical model of the human ear canal,
quite identical to the frustrum of a right cone, is shown in
Fig.4.4.0., From this figure the ratio of 2 radii is 1.25 for oné
case (shown) and 0.80 for the reversed taper, and is called taper

ratio. Due to tapering, considerable changes in the elements of
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the transmission line model are brought about,'effecting the
response plot of the network. Modifications in the mathematics

of uniform canal configuration help a great deal in knowing the
new inductance aﬁd capacitance parameters. For the purpose of
modelling the tapered ear canal, the complete frustrum shaped
figure is divided into a number of equal parts or sections, the
individual elements of inducténce, capacitance etc. being calcula-
ted, by evaluated aﬁalogous quantities of acoustic mass and compl-
iance eté¢. The element inductance of the tapering canal is

given by,

L=4d po/n ryr, in Henrys
and the element capacitance is given by,

_nd .2 - 2 .

C= 3 (rl + rlr2 - rg)/DOC in farads.
In these expression for total inductance and capacitance occurring
in the series and shunt arms respectively of the mathematically
modified transmission line model, ry and r, represent the radii
of ear canal at the two ends. Supposing the ear canal to be
divided into 'n' equal sections, n being any arbitrary natural
number, the individual magnitudes of series inductance and shunt

capacitance in general forms for any Kth section (K is a natural

number) are given as.

inductance element for Kth section among n sections

- - 4a .
= Ay 0o/ ™ Ty T(ys1) = 7 Po/ T Ty T(irl)

and,
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c, = dapagitance element for kth section among n sections

nd -
Tk 2 2 \ 2
”3 (rk T rk r(k+l) + r(k+l)//po C PR

fi

It

S 2 2 2
T e T Tyt ?(k+1))/'°o C

where 1y is calculated by,

.._(LKW_: 1 ) ’_:b "";il.g),' :

= g+
'y = @ n

where k denotes the numbef of section among tbtal 'n' sections;
and 'a' and 'b' are the two end radii of the ear canal shown in
Figeh.4.l. For the tapered oén@l representation in network form
we have the electrical analog shown in Fig.4.4.2. The diagram:
depiéts a loitee network (with a terminating resistahce R). The '
two .inductances of an individuél T nétwork cannot be equal since
' the tapering changes the indUEtance parameter at each diétant'
location along the ear-~canal. Therefore, it is very obvious that
thé inductanée modelling tdwardé‘the decreasing taper possesses &
larger'magnitude than that>signifyiﬁg the increased taper sectidzk
These two indﬁctaﬁces‘for each T“netwofk ére calculated by furthef
sub-dividing each section into two sub-divisions i.e. each kth
section into Ky and K2 sub=sections and then modifyiﬁé the indivi-

‘dual elemental values to,

= .4 \
g, =78 % Po/™ Tk T(ke0.5)
and =& x o /ar T, ‘ ‘ |
, ]'K on * 2o/ P (k+0.5) T {k+1) . -

, 2
 Applying all the above modifications, a typical tapered ear canal
electrical Enalég is obtained and shown in Fig.4.4.3. The figure

also shows the divisions performed on the tapered structure of
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the ear—canal. The numerical values of individual elements are
calculated for n equal to tens The ideal and most appropriate

ear canal network analog is one consisting of an iInfinite. number.of
sections, and only this electrical analog would represent the
communication oficomplete transmission. Practically, this analog
is not attainableshence a minimum of 10 section are taken for

accuracy purposes [4,6,9,29,33,35].

4.5.0 The Cqmplete Mg@el of the Human Ear

The ear~drum separates thé outer ear from the middle and
inner ear sections. The external ear mainly and necessarily
functions to channelize the entire incident sound energy, via its
transmission line behaviour, to impinge without any loss on the |
ear~drum. The ossicular chain of the middle ear amplifies. this
incident energy according to the conditional reflexes and require-
ments and converts it into a form that.matohes the cochlear sound
transmission leve's. Hdw, this mechanism takes place physiéaliy
we have already studied earlier. The manner in which the sound
is transmitted, via the electrical analog of a real human ear, is
discussed in the following paragraphs. A complete normal human
ear is represented,.first, in the form of an electrically analog-
ous block diagfam and then each block is represented by a network
based on anatomical = evidences and findings, for prediction of

individual elements of every networke.

Referring to the construction of the human ear described
in ChapterAII and Pig. 4.5.0,the block diagram of the functional

acoustic units of the ear is drawn in Fig.4.5.1. It contains
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the essential functional anatomy_of‘the complete ear structure
including all the important ear parts righﬁ from the ear drum
to the cochlea. The diagram depicts five blocks. The block
representing the‘middle ear—cavities placed prior to that‘depect"
| ing the ear-drum has been explained by Zwislocki on the basis of
his experimental results performed on pathological and real ears.
He concluded on the basis of his findings that, displacements of
any part of the ear drum ... cause compressions and rarefactions
in the air enclosed in the middle ear oevitiesf But it is not
necessary that these displacements may be faithfully transmitted
to the'ossioulaf chain. Hence the blocks are arranged as shown.
The second block depicts the ear drum. This block represents
only those parts of the tympanium which vibrate in a manner

different from that of the middle ear bones.

Some portion of the tympanic membrane does vibrate with
the same amplitude and phase as the malleus and incus attached to
it, therefore the third block is taken to depict all the three in
one unit; We have known earlier that.the middle ear reflex
miscles acting as damping agenﬁs cause transmission of only the
appropriate amount of sound energy via the incudo-stapedial
Joint into the inner ear. The next block i.ee. the fourth, accounts
for this factor representing the incudo-stapedial Jjoint thfough
which the sound eﬁergy is not transmitted in a lossless mode,
thereby offering a protective mechanism against very loud and
very high.frequency sounds. The last and the fifth block repre-
sents the end of the middle ear and the'begiﬁning of the inner

ear, the cochlea. This final blgok together comprises of the
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stapes, cochlea and the round windows. In.other words, it modelé
those network elements which form the last and final impedance
offered to the acoustic energy entering the cochlea. Beyond this
point we have the intricate structure and mechanism of the basilarl
membrane and resting on it, the organ of Corti. As will be dis-
cussed a Little later, the cochlea's basilar membrane enabling

the travelling wave mode of transmission fo the sound signals is

best and most appropriately modelled as a transmission line.

Referring to the blbok diagram depiction of the normal ear,
the analogous electrical network obtained by investigations and
experiments of several scientists is drawn in Figs4.5.2. The
values of the inductances, capacitances and resistanceé are chosen
from alvariety of values obtained by researchers like , Onchi, |
Mollar, Zwislocki and many others who improved upon the anatomical
and physiological facts, laid down primarily by Békdsy, while
employing them to analogous electrical network simulations,
which when composed of certain parameters of appropriately definec
placements in the network and dictated to possess the anatomic—
ally evidence based magnitudes, offered wonderful and desired
results predicted, priorly, by former anatomists and medical

Physicists.

An electrical network that possessed the closest resemb-
lance to the functional mechanism of the human ear is discussed
here gnd as already mentioned, 1s shown in Fig.4.5.2. All the
sound energy transmitted by the ear canal with ideally no losses
is ac%ually subjected to an impedance, mathematically quite

complex in nature. This is the impedance that is offered by the
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network of normal éar presented in Fige.4.5.2, which processes
the sound energy to be comminicated to the inner ear, while
attenuating, and sometimes amplifying it from point to point
alohg the network. All that the inner ear receives are sound
signals of aﬁ acceptable intensity wi}thin‘ the audiomrénge. The
actual frequénoy analysis of the sound signals (or a signal)
take place along thé entire length of the basilar membrane whose
resonance frequency varies from 20 KHz to about 100 Hz, this
peculiar frequency selection being the cause of audiogram frequency
range starting from 100 Hz and extendihg maximum upto 8 KHz or
10 KHz (in some cases). The upper limit is fixed at 8 Kiz
beoause-beyond this frequency 'plotting of the audiogram is, of &
cvery misleading information. A few recent investigations have
led to the conclusion that losses in hearing, occurring around
8 KHz account for other higherifrequency'losses too, thereby
ieading to ‘an unreasonable diagnosis. Eut-again this internation-
ally accepted practice, does not answer thée question of inter-
mediate—partioular frequency losses above 10 KHz or that whether
these losses contribute to thé sti}l; various undiscovered yet
suspected hearing %o%ses.

while evaluating fhe performance of the éleotfioal nefﬁork
model (Fig.4.5.2) it was found that the net impedanoe<of the
netwofk had‘a strict resemblance with the nofmal'audiogrém (A:C;)‘
and with the standards of fSO;l964 (4.5.3). The graphical behav-
iour of the'network, described by its inpﬁ% iﬁbedanoe, which is
the impedance offered to any‘and every sound siénal ét the ear

drum, is shown in Fig.4.5.3. In this graphic representation it
~ . I - = . .
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- 1s observed that for low frequencieS'tﬁe impedance is much higher
than that for higher frequencies: Again beyond the region of
6.8 KHz the impedance starts increasing. The solid line depicts
“the required region under study. Another important conclusion
arfived is, that the range of maximum sensitivity fof'a normal
human ear is from 1000 Hz to 6800 Hz i.e. the impedance offered
is the minimum, thereby implying that the eaudible threshold is

lowest in this frequency range.

Some very important and extremely useful results were
obtained regarding the variation of the network elements for
diseased care, with the help of the graphical depiction in

Fig.4.5 -3.

Any audiogram exhibiting a nature differenf from that of
a normal audiogram is referred to as one of hearing impaired
individual. The self-explanatory implication follows immediately:
a different audiogram must.be the response of an individual with
the ears modelled by a different impedance function. Meaning
thereby, a different set of parameters of the network!model
other than the one formed by values shown in Fig.4.5;2. Therefore,
the technique of parameter esﬁimation was employed using the
. computer software to evaluate the performance of each audiogram
-and Justifying for the electrical model variations and the disease

classification to satisfactory extents.

All these procedures and conclusions are discussed in

détails in the articles to follow [4,6,19,21,26,34,36".



4.6.0 Transmission Line Model of the Basilar Membrane

T TR TR A T T A T S, B T ST

The lossless transmission line structure of the ear canal
transmits all the sound energy entering it, to impinge on the
tympanium. This membrane responding and thus vibrating only for
the frequencies within the audio range, offers the first and
féremost set of impedance parameters along with the other succes-
sive impedances of the middle ear. The sound energy after being
Processed by the complex impedance behaviour of the ear-parts is
ready at the effective resistance of the cochlear complex to be
communicated to the brain. It is the mysterious delicacy of the.
basilar membranc that functions to convert the vibrations of
sound or the sound electrically impeded by the complex impedance
set (Fig.4;5-2) to be transformed to a form reoognised by the
brain as sound. Referring to the structure of the basilar
membrane in Chapter II, it has been pointed out that every group
5f hair cells (or a cell) situated all~along the organ of Corti
send(s) a nerve fiber to the cortex of audition. Also, the
bagilar membrane is the place in the ear where the frequency
analysis of the sound, reaching thé cochlea, takes place. Differen
hair cells respond to differing frequencies. Hair cells of the
cochlea towards the outer portion respond to lower frequencies
and the responsive attitude of the hair cells for higher frequen-
cles comes into play as we go deeper towards the end of the
cochlea. Théfefore we can say that the movement of the stapes
is transmitted by the oval window to the labyrinth, which is
filled with fluid. The fluid {details already discussed in

Chapter II) conducts the sound to the cochlea, where the receptor:
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are located which convert the acoustic signal to nerve impulses.

Different frequencies cause wave resonances to occur at different

locations along the bagilar membrane and frequency discrimihation

occurs by stumulation of receptors in different positions of the
membrane. With the underlinéd as the principle, Dennis H. Klatt
and Gordon E. Peterson examined the cochlear selective resonance,
postulated by G. Von 3Békédsy, Zwislocki, B. Bogert and H. Fletcher,
and combined a group of identical serieslresonant R-1L-C networks
each separated by an induot;nce“to'model the typical transmission
line behaviour of the cochlear path. The model designed by them
is shown in Fig.4.6.0. This electronic circuit was devéloped to
experimentally justify the behaviour of the re-examined transmi-
ssion line model of the cochlea. The network is a passive laddc:
network of fifty seotioﬁs (the ideal number being five hundred
for the ideal response of continuous resonénoe within the auvdio
range). The input (voltage) to this network model is analogous
to stapedial displacement and the output is at each parallel
branch resistor, whibh is the voltage corresponding equally to
the displacement of a corresponéing point along the basilar memb-
rane. Component values were predetermined by a trial and error
procedure on é digital computer. The component values were then
modified by the experimenters -until the voltage transfer functionc
matched Von Bdkdsy's tuning curve data. The responses to a
selected set of input frequencies, for the finally constructed

electronic hardware (Fig.4.6.0), are shown in Fig.4.6.1.
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Refering to the electrical model of Fig.4.6.0, the induct~
ance Ls is an element determined by the width of the basilar
membrane; lp is determined by .the mass per unit length of the
membrane; Cj is determined by the stiffness per unit length of
the basilar membrane and Rp is determined by the dissipation
or loss per unit length of the membrane. The width, mass; stiff-
ness and resistance all are different at the different points of
the membrane and therefore the vibrations of the membrané's hair
cells and the respective membrane portions are varied for diffe=
rent frequencies. The sound energy dissipated, at each parallel
branch resistor (Rp), possesses a single frequency that is carried

as a nerve impulse and is perceived as sound at the cortex

[4,13,14,20,27].
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CHAPTER V

e

CIASSIFICATION OF HEARING DEFICIENCIES BY

AUDICGRAM

A S L S TR

5.1.0 Introduction

In addition to the categorizations so far described
eérlier in Chapter III, seyerai attempts have been made to define
the categories of hearing impairment., The most empirical method
possessing highest importance and pdpularity-in legal and pract-
ioal apolications claséifying and hence identifying héaring
impairments, of varying degrees to the most minute diagnostic
evidences, is by.the audiogram. Bio-medical and bio-—engineering
4expefts like I.J. Hirsh, A, Risberg and J. Martony have done
outstanding work in describing this major field of classification,
while they studied communication for the deaf in the past twenty
years, and their contributions are referred to, many times. Until
recently, two zero reference standards for audiometry and audio-
meters were in use, The American Standards Association (ASA)
scale applles to much of the data gathered pPlOP to the year
1964, while, the Iateﬂnetlonal Ofganlsatloa for Standardization
(IS0) scale has been used with increasing frequency since that
date, The ISO scale has been officially adopted by the American
Natiomai Standards Ingtitute (ANSI, formerly ASA) in the recent
years and is now incorporated in the newly manufactured audio«\

meters. To a rough approximation, the ISO threshecld sound pressure
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level is 10 db more sensitive thén that on the old ASA scale.

The method of audiogram classification described by
Hirsh involves the calculation of the mean heariné level for
three pure-~tone frequencies, 5000 Hz, 1000 Hz, and 2000 Hz. Thr-
ee oategor;es are defined. Referring to Fig, 5.1.0, Group I
embrages mean hearing ‘levels between %0 db and 50 db (ISO),
Group II includes those with mean hearing levels in the range
60 db to 90 db and Group III contains aidiograms with mean hear-
ing levels poorer than 90 db. Typical andiograms demonstrating
the three classes are shown in the figure, In most practical
situations the fagbor which distinguishes Group II from Group
iII is the question éf whether there is any 5earing at all above
1000 7z, Group III audiograms can sometimes he further subdivided
into those that have some high frequency hearing fvom those that

do not.

The method of Risberg and Martony is a modifisation of
the system described by Wedenberg which, takes into congideration
the information bearing elements in .the acoustic spee:zk signal,
the limit belween hearing and vibration in the low freqiency range,
the intensiﬁy of fhe speaker’s own voice and finally the thregh~
old of discomfort, Risberg and Martony have extmined the relat-
- lonship between these factors and the audiogram, and have devel-
oped the classification boundaries shown in Fig, 5,1.1. The
frequency range is divided into twé bands, 125 Hé to 1000 Hz and
1500 Hz to 6000 Hz.‘ The low band is divided into five ihtensity

regions and the upper bhand into six regions. The C region, for
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example, approaches the limit of hearing. Region B, however,

does indicate hearing. i clagsificatioan B3 indicates that the
. . ,,_ . u_ono_.

audiogram is 1in the region B" for low frequencies and 3 for

high frequenéies.

An audiogram helps in evaluation of auditory problems
by determination of the type of hearing loss by comparigon of
airconduction and bonewconduotiqn thrasholds. It also, helps
in determining the tvpe of rehabilitation needed for an indivi-
duval suffering from hearing impairment, Hearing test results,
particularly those of pure tone audiometry are presented in The.
form of a graph - the audiogram,‘thus, defining the graphic
representation of hearing as theé test results. The term audio-
gram was first used by Fowler and Wegel {1944). For puretone
hearinsg testing, frequencv is expressed in Hertz and intensity
in decibel, The American Standards Association recommended in
1974, that frequency be represented by the horizontal line
(abscissa) and h.aring level by the vertical line (ordinate) of
the graph, The digits of the hearing rahge in the audiogram
correspond to the digit ranges given in the intensity dial of the

audiometer. The same holds true for frequency also.

Although no . standard specifies the freguency and inten-
sity range, an audiogram generally has frequency range of 125 Hz
to 8000 Hz at ootéve intervals and an intensity range of O to
100 db which in many cases extends from élQ db to 110 or 120 db,
depending upon the audiometer, O db on the audiometer dial is

not the absolute zero of the sound pressure level, but rather a
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reference sound pressure level which represents normal hearing
level for normal hearing adults. It is equivalent to 0,0002
degrees/cm2 for puretones., Thus a line at O db HL is some sort
of normalizing line which represents normal hearing, The point.
above this line indicates hearing that is better than the stand-
ard norm and point below it indicates heéring. The hearing level
of -1C Cb indicates that the individual who shows threshold of
-10 db has the hearing ability which is more sensitive than

average 15, 181,

5,2,0 Aydiometer Used

Ia the present work, for experimental and diagnostic
purposes, the audiometer that was used, for recording &and plotting
of audiograms, is a clinical audiometer, It has a provision of
turn channel facilities, is intended for pure tone threshold
measurements by air and bone conduction, provices the facility
of speech audiometry and many complicated tests such as threshold -
tone decay, shifting voice,; Supra Threshold Adaptation Test
(STAT), audiometric weber test and etc, etc. Hence, the pure
tone auvdiometer apparently offering the purpose of general dia-
gnosis, actually leads td a compreheinsive evaluation o hearing

aculty or hearing impairments.

The instrument is designed for use on A.C. supply of
230 volts, 50 Hz. It is not to be connected to ZC supply., A
safety and slow blow fuse of 500 mA rating is provided oa the

near panel of the instrument. Referring to Fig. 5.2.0, the
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powear (Mains) ON/OFF gwitch is iocated'at the right bpttom
sideiof the front panel. A red neon glow inside the VU meter

is illuminated when the power supply is ON. A warming up per-
iod of about a minute is required beforé Tthe instrument beeomes-
ready to dperate. As poinfed out in the figure, thecfrequeﬁcy
contfol switch is located at the right centre of the front panel
and it selects the puretone,frequenéy ranging from“250 Hz to

8 KHz, 1In its'finai_positidn it selects speech signal for speéoh‘
- Audiometry. On the left side of the front pamel is seen the
'hearihg level alternator, The control knob rotates in clockwise
- direction to increase the éound intensity, It serves the pur- .
pose of measuring the patiént’s hearing Ievél in deoibei~réfe«
rred to IS0 zero {0.0002 degrees per cn®) and is calibrated in
increaments of 5 db over the complete range of O to 110 db.

The readingélare common for both Air Conduction (AC),and Bone
Conduction (BC, measurements. The maximum inteasities available
at various frequendiés for.Air Conduction and.Bdne Conduction
are as fdllows; | |

Yaximum Intensity for AC and BC

Frequency in Air Conduction in Bone Conduction in

Hz ... [ |~ L |
é50 100 - o ‘ 25
500 - 110 60
1000 ‘ ilO ' | ' - 60
11500 110 | 60
2000 ” o 110 , - 60
3000 110 o 60
4000 - o 110 | 60

6000 : 110

8000 . 100
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The . front panél of the audiométer also contains a
Masking;Selectof Switch bélow the. frequency oontrol; The knob
rotates in clockwise direction switching in 10 db steps ‘over
the entire magking noise range frdm 30 db to 90 db SPL, The
Masking Selectof switch2g off when wmagking is not required..
| When the‘instrumeﬁt is uéed as a gpeech audiometer the fréQuenéy
controi is shifted tq select speech signals.' The épeeoh gain
control is located at the left corner of the froat panel, and is
uséd to adjué£ the input,of_speech, és allive voice through

the inbuilt microphone ag shown in figure, or as a.speech signal
- from a'pre-recorded tapé} The VU meter in this case serves as

a voice level monitor, énd the speech gain is adjusted to defleot:
the neédle to the special mark indicated in the speech level |

meter, .

At the top left end of the panel,there is located the
interruptor switch marked as INTERRUPTER}- This switch has a
special significance of iocating. the pufe tone or gpeech signai
momentarily and operatés by bushing in for signal present and
again pﬁshing:in for signal absent.l Another significant operator
switch 1s the output switch used as the mode s2lector, This is
the oufputhWitch used as the mode seieétor. This placed at
the extreme right end corner of the facing panel, Following are

the modes of operation of this selector (in elOpkwise'direction)
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(a) Pogition Right,
Tone/Spéech on,;fa..,, To right Ear Phone
NOiSE wecooovaacsscsncss Lo left BEar Phone
Bone‘Conducfion veeoo.. WO signal

(b) Posi%ion Left,
Tone/Speech +..c0e.... To left Ear Phone
Woise erevieveeeveoos To right Bar Phone
Bone Conduction ...... No signal

(c) Pésition Bone,

TONE ceocoocvooascosaos LO Bone Conductor Vibrator
NOLSE sovesvssasosesse ieft Bar Phone

Right Phone ...eeeeveos MO signal
_ . &

5.2.1 Testing Procedures

While performing different tests with subjects the
gudiometer is plased in & quiet room; although an Sudiometer Booth'
is prefefred. A gpecial apartment is a necessity to provide pro-
per enviromment conditions for threshold audiometry. An important
precaution while using the'insfrument is that it muét be placed
so that the subject cannot gee %he front control panel, Before
starting the‘test the operator explains to the subject about
a series of tohes that are heard, via the earphones or bohe
vibrator, From low notes to high notes and that these. sounds
will be switched on and off, graduvally getting quieter, Also,
the opefation of the press button switch, exclusively provided

for the patient, ig detailed so that as long as the patient
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presseg the button a small glowing red 1ight display indicates
that the patien£ is heafing the signals,. Special attention is
‘given'to‘deaf and dumb children in order to perform the tests

giving correct diagnosis.

5.2.2 General Tegfs

Air Conduction Threshold measurement;.Bone Cenduction
Threshold measurement, Mésking.Threshdld measurement fo; AC and
BC and Speeéh Threshold measurement are the most common testing
procedures performed by ENT specialists all over the world.

5.2.3 Air Conduction Threshold Measurement

1

~The procedure oonsists~of setting the threshold of - hear-
ing af‘the quietest iével for diffefent frequencies, The headband
fitted by the two'earphones‘at its two ends is adjusted on the
‘ patient5s head so that the éarphones provide a pro?er seal over
the ears and that the ear cushion is correctly positioned to the
subject’s ear canal.. The masking attenuator is set to OFF, the -
frequency control to 1000 Hz and the hearing level attenuvator at
- an intensity to which the subject is expected to respond (it
is usually 60 db). In caseé‘of mild impairmenf the patient
indicates that a tone is heard when the INTZERRUPTOR is denressed
for one or two seconds. But if there is sevece impairment the
tone is not heard and the’heéring attehuator is switched in
10 db steps until a response is evoked. The hearing level is

then reduced in steps of 5 db to recheck the threshold. This

3
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entire procedure is repeated for increasfng frequency levels
upto 8000 Hz.and finally the threshold levels for low tones are
obtained i.e, at 500 Hz and 250 Hz, Air Conduction Thresholds
are recorded for both the left and right ears separately in &
graphical form - the aﬁdiogram.' Ags a coavention dictated by
the audiometer literature, the left ear threshold levels are
marked by a smaill 'x' and joined as a complete plot by a solid
blue’ line, and the right ear threshold levels are marked by a
'0 'mark all connected by a solid red line. An audiogram is

discussed in more details later. .

5.2.4 Bone Conduction Threshold Measurement

The bone conductor and headband ares placed on the head
with the bone conductor resting on the mastoid bone behind
the ear to be tested, Before commencing the test of each ear,
250 Hz puretone_is applied by pressing the interruptor to lock.
in position and asking the patient to explore. the area behind
the car for the most-sensitive point i.e. the position where the
pure tone ig heard the loudest. A frequency of 250 Hz ig chogen-
because it is easier at low frequencies to Judge the correct
contact point. For this purpose the hearihg loss attenuator
control is set to 15 db above the subject’s threshold. Once
the bone conduction point has been located, the conductor and
head band must remain in this position throughout the test on
that ear'for all frequencies from 250 Hz to 4000 Hz, As a ruie,
the test is commenced at 1000 ¥z and testing performed for

higher frequencies in steps firgt and then the bone conduction
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thresholds being recorded for 500 Hz and 250 Hz., The audio-
gram shows the graph in the form of a dashed line, Figuresl to

20 in'Chegpter VI, show an audiogramsfor pure tone tests, per-—

formed on = normal subjects.

/

5.2.5 Magking Threshold Measurement For AC -and BC

T e A e

In.the course of the testing procedures for,air'oonduot~
ion threshold recording, described above, if it is found that
thé difference in air conduction thresholds of the two ears, at
any_partibular frequency exceeds 40 db, or if it is suspected.
that the respohselhas been evoked from the opposite ear (non~test‘
or N}i; ear}; masking is applied to the NT ear and the threshold
of -the Twear is rechecked, Masking can be‘deliVered to alter-—
nate ears and thus the puretone stimulus is obtained in the
ear under test for all positions of the output switch. The same
pfinciple of wagking the untested ear and keening the ear under
test‘unoécluded is followed in bone conduction audiometry. For
proper masking; the noise intensity is raised by 5 or 10 db,
above tne threshold of Air Conduction of the T-ear, into the
N.T; ear, This is known as the Masking Threshold level and is
often used for retesting the B.C, fhresholds. Going in the
details of B,C.‘testing, the masking intensity is raised by
10 db above the Masking Threshold ILevel followed by an increase

f 10.db in Bone Conduction Thrashold, The noise intensity
switch is again rotated for a further 10 db increase and the BC
’threshold~ohecked again, This procedure is continued until a

point is reached at that value of the BC threshold which remains

/
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congtant with further additional increamental steps of 10 db
of masking noise. The value of BC threshold so obtained is its:

true value.

It is customary to. plot the BC threshold on the air
conduction audiogram. This boints to a very prominent diagno-
stic feature, required by the Ear Specialist, which is responsible
for displaying the actual relationship at the different pure-
tone frequencies between BC and AC thresholds, called the air-
bone gap. Referring to Figs.l.t020,the bone conduction thresheld
indicates the perceptive hearing loss, and by subtracting the
BC Levels from AC levels indicateé the loss due to conductive
deéfness. Hence the tests described so far provide a sufficieat -
data not only for these two types of general and commonly Occur-
ing losses bﬁt also help to categorize the losses of inner - ear

and many of the well known ear diseages,

Speech Audiometry is performed in two stages. One is
Speech Audiometry without masking and the other is Speéch Audio-
metry with maskihg; Tn the former stage an external microphone
is fixed to the audiocmeter and care is taken that the specialist
operator’s mouth is 6" to 12" from the microphone, The frequ~
ency selector switch is set to speech and the gpeech gain control
adjusted, until the needle of the VU meter fluctuates within
thé desiredmestablished sector., This is done to set the alter-
nator readings,relative to 1000 Hz ISO i,e., 9,0 db above-:

¢,0002 - dyme/cm2. The above procedure is also adopted if a
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prerecorded signal is used from a tape rzcorder. For Speach
Audiometry without masking, the setting of the output switch
is\done to the desired position so that the signal is presented
to the required ear and the noise signal is turned off, The
speech gignal is presented from higher level to lower level until
the subject’s threshold is obtained. In case of 1ive'yoioe
audiometry, the operator’s voice becomes audible to the sublect?s
‘normal value when the experiment is conducted in an enclosed;
quiet single room, Best results are obtained when an audiometer
booth is used, thus.separating the operator and the subjeot

acoustically,

Often it becomes necessary to ﬁask the untested M.T.)
edar, by the noise signal, when conducting speech tests. This
neéessity arises as a result of the fact, that speech is usually
conducted across the head avout 40 db below the level of the
air conducted signal., " Therefore, the masking generator is

monitored to present the masking noise, to the opposite ear at

the required intensities, for speech audiometry.

5.2.7 Special And Rare Featurss of the Audiometer

Comprehensive evaluation of auditory losses is possible
~with the help of some rare ﬁeét procedures conducted by the
audiometer,; enabling the specialist, operating it, to deduce
and detect Complicated cauges in difficult gituations. The
principles and procedures of few such examinations, carried out
for deaf or/anc dumb subjects, are discussed in the paragraphs

to follow.
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(1) Shifting Voice Test

The principle behind the test is that of trans-
ferring the voice from the good ear to the alleged deaf
ear in the middle of a question. If the subject answers
correctly, the last half of the question delivered. to
the supposedly deaf ear, must have been heard, It is a
simple fest for suspected unilateral malingering occur-
ing in a deaf person. The test starts by presenting the
speech signal to one of the ears, at a éomfortable level,
and masking the other alleged deaf ear. The subject is
asked split questions, for example, "what is vour name
and where do vou stay?", and switching is done, séy at
the word 'and", from the good ear to the supposedly deaf
ear, As the speéoh is transferred from one ear to the
other ear, thé masking is reversed. Thus, preventing
the subject from hearing the second part of each quesﬁion
by air transmission over the earphone in the admittedly
normal ear, which is automatically mésked in between the
speech signal, If the subject responds to the second
half of the question then the first ear is the deaf ear..

(11)  Tope Decay Test

The first clinical tést designed to investigate
the phénomenon of '"relapse " or abnormal auditory adap-
tation was the Threshoid’Tone Decay Tegt developed in
1954 at Nbrth.Westérn University and described by

Carhart in 1957, ' He proposed & method of measuring
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K abnormal'adapfationg or tone decay, using a staandard

" clinical pure tone audiometer,

~Test of tone decay is one of the major tests used

. to diagnose retrocochlear pathology. The diagnostic.

 significance of this test is mainly at 1Kz and 2 KHz,

There are many modificatiqns or different types of tone .
decay tests, which differ in stimulus presentation level,
instructions given for the test and the criteria for the

test to be positive or negative., Three such popularly

- used tests are discussed in this context,

" Threshold Tone Decay. Test (TOT).

This test was introduced by Carhart in 1954. As

.postulated and formulated by him the test starts by ins-

| truc@ing the patient to raise his finger as'long as he

- hears the pure tone and drop his finger as soon as he

| stops hearing‘thé toné. Pure tone at a particular fre--

- quency is presénted.at~the subject’s conventional thresh-
: 0ld level for 60 seconds and,immediately the tone inten~ |
sity is increased in'5 db steps without'interruption,

| keeping a vigilant eye on time. At the end of another

60 seconds the tone is turned off, Next a éomputation .
is done to calculate the difference between the initial

threshola and the auditary threshold following 60 secorids

. of stimulation, The'oomputed value gives the amount

s b

of threshold shift or, correctly, the amount of tone -
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decay. In this ménner, a standard indication of tone
decay measurement is obtained in & total testing-time-_
of one miﬁute per ear, Interpreting the results Carhart
diagnosed; as is diagnosed up to date, that from O to

15 db of tone decay for one minute is considered to be
normal, Mild‘to moderate levels of decay, such as 20

to 25 db in 80 seconds, are a frequent observation account-
ing for the pathology involving the orgar of Corti,
Pogitive tone decay is any threshold shift in excess of
BO'db during the test period (60 seconds) and it always

indicates misfunctioning of cochlear reactions.

Owens Tone Decay Test

In 1964, éwens introduced a further modification of
Carhart’s Threshold Tons Decay Test by utilizing a rest

period between tonal presentations. His test begins

"5 db above threghold, if the test tone fades away prior

to end of a minute, the subject is given a rest period

of 20 seconds follOwed by presentation, of the toné at
the next higher 5 db intensity level, This procedure

is continued until the patient hears the toné for a

full minute, or until at least four increaments in thé
intensity have been given. The recovery time of 20
seconds between stimuli was chosen by owens on the basis
of Hood’s earlier work, charting the recovéry from pre-
stimulatory fatigurc in which the most rapid rise occured

within 10 seconds and the flattering of the curve began
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at ébout 20 seconds, The results of this test are

interpreted in the same manner as in Carhart’s test.

Supra_Threshold Adaptation Test (STAT)

This test was used and given by Jerger in 1975.
The procedure of the investigétion starts by giviag &
puré tone of either 1 XHz or 2 Kilz at 110 db SPL to the
test ear for 60 seconds and masking, simultaneously, the
non-test ear by 9C db noise signal, If the subject hears
the tone in test ear for 60 seconds, then the test is
interpreted as negative, and if he does not hear the’
tone for 60 seconds the test is positive and suggestive
of retrocochbear lesion, This test is the most diagno-
stically significant of all the tone decay tests. The
igformation obtained by this test indicative of an
injury or defect in the cochbea is further utilized in
recording of the dighth Nerve Potentlal which eveatuallv
leads to locating the site of the lesion - a very emlnent
research work field in recent times, where extensive
and intricate investigations are béing-carried out by
soientisté and pathologists in many laboratories, hos--

pitals and clinical research workshops to unfold the

still underlving mysteries.of audition while locating

the lesions’ sites in the nervesand nuclei which lead

from the cochlea up to the brain.
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(iii) Audiometric Weber Test

Weber test is a test of lateralization, originally

given by Weber'iﬁ-lBBh. In his experiments he usea

| tuning forks, but now the test, with fhé same procedure
carried out by him, is pérformed by using bone ® ndue-
tion vibrator provided with the clinical audiometer,
The test is ﬁsea in.diagnosing cases of unilateral hear-
ing loss and is very'heipful in differéntiatingfbetWeeﬁ
conductive loss and sensori-neural hearing loss. In
this test, the Boné Conduction Vibrator is placed on
the midline in thé centre of the patieht’ fOrehéad

and pure tone is p;esented at aliferent frequen01es.
The patient is 1nstructed to indicate the ear in which
he'hears, by;raisiné his left hand:fdr left ear and
right hand fdr right ear. The subgect 1s 2ls0 informed

that tone can be nbard in tha poor ear too

<

I£ the subject responds, at different frequencies,.

for the poor ear then he or she suffers from the eonduc-

“«

tive type of “hearing loss in that ear. The patient su-
ffers from sensorimneuralﬁloss in poor ear, when hearing
in the better ear is ruported at Vdrlable freoue o]

vaTues f18 24]

L lesu e

An.audiogram can be interpreted urnder the following

headingss?



79

Types of hearing loss,
Pattern of hearing loss, and

Degree of hearing loss.

5.3.1 Types of Hearing loss

The information regarding the types>of»1oss, eonductive,
mixed or-sensorineural type can be obtained from the audiogram
by comparing AC and BC thresholds. The gap between AC and BC
threshold is termed as air-bone gap which is critical in deter-

mining the type of loss,

() Conductive loss

A conductive loss is deménstrated by the presgence
of hearing loss by AC but normal hearing by BC (Newby,
1972), The existing airbone gap must be atleast 10 db-
HL. If such a gap exists when both AC and BC thresholds
are within normal limits, it is térmed as minimal cond-
uctive hearing loss, AC loss generally does nof éxceed
60 db HL (Feldman 1963) because beyond this level, the
whole skull vibrates resulting ia direct stimulation
of the cochlea, Thus if the thfeshold level exceeds

60 db HL, problem cannot be purely conductive.

{v) Sensori-Neural Hearing loss

The audiogram shows greater loss for the high
frequency with lower frequency being normal or near
normal, ‘BC thresholds are approximately same as that

of AC thresholds within 10 db airbone gap,
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(c) Mixed Hearing loss

In this type of hearing loss both AC and BC thre-
sholds show poorer hearing thaﬁ normals, But the loss
of BC is not as mﬁch as that of AC (0O Neil and Oyer,
1970). AC thresholds may be relaﬁively flat or dropping
off at high frequencies-i.e. with a dropping audiometric

configuration.

5.5.2 Pattern of Hearing Iogs

There is no standard as such, regarding the pattern of
heafing loss. However, various bio-physicists like Carhart
(1945), Davis (1978) and Hodgsm (1980) have described differeht

patterns. The following patterns are generally recognized,
(1) High Frequency hearing loss
(ii) Low Eréquency hearing loss

(iii) Flat hearing loss

(iv)  Through or Soureer shaped hearing loss
(v) Corner Audiogram

(vi) Irregular Audiogram

(1) High Frequency Hearing Ioss

High frequency hearing 1éss is characterized by
presence of a glope from low frequency to high frequehcy
wiﬁh a loss of at least 25 db HL for speech frequeﬁcy
or a total loss of hearing beyond 3000 Hz or both
7Johnson 1966). 'The,slo?e should be at least 15 db
between 500 Hz and 4000 Hz (Andersdn). It hags been cla-

ssified into two types, gradual and sharp type.
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Gradual Type

In gradual type of high frequency hearing loss,
the'loss begins at low frequency with a graduél increase
in.the loss at high frequency. At 500 Hz, a threshold
of 25 db HL or greater is recorded and change per
octave'by 10 db istnoted. The differénce between the .
highest and the lowest thresholds is not to be more than

35 db (Stephens and Rintelmann, 1978).

Shapd Tvpe

It is characterized by normal or near normal hear-
ing at low frequeﬁoy with a threshold of 30 wb HL or |
better at 500 Hz, Between 500 Hz and 1000 Hz or between
1000 Hz and 2000 Hz, there is a drop in the threshold
of at 1east 20 db. The difference between the lowest
and highest thresholds is greater than 4C db (Stephen and
Rintelminn, 1978). This pattern is associated with
sengsori~-neural hearing loss, and is known as éonductive
high tone hearing loss when the problem is purely cond- .
uctive in nature. Here 4C threshold shows. high frequ-

ency loss, the BC threshold remaining unaffected,

‘Low Freguency Hearing Ioss

This audiometric pattern shows significant loss
at low and mid test frequencies, with relativelv normal
or near normil hearing in the high frequency region

(Ross and Matkur, 1967, Davis Johnson, 1966).
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Johnson {1966), defined it as reduced threshold in the
low frequency with & rising curve through the speech
frequency range iato the higher frequency range. Davis
(1978) termed the deficiency as rising low frequency
hearing loss., The defeof is often observed in oondqu
tive hearing loss cases and is also sometimes noted in
some sensari-neural loss conditions like Meniere’s
syndrome at its early stage.
Flat Hearing Loss

In this pattern, there is approximately equal degree
of hearing at all test frequencies. The magnitude of
the difference does not exceed 5-10 db (Johnson, 1966,

Davis 1978). It is frequently associated with conduct-

" ive hearing loss, such as serious Otitis Media, The

pattern is also a diagnostic symptom of collapsed ear
can2l and moderately advanced condition of Meniere’s

diseasge,

Trough or Saucer sSheped Loss

o EPERNPN i R Ve R et

i)

This pattern is demonstrated by better hearing
at low and high frequencies and poorer héaring in mid
or speech frequency range. Johnson (1966) has post-
ulated, that wheﬁ the thréshold difference between
poorest and best thresholds are large, the andiogram
appears as V-shape, and when the differenez is smAall,

a saucer shaped audiogram is obtained,
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Corner Audiogram

The pattern unmistakeablv denotes profound deaf-
ness, Corner audiogram is characterized by presence of
responsge. to only low frequencies such ag 250 Hz or
500, i1z and that too when a very-high intensitv sound
level {usually the maximum) is presented by the audio-
meter, ~ A testee possessing a corner audiogram does not
respond to mid or high frequency sound, even of the
highest levél, The audiogram symbolises, congenital
hearing loss, viral disedse and drug induced hearing

loss (Davis, 1978, Hodgson, 1980).
Iriregular loss

tthen the audiogram does not fit into any,ofﬁthe
above categories, the vattern is often termed as irre-
guiar,loss (Ffodgson, 1980), This audiometric pattern
yields valuable information when oorrelated'with a éerw
tain tjpe of hearing loss. Consideration of only the
pattern as an independent factor in diagnosis is usually
nisleading since exceptional ooﬁditions are always
present in the intricate methods and diagnostic results
of audiological examination (Hodgson, 1980), Hence,
the information is, as a rule used as, a supplement o

the other diagnostic patterns.



5.3 3 Degree of Hearing loss

Another asafui conclusion dictated by the audiogram
is the degrae of hearing loss 1ndlcat1ng to an extent theldiffim
cultv experlemced by the - 1nd1v1dua1 1q ‘communication with the‘-;
WOle ald peOple.around. The degree of hearing loss is thained"
by comparing AC tthShold yélues with the standards established.
In»the eveﬁt of the audiometric tests being conducted in & '
sound treated room,'so-that the specified maximum ambiéhtlnoise
' level declared permiésible, by ASA (1951) or ANSI (1977, or
IS0, for audiometric testing is met - aﬁdiometric zerd 1evél &s
oonsideréd then, as the hérmal average reéponse of young adults.
Althou gh this hormdl reLerence has been established yet indi-
vidual Vaxlatlons in normal hearing range are permitted by
LNST (19695 . Thosa 11d1v1duals whose tarbsholds fall between
-~10 db'to 20 dp ﬂL>areAuSpally congiderad to have normal hear« 
ing; Therefore hearing level greater than 26 db HL represents
‘hearing loss and its severity is graded depending upon the -
degree of hearing levél threshold, The utility of the audio-
1graﬁ in helping the diagnosis,'of the degreé, of an impairment
1s bused upon the scale of hearlng impairment, leoh relates
hearing threshold level (HTL) with the degree of 1mp&1rment and
also relates HIL in terms of probable handicap'and needs of the
1uu1v1dua1 " This scale of reference was prepared by Goodman

in 1965 and-is used by 130 and ANSI, It is as followsd
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. v ' :
SCALE OF HZARTHG IMPATRMENT

...... i

R L

. HIL in db

10 to 26 Normal limits

27 to 40 Mild Hearing Loss

\

40 to 55 Moderate Hearing

Loss K

55‘td 70 Hoderately Severe

Hearing loss

70 to 90 Severe Hearing Loss

Degcriptive Term .

Probable Handicap and Needs

P
-

Handjcap: Difficulty in hear-

ing faint speech.

‘Needs: Favourable seating

arrangement, lip reading and

‘hearing aid,

Handicap: Hearing of conver-

sational speech at a dist-

ance;of~1ess than 3-5 feet.

Needg: Heariang aid, auditory
training, lip reading and

favourable seating.

‘Iandicap: Understanding speech

‘at normal conversational level

specially in group discuss-
ion, is difficult,
Needs: All those in previous

case plus language therapy.

Handicap: Lound voices can

only be identified within 1

foot: Lnvirommental sounds

‘are heard but distinguishing.

consonant sounds is difficult.



86

HIL in db Pescriptive Term Propsble Handicap cnd Meeds

Need: Special education for,
deaf , 'but may enter regular

clagses later,

PR iR

30 " Frofound Herring Loss Handicap!: Ioud sounds may
be heard but the suffering
individuval cannot rely on

-hearing for communication.

In the dbove table all the above HIL alues are an

. average of'thosp at 500 Hz, 1000 Hz and 2000 Hz,

The above guldeline chart is widely usad but it suffers
from a serious and noteworthy limitation.. It neglects the
type of hearing loss which is very crucial in determining rehab-
ilitational needs, Also, these guidelines set up overlooks
cases like, an 1nn"v1aual may show only mild hearing loss by
“puretone threshiolds but may suffer from complete loss of ability
to understand speech of an intensity level: for axample in
~case of pfesence'éf a tumour in the cortex in a moderately adv--
ancec¢ stage (Davis and Green, 1979). However, an estimate of
speech handioap} in cases of thls type, is made by con51aer1ng
‘speech fr;quen01us and their thresholds; ultﬂOUgD detailed
examination using speech audiometry does only present aopurate

diagnosis.

Degree of hearing loss is often used to eategorize

the person into deaf or hard of hearing. Those individuals, .

’
i



whose hearing loss is lzss than 85 db HL, are labelled as

hard of hearing: and for those it exceeds 85 db HL are cate-
gorized as deaf {(Davis, 1978). The patient’s need for hearing
aid and the requisite power use is determined by considering
hearing threshold levels and the pattern of hearing loss. Hear-
ing loss upto a degree of 80 db HL is benefitted by hearing aids.
For those with profound hearing loss speech perception may bé
limited but the hearing aid may help to increase awareness Of
environmmental sounds, ‘ndividuals showing flat type of audio--
metric pattern are better benefitted from amplification of

sound signals. Diflferent audiomztric patteras, recorded and
plotted for a vafiety of group of individuals with normal
hearing or diseas2 and neering deficiency classification, arc

shown in Figures 1 +to 20 and Figureas 39 +to 79.in Chep. VI.

The abgolute threshold of nearing for a particular
sound is the weakest pressure amplitude for Which that sound
éan be reliably detected in a quiéet background. If loud-
speakers are employed in the tests, the threshold pressure is
usually taken as the free-field pressure, chat would be measured
at the position of the centre of tThe head in the absence Of
the listener, this is called the minimum audible field (MAF),
If the ear phones are used, the threshold pressure is taken as
that at the tympanic membrane (ear drum); and is called the
minimum audible pressure (FAP), Pressure at the eardrum is
rarely measured directly, but, is inferréd from calibration

‘tests of the earphons using a standard coupler to represent the
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whose hearing loss is less than 85 db HL, are labelled as

hard of hearing: and for those it exceeds 85 db HL are cate-
gorized as deaf (Davis, 1978). The patient’s need for hearing
aid and the requisite power use is ‘determined by considering
hearing threshold levels énd the pattern of hearing loss. ‘Hearw
ing loss upto a degree of 80 db HL is benefitted by hearing aids.
For those with profound hearing loss speech perception may be
limited but the hearing aid may help to increase awareness of
environmental sounds. ‘ndividuals showing flat type of audio--
metric pattern are better benefitted from amplification of

sound signals. Diflerent audiomztric patieras, recorded and
plotted for a variety of group of individuais with normal
hearing or diseasa and nearing deficiency classification, arc

shown in Figures 1 +to 20 and Figures 39 to 79.in Chap. VI.

The abgolute threshold of hearing for a particular
sound is the weakest pressure amplitude for which that sound
can be reliably detected in a quiet background. If loud-
speakers are employed in the tests, the threshold pressure is
usually taken as the free--field pressure, that would be measured
at the position of the centre of the head in the absence of
the listener, this is called the minimum audible field (MAF),
If the ear phones are used, the threshold pressure is takien as
that at the tympanic ﬁembrane (ear drum); and is called the
minimum audible pressure (MAP), Pressure at the eardrum is
rarely measured directly, but, is inferréd from calibration

‘tests of the earphons using a standard coupler to represent the
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éffects of the ear canal and wmiddle ear.: In theory;,thé thresh-
old pressufe at the tympanic membrane should be independent‘
of thé sound source., In practice9 threshold pressures measured
with earphénes, seem to be, and are in fact, 6~10 db higher
than'thqse measured with an open ear canal, lThis'phénOmenal
incféase in HTL is still partially unexplained. Fig. 5.3.3
shows the Internatidhal'standard‘ audiometric-zero , adopted in 
1964 as the best summary of a number of studies, of the averagé
monaural hearing threshold (MAP), for yOung’listeners and pure
sinﬁsoidal tones of 1dng duration. As reférred to in the figure
andiheld, ofherwise, as a pbactiséd convention, the intersubject
variability for/normal,lisﬁeners is approximately 10 db. ’5150;
in casual olinical'praCtidé lack of ‘listener training, noisy
backgrounds, and other factors lead the average normal threshoids
to go-higher up'by 10 db above the 150 -~ 1964 Standard.(as indi~
cétéd by the ASA ~ 1951 audioﬁetric Zeré i the figure)., Hear—
ing‘loss categOpization and hence the aésociéted:disease blasé—
ification is reported as the deviétion between the méasured thre-
sholds (plotted in the patient’s audiogram} and the normal
standards like -depicted in Fig.55.3. Besides this standard as the
basis of hearing evaluation, together with the guideiines
discuséed earlier, the present work follows yet another well
known approximation throughout its pdurse. Given sufficient

, : ‘ b
inténsity, pura tones can be detccted, by the human ear, at
extfemely low and high frequencies, For example at the extreme

freguencies of less than 5 Hz and greater than 100 KiHz pure
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toneg arz heard Dby bone conduction, But at these extreﬁes
it is quite debatable that whether the sensation can be called
earing and this has been experimeutally proved too, though
controversial yet encouraging <enclusions have~been drawn'about
very low sonic and verv high ultrasonic hearing, The nominal
range, 20 - 20,000 Hz, has been accepted here, which includes
all those frequencies that can be heard at intensities less than
approximately 80 db SPL, Also, this is the usually accepted
audio-range, since these fiecquencies arce ..also those that evoke

the subjective cxporience of pitch in normal listeners,

With all the above considerations and clinical--diagnostic
regulations as standards, an attempt is being made to evaluate
the human hearing abilitvy and predict the. electirical modelling -

parameters, cescribing the human ear as an electric nstwork sys-—

‘tem, for different individuals _3, 4, 5, 10, 15, 21, 381,
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CHAPTHR VI

SVALUATION OF IMPEDANCE FUNCTION OF HUNAJ EAR MODET, AND
CIASSIFICATION OF DISEASES

6.1.0 Introduction -

‘The human body and its operative systems are'a &erv
dlfflcult tagk to analyse and repregeat ag definite physical,
mathematical, mechanical and electripal or electronic models.
However, since the past few centuries a great many beople have
pooled their sincere efforts amongst which a few dedicated
their entire life span pouring the essence of,deep knowledge
into the challenging and uaraveling mysteriés of human meéhaniw
sms, Yet, a perfect model or replica of human systems has not.

been developed or'obtained either on paper oc¢ in ractice.
P p p

A

Inmumerable techniques have been used to model the exactness of
hun@n auditory svstem, a&s well, but no model prlalnb the compm,
lete behaviour of the ear, Although every model gives us somé
well~defined and satlsfdctory coqclu81ons but expnlaination of
ail the anatomlcal facts at the same time is a limitation of
every'model formulation, If all the models of the human ear
are ahalysed, each arrives at aAdifﬁerént solution and the
theories fprming their bases are, ironically, all tested and
proved to sufficient levels of differeht cetegories'of accuracy,
Separate models have been proposed and developed for extefnal,

‘middle and inner ears, Further, each of these models hags’
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been aéain sub-classified for different operative and pre-
agsumed conditions, The only model thats quite ideally repre-
sented the behaviour of iﬁs elements, whose combined effect,
matching the characteristics of a normal aﬁdiogram: could:
offer a étrong resemblance tp the standards dictated by ISC -

1964, is the one discussed at present.

To'Be precise;-the response function or in general the
describing function of any electricul {or non-electrical)
system is a property of the system elements only i.e, the 1y
L, C elements com?rising the electrical analog of Fig., 4.5.2
are the sole factors effecting the petwork’s characteristics.
The presentation of the input sound signal at the output of
the model is truely dependent on the magnitudes or values of
the Ry, L, C elements. Any change, in any of these units
(referring to Fig. 4.5.2) would mean a differing presen-
tation at the output and would thus decide the deviation of the
"~ abnormal audiégram from the normal one. Keeping in view the
fact thét the adoustic impedance offered to sound waves at
the ear would be a direct analog of the electrical impedance
at the input of the network, - the net impedance of the elect-
rical analog is deduced, A glight change in any of 2, L, C
parameters would directly effect the magnitude of the imped-
ance offered to the input and would immediately afféct the

response~record i.e, the auvdiogram,
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6.2.0 Evaluation of Input Impedance of the Human Ear lModel

The expression for the input impedance of the electrical

network (Fig. 4.5.2) of the human ear is deduced as followss

Let,

\l/C s + Lq_S + R ) (1/068 + R-6)

ZA = - : — + 1/C_.s + L;s + R
2 1/cfs+n6 l/CS+ 4S+R7 5 -
and,
(1/CLS + R, )
Z = 1/C 8 A e + R
1 5 1/045 +-RLF 5 I_Zs 5

the combination of Z anc Z5 being z3 l.e.y

Zz = 7 I ] z, = zlzz/zl+22

(1/%5 f{L)L s (]_/C S qu-u )(]/C63-R )
1/Cys + =mme 3 Ry e R
1/C, 548, +L, s 1/C6S+ 6+1/C5+1y 5y 71/C 5Ly R
1/Cys s e R m—u—u+ 1/C58+Lss4Rs
]/Cas&Qﬁlgg 1/665&1J1/C s+ly R,

Another combination impedance,

(L s + R + ],/Cls>R (1/C s)

Z
1
\Rl L] S-rl/C 2 I 2/C2S + (Lls + Ry o+ ]/Cls/ (1/C25)
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The net input impedance offered- to sound signal is the combi- .

nation of 23 and z4 3

il.e, 2 = 2z 2y is the total impedance or the final

value of the describing fuanction affecting the response of ear;

Putting s = jw, where w = 2nf, the simplified expression

for Zq is,

1+RAC43m~L C4m —-{1 Rucqgmllzcgm +R ﬂwC3L1+ 4 h3w+ Cq{j®)2j

Z on eAUIRIE ARl At St e e et = o A me s NIRRT RE S Se e, B

1 wCBkl Rﬁ ugwu L0 ]

After substitution of values of R, L, C components,

and simplifying the expression

1-02(1.75 x 1079 + 3(9.726 ~ 3091.2 x 10“15m5)

Z - tmEmsa nrCTomn s AliacaToto P S P N P PO Y P A TN

17 4% 20,24 x 10712 4 5(0.23 x 1070 - 1. 38 < 107155

Similarly,

the final values of Zy and zq'ares

0°9x10™ 0 p?2751078 43 (1. 11%10 ) 1~¢256x1o“9+30098x10“6

g e et e+ Y N
2 o ;
020, 54x1077+3.0,25x10” 6w~MBBAIO 15“ 3(1. u) 210G
and,
(100 ~ 7140 x 1072 QZE - 35,1 % 107° o
z = P e st s J-._ﬂ— o P I T
47 (eg9.t x 1070 09) + 3 10.55 x 1077 o

The total impedance Z has been evaluated for different

valuzs of frequency with the aid of computer software, The
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impedance hence obtained, is plotted as a function of fréquency
in Fig. 4.5.3 . The values of this impedance have been direct-
1y calibrated in decibles after point to point comparison with
the most precisely recorded normal audicgrams and the ISO - 1964
standard audio-threshold plot. For calibration purposes and
for the parameter estimdtion method (used first to evaluate

the R, L, C components of the ear—electronic model) the AC
audiograms taken, under consideration, differed. Those AC
audiometric configurations that were well within the absolute
standards of normality, were the sole basis of interchange_betm
ween the impedance in olms and the audible/hearing threshold in

decibels.

=

6.3.0 Estimation of the Network Model Parameters for Normal

Rt e ol -

and Defective Ears

In order to estimate the ranges of R?s, L’s and C’s
of the mo&el, the slightly deviating audiograms were also counted.,
Twenty such audiograms of individuals with normal and healthy
ear-pairs are shown in Fig. 1 to 20, The minimum audible thresh-
old vs frequency plots orAthe minimum impedance vs frequency-
plot now being comparably identical offered the next step and
that was of estimating the components of a network if the deg-
cribing function of that network is known, The describing fun-
ctions of the electrical-network model of the human ear, the
audiograms, were analysed-each in succession by computer program
based on least Square Estimation method, to predict the
+ parkge
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magnitude of R’g, L’s and C’gs of the model. The table showing
~the estimated values of the eighteen components of the model,

for thé’twenty normal audiograms (mentioned earliesr) is given

in Fig. 6.3.0, This table comprises of those values of resis-
tances, capacitances and inductances thaf constitute the respect-
ive audiometric configurations listed at thg lower part of the

table.

Now the question arises, as, how would the ranges of
these parameters be fixed, Only after a definite range was
awarded to each element of the @odel could the normal deviation,
allowable, be defined. —Therefore, the theory of Gaussian
Density Function of Probability was appiied (Appendix I),
Gaussian density funetions were plotted for each éet of data
(Table I, Fig. 6.3.0) and from these curves (of probability),
shown in Fig. 21 to 38, the deviation of each parameter within
the specific range was determined. The mean values, standard
deviations, varia.aces and the final ranges obtained are listed
in table II, Fig. 6.3.1. Aanv value falling outside the range
of the respective parameter was thus rendered as the abnormal.

value.

At this stage, the scale of normal parameter was now
available so that the parameters estimated for audiograms of

hearing impaired individuals could be singled out. .

Audiograms for forty hearing impaired individuals

(composed of children and grown-ups, girls and boys) recorded
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by the olinioai agdiometer MODEL CAP--300, were the next to be
analysed by the parameter estimation technique of computer
software, The relevant theory on which the employed computer
program is formulated is given in Appendix 1I. Magnitudes of
resistances, indﬁctanoes and. capacitances thus obtained, are
given in the form of a tabular-chart in Fig. 6.3.2. The res-
pective audiogrém numbers are also listed in the chart. The
underlined parameter values are those that fall out of the
respective normal parameter’s range (Fig. 6.3.1). This chart
also groups the elements responsible for the same deficiency
in hearing ability. The audiograms of the hearing impaired
are shown in figures 39 to %9, with, the clinical diagnosis
of each individual prescribed on the respective audiogram

"12, 28].

6.4.,0 Hearing Deficiencyv Classification by Electrical Modelling

of ‘the Human fLar

Prior to the clagsification of hearing deficiencies and
their justification on the baszis of, respectively, effected
electrical parametersw it appears neéessary that the design of
the electrical network depicting the human ear, be described
on the basis of the anatomy and physiology of  -the ear. Each
élement/parametef of the network be it a resistance, capacitance
or an induotance, posseses @ sgpecific reason and relevance
regarding its placement - referred to the performance of the

ear. All the eighteen elements constituting the net impedance
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the ear, offered to the sound signals, are explained there-

fore one by one - with direct reference to Figs: 4.5.;1 and 4:5.2.

All the resistances signify the equivalent acoustic
resistance, the capacitances cepict the acoustic compliance and
the induotances.aooount for the acoustic inertance. The induct-

ance L resistances R

1’ 1
constitute the'parameters analogous to the three middle ear

1 ana}Rz and capaqitapces\C and C2
cavities. The thiy, passage or gap; through which sound signals

. travel, betWeen the tympanic cavity and the other two éavities
{the épitympanium above the tympanic cavity and the temporal
bone bévity éomposed of pneumatic cells) offers a certain
amcunt of acoustic inertance to the signal of soundy and is
therefore répresented by Ly in the model, This narrow path .
is also dictated to posses acoustic resis tance and in the model
the reslsbance is symbolized by ul, in serles Wlth L1 The'
pneum?tlc cells of the temporal bone hold a specific amount of
air creating an acoustic complianCe, denoted by Cl in the net-
work,., In parallel with the series combination of L

1 Rl and

C, we have R, and C2' The resistance RZ aepicts the dissipation

1 2
of sound signal along the cavities and thﬁ hUSLaChlaﬂ tube; and
thé oapaciténoe C2 stands for the total volume of air in the
middle ear portién'around'the region of osSicles, which causes
the related acoustic compliance. Next to the block of middle
ear cévities ig the block of losses due to,the gar drum
(Fig. 4.5.1) . ?ﬁe portion of the tvmpanium not in direct

contact w1t“ the OSSlCulﬂf chaln causes an effective and
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noticeable impedance to restrict a certain amount of sound
energy impinging on its walls., This is the impedance cons-

tituted by C,, %,, L,, C; and Ry of the electrical model, where

2° 75 >
Cq, Rq and L2 form one parallel resonant circuit in series with
Q5 and RB on its two opposite ends., The impedance offered by
this configuration of parameters accounts for the three main
factors., Firstly at low frequencies resistanbe and capacitance
are operative i.e, R.4 and'Cq, seoondly at high frequenoies since-
the mass of the tympanium comes into play, the acoustic iner-
tance is accounted by L2, and thirdly at much above range of
éudio frequency the eardrum does not vibrate as a whole but
moves in sections - therefore the inclusion of C5 and RB' Thesel
facts were tested and provéd by scientists like Zwislocki, Moller
and Onchi by performing experiments on real ears «’whiie corie--
lating the anatomical facts with the analogous electrical

- network formulations,

The block that appears third, is the one cowprising
of a fraction of ear drum coupled directly to the ossicular
chain constituted by malleus, lneus and stapes. Since the
part of tympahium under study here moves exactly with the same
amplitude and phase as malleus and incus i.e. transferring
‘its vibrations without loss and .any delay to the malleal—incus

complex, the next group of parameters C L3 and R5 is res-

59
ponsible for the tvmpanium and these malleal steuctures only,

\

This block excludes the incus and stapes joint and therefore
obviously the stapes because, where on one hand the coupling

’
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of the tympanium {only a portion of it), malletis and incus

is very rigid and results in ro substdntial ioss of solifid energy,
there on the other hand the incudostdpedial coupling is net

that rigid, This flexibility dr looseness id Eoupling between
incus and stapes ia the major cause of energy 1oss iA theé
transmission of sound via the ossncular ohalﬁ dnd hence thig
lossy Joint is given a sepatate block pepresentation'im the

model, The incudo-stapedial joint hds a wvery small area of

cross-section., The bone of which the ogsicles are made is Knoewn

of the skeleton, which renders a speciﬁic‘elasticity £6 the
ossicles, so that a relevant acoustic performance is madntdiféd.
During the transmission of sound energy through the ossicular
chain, the tiny cross-sectiondl area of the incudo--stapedial
joint undergoes a significant amount of appiied forceful stress
that causes deformation in this joint of high dégree of eléétim
city. Results of deformation and flexibility enabled Zwidlocki
to represent this joint, govermedlby'elastie‘aﬁd>fricﬁional
forees, by & capacitance Cg and resistance Re in the elédtrical
model, The third ossicular bone structure ig the stapes that
vibrates in and out at the oval widdew to faithfully trangnit
all the sound energy it hds received t6 the inner ear?’s cochlea.
Therefore in the block diagram representation the stapes and
cochlea are: shown directly coupled, Theé element C7'pepfeséﬁts
the compliance: of the stapes and cochlea, resistance R# rap-

resents the resistance due to stapes and cochlea and the
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inductance Ih is the inertance of gtapes and cochlea, This
series resonadnt circuit offering the cochlear impedance mainly,
is the final addition in the net input impedance of the ear,

arrived at so far.

A1l the eighteen parameters building the electrical
model of the human ear were given the magnitudes, as shown
in Figure 4.,5.2, by experiments and detailed research regar-
ding the anatomy, functioning, study of input impedance of the |
human ear. and acoustic electrical correlation between physical
and electrical modelling., The network model under discussion is
the result of such persistant efforts by A.R, Mollar, J.Y.

Mcrton, Y. Onchi and J.J. Zwislocki.

In the pfesenf work, the network is further examined
and proved to be one, representing a normal human ear, #ith
the aid of this model a strict analogy was found between the
behaviour of i%s input impedance and the standards of a normal

ear’s audiogram,

Ag already mentioned in preceding sections, any set
of R, L, C parameters, different from, the ones falling in the
normal ranges {table I) would represent an altogether different
individual’s ear ~ model, with some hearing impairement(s).
Referring this conclusion to the chart in Fig, 6.3.1 it is
observed that a particular hearing disability‘is associated
with changes in values of a certain group of circuit parameters.
#4hat has been clinically diagnosed by studying the audiogran

has been, to quite an extent, proved by the parameters’ esti-~

mation of the electrical model.



101

In the tabular‘classifipatidﬁ fFié; 6.3‘1)'it can be
>obsefved that audiograms classified under hardness of hearing-
show, deviation (in excess) of the R,»L, C parameters‘éomprisiﬁg
mainiy tbe’t?mpaniﬁm and middle ear cavities, Thetparametgrs
representing the other @asts of the- ear, i.e. the ossicles
and cochlea, fall within the respective standard deviations.
Therefore9 hardness in hearing is due-to mainly tympanic membrane
losses which may be duve to rupture or some sort of damage in
the ear-drum. Puncturing of the ear drum results usually in
blood flow in and out of the ear or sometimes delay in diagnosis
may cause ?ﬁs~formation -~ thereby blocking the ear oavities
to some;extents.‘ The result is, abnormality>also in the para-

meters of block one (Fig. 4.5.1).

“The audiograms. numnbered 56, 59, 62 and 41 show
ossicular discontinuity and streaks of conductive loss. ~»
-Weaning thereby, thére isjcertainly defective trensmission of
sound via the ear drum, middle ear cavities and the osgsicular
chﬁinﬂ‘ Referring ﬁo the'diseases’of éu‘er antd middle ear in
Chapter III, it is concluded that éither a few-or one of them
is the calse of these deficiencies. The parameters of the
model that orosé out the respective scales of normalcy éreél

Ly Rl" C19 Ry, C'Z”CB’ Ly, 33, Cps Rys 05‘, L5 and RS" as 1is

underlined in the chart of fig. 6.3.1. It is also clear from -
the values of Rgy Cg parameters that their magnitudes just graze
the inside limit, whereas the magnitudes of Q5, 13 and R5

‘are just falling outside their normal limits. This is perhaps

i
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an indication of the fact that ossicular discontinuity is not
a major defect tut certainly accompanies conductive problems.
Many persons with this type of mild loSs, apparently appeal

" suffering from only hardness in hearing when the -acoustic envi-

romment is favourable,

Se&ere oonductive deafness is completelv manxgeable
with £he aid of all mbdern methods aﬁd appliances now-a-days
except in caseé of very scevere chronic orlhereditary discases.
.This loss is also associated with the oufef7and-midd1e ear
partsfbut the evaluated parameters’ table shows a slight dis-

crepancy -~ bringing into 1imelight‘the_va1ues of C7, lh and

37, The magnitude of C7 in all cases falls out near the limits
and the values of L, and R, appear, just at the threshold.

Magnitudes of pd“ameters of middle ear.oavities, malleus and
incus fall at a fairly 1argeydeviation from therthfeSholds
and also those of the elements-represenﬁiﬂg the ear drum and .
incudOmétapedial joint have a noticeable deviation és cbserved

in the parameters’ table, fig. 6.3.1.

The imgairment of mixed heafing loss differs from,that
of_seVere conduotion loss, by‘%hé fact that in case of the
former, the B.C, aﬁdiogram is quite equally defective like the .
CAC auéiOgram, and in case of the latter; the AC audiogramﬁthrem
sholds.ére much more in magnitﬁde-th&n the BC counterparts.,

Although the 4C audiogram is poorer in both the cases; the

diagnosis in some cases becomes difficult to arrive at, sudiograms
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numbered 47, 57, and 42 show the deficiency of mixed hearing

loss and looking at the parameters-distortions are observed

everywhere except in those depicting the incudo stapedial

’
totally within the normal range, whereag those of Ce Just

joint and the cochlear complex. The values of Rg and R, remain

fall out nedr the thresholds. The values of C7 for audiogram

‘

7

L, are absolutely within. Cl’ 03, 04 at one instant have a

47 and 42 just appear at the limits of 'C. but those of

normal value and at the other, a fairly deviated one beyond the
normal, Ié and Izlappear as normal and obnormal parameters res-
pectively. The profound mixed hearing loss is a_?ery poor

stage of mixed hearing loss. From the chart classification it

shows that the coohlear impedance ~ R, is noticeably effected,

7

Ih remains normal and the clements CB’ 6‘and C~ have coantro--

7
versial mngnitudes. Justification of the values of these three
‘capﬂCltnnces cannot bc done prOerly as to whether they should
be near normal normal or WLtnlp 3o beoause only two audlograms
appear insufficient for such debatable issues. But one factor

i : . .
is certain that cochlear impedances are effected in cases of

profound mixedvhearing loss, #4lso, the elﬂmeﬂts Rl, RZ’ hj,

Rq,.R5 and R6? Cl’ CZ’ Cq, 59 1, LZ,~L3, all possess valuus
nearly three times {or slightly or much more) their standard'

deviations limits. The diseases causing the mixed hearing

[y

impairment have been alread" dlscussed in Chapter III.
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numbered 47, 57, and 42 show the deficiency of mixed hearing
loss and looking at the parame térg—-distortions are observed
everywhere except in those depicting the incudo stapedial
joint and the Cochléar complex. The values of R, and R7 remain
totally within the normal range, whereas those of C6 just
fall out near the thresholds, The values of u7 for audiogram
47 and 42 just appecar at the limits of .C7 but those of
L, are absolutely within, Cis CB’ C, at one instant have &
normal value and at the other, a fairly deviated one beyond the
normal, 12 and 13 appear as normal and sbnormal parameters res-
pectively, The profound mixed hearing loss is alﬁery poor
stage of mixed hearing loss. From the chart 07a551£10?t10q it
shows that the cochlear impedance ~ R, is noticeably effectéd°

7

Ih remalilns norm&l and the elements Cf’ 06 and C, have contro--

!
versinl magnitudes., Justification of the values of these three
capecitances cannot be done properly as to whether they should

-

be near normal, norm2l or within 3« because only two audiograms

appear insufficieat for such debatable issues. But one factor

is certain that oochWCar impedances are effected in caseg of

profound mixed hearing loss. Also, the elements Ry, Ry, R,

R&"RS and R 69 1 C2, Cq, 57 1, LZ’ LB’ all possess values
nearly three times (or slightly or much more) their standard
deviations 1limits. The diseases causing the mixed hearing

impairment have been already discussed in Chapter III.
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. Anotber,classification is that of neural loss/deafness.
'The'audiograms‘of persons sufféring,ﬁrdm neural loss show a
nearly complete distortion of BC and AC'audiogramé but_totél
neural deafness is depicﬁed by tyﬁical corner audiograms where
only at-ldw freguency very faint sound may (or may not) be
audible but usually total deafness results. Only lip-reading ‘
and certain hand gésturés and postures help during communication:
with such individuals, <Re§ent'surgica1 teéhniques'for the
deaf have been devéloped by a few American docfors,'whd claim
to conquef‘nerve 1053 by operating upon the intricate Structure
of the_000h1ea but nerve deafness is absblutely incurable and
the solution is yet to be discovered, Nerve deafness due to
cancer or‘brain fumour can be .cured to éatisfactory results if
The canceroﬁs cells are kiiléd‘in their early stages, A mosf
common inJjury to the inner ear.is due to intense noise, The
hair cells are severely damaged by expdsure to high intensity
noise -such aé.the typical live amplified rock music cdnCefts,
engines of jet planes, and revved-up motor cyoles; The damaged
sensory hairs form giant, abnormal hair‘struétures or are lost
altogether, and in cases of long exposure +to loud_sounds; they
and their supporting cells completely degenerate. IMuch lesser.
noise levels also cause damage ifvexpogufe‘is chronic Fig.’
6.4.0), All these atrocities causing nerve impairment of
hearing with the othefs discugsed earlie? in Chapter III, éccm
out for the tremendous deviation of cochlea’s repfesentative

impedances., Although the set of parameters determined for cases




of nerve loss and deafness cannot directly predict fhe cause

S v
or that which portion of the inner ear is deficient but certain-
1y this setyof'paraﬁetérs exhibits a very large deviation from .
vtheir normal limiﬁe. This singles them out; straight away as.e
a typicai set of abnormal data. Looking at the tabular hearing
deficiency classification, it is clear that every single para-
meter has undergone a large dLVlathﬂ. Another significaht
ObSePVathn is that all the parameters have increased much
beyona the upper limits. The thirteen audiograms showing total
nerve loss depict the-representati&e model elements with values
still higher in magnitude thain those for cases,'ef only nerve

loss of hearing,

Finally a note'on'Meniere’S’Syndrome; 'Audiogram5'48,49'n
and 54 fall under this category. ILooking at .audiogram 49
it deplcts earlf stane of the disease,  The model parameters est-
imated for this case are a typical set, Only the resistances
Rl’ R 4, h and R7 are seen to exhibit some abnormality |
that is quite notloeable, but the capacitance C3 is the oaly .
capacitive element out of the normal range. All the\inductanees
remain ﬁneffeoted. This implies that loss ef soundvenergy due
to resistance is the vital cause of deviated hearing threshoids‘°
Most of the energy dissipafion is in the middle ear cavities
and the malleus incus structure. Decrease in the value'of R7‘
(cochlea, and the normal values of- C, and I, cause a total

deorease of cochlear lmoeaance aIIOW1ng distorted noisy

vaersion of the signal to reach the braln auditory receptors.
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The audiogram shows a low ffequency loss that is justified

as the effect on the audibility record, due to registive

elements ogly. Change in R5‘can be accounted by the discont-
‘inuity in theé ossicular chainc"Audiogram 48  shows a record
of a moderately advanced caéenf The issociated undérlinéd para-
meters are all except those representl g the cochlear 1mpedance,
symbolising that some kind of ﬂlddle ear 1n;ectlon spreading
onto the outer ear is the cause ©f the distorted signal received,
The decreased valus of IL 'may be the reason of the signalé
(already dlstorteQ; reacnlno the auditory nerve at a quicker rate
than'necessary - rén&erlng the overlapping of signals, the
effect of intense noise and vertigo, The cause of this

syndrome is yet to be studled and estdbllshed - Advanced stége

of this dlseasp is very similar to nerve loss of hearing éxéept
that the elemeﬂt I, shows an exceptionally small value, Ironi-
cally, the advaﬂcpd stage of Meniere’s dise asé ig- incurable and
accompanlea by severe attacks of vertlgo and pulﬂful hearing

L, 6, 15 307,
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CONCLUSION AND SCOPE OF
FURTHER DEVELOPMENT

CHAPTER-YII



Sppendix I

pusue=ieX

Gaussian Dbltlstiug

The Gaussian or normal probability de QSLty is one
of the most importent in and1y51s of errors and to Judge the
validity of measured data, iAlso, a Gaussian representation is

often more convenient to manipulete mathematically., The

[6]
Y
]
[N
~
0

u

Gaussian density function has a bell-ghaped appearanc

defined by,

, o D
) 1 wa X - %) '1
o) ¢ X —_ ‘_“_::::_i e"ip H S s 2
- o /2n L 202 - R ED)

where exp L j.1is the exponential function, and the parameters
have been adjusted to satisfy the normalizing condition of

equation (ii) below,

f p‘:X) d:{ = l . ooeu(ii)

if we havo i observations Xq to Xy, X mAY nave a

continuous range of values and it is convenient and also necassary

to guantize these N results into regions of width ax, The

frequency (£) of occurrcence that the result or data x, (wheve

“n
1, 2, == ) lics within a given region is siaply the

D

number of times that x, falls within that reglon.

The probability density function p(x) is then defined

as
(number of values in range Ax at x) /A%
p(x) - 1-} 1A i B A E U el ek P s 8 e 9E e L rend R ST 02 S MR A KSRy it
Ax=0 total numher of values = N

Ty
I [ee]
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The probabilitv that a particular méasufed.value lies
within the infinitesimal width dx centered at x is simply
p (x)dx. :By definition the p.d.f. is positive. Since every
meaéﬁreménﬁ'mustiyield some vaiﬁe, the integral of the'ﬁroﬁabi4_
1lity densiﬁy ovef,ai1 valﬁes'of x must be equal to unity i.e.

equation (ii), o : o S

The p.d; vqf the suﬁ of a large numbe; of independently
distributed quantities épproa ches the Gaussian probability
density funCtion'no matter what the individual distribntions
may be, provided that'theoontribufidg of any one quantity is .
nétvoomparableﬂwith tha rasultant of all thers.‘ This is the
central limit theorem. . Another property of the Gaﬁssiaﬁ distri-
bution is that no,mattef how large a value df X we may choose,
there is alWéys a finite propability of fihding a greater
value., Hdowever, the‘probability diminishes rapidly with increa=
sing x, and for all practical burposes the probability of

obtaining an. excesdingly high value of x is negligibly small,
A Gaussian distribution plot in general is shown in

Fig. Referring to equation {i) we have?

Y
‘

Y

1; x = data points

(2) X = arithmatic mean of I observations:
1 N
N n=1

.= the best estimate or the most probable value.
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- ot N . . . \l 2
(3) " = Standard Jeviation = (variance) /
therafore,
. ' N
31 ( 92 _ 2y - (5)2
o = = I (x,~-x)" = {x7) - {x
,‘:.\1‘ n:l .
= variance

M

(4) p(X> lmax =O_~:/:2:ﬁft—= at ¥ =
when a Gaussian distribution applies, there is a 68,3 percent
probability that a given cbservation deviation will lie less
than + o from X, a 95.4 percent probability thét the deviation
will be less thea + 2g from x, and & 99.7 percent probability
that the deviation will be less than + 3o~ from X. These per-
centage values are the areas included between the respective o~

values for the Gaussian curve snown in the figure,



Appendix IT

The Parameter Sstimation Technique Theory

In the pregent Wofk the coﬁputer sof tware used is
based on thé theory of parameter estimation by the method, for-.
system idenfification, the unknbwn pérameters are to. be esti-
mated from a set df data points obtained by measﬁremgnt.in
édme experimental work, Refefring to the work done, theAuhknw‘
own parameters are the elghteen electrical natWork components
of the circuit in Fig. {10) Chapter , ahd the set of data

peints are the various points along the sixty audiogram curves.,

Considering a multi~input single output static svstem

where Kq eceses Xy are inputs to the system and Gy5 8oy cscses

m

a_ are the unknown parameteir's. Then the output Y of the

system can be expressed by the mathematical model as,

b

: _ VAR
=(X1, 4{2, © 00000 a6 )CI{, alp azy e o0 0 0 am) 'o-oo\l)

A
B

,Qo'estimate the unknoﬁh,parameters A1y 85y evee Ap,
N sets of inputs ink = 1 v k}.are given to the system’
and the corrésponding'outputs yiﬂi =1 Jevun N]'are méasuredf
Zxpansion of equation (i) by Taylor Series about the initial
éstimate of unkaown coefficients givess -

Lo . [3Y3 ars o
}7.1’: ‘f. +l"—“_—‘_‘]m1r [&A_.aza Aa2+ 'Oo'ooo‘nvonoooooa

{‘3‘ 1]Aan} o el (id)
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A . . -~ . v 1
(3) o~ = Standard Deviation = (variance) /2

5 LW 2 e 2
N n=1
= variance

H
J

() P(X”max =G_724ﬁ::f at x =
when a Gaussian distribution applies, there is a 68,3 percent
probability that & given observation deviation will lie less
than + o~ from X, a 95.4 percent probability thét the deviation
will be less thea + 2¢ from x, and a 99.7 percent probability
that the deviation will be less than + 3o~ from X. These per--
centage valuesg are the areas included between the respective o

values for the Gaussian curve snown in the figure.



CHAPTER VII

CONCLUSION AND FURTHER SCOPE OF DEVELQPMENT

7+1.0 Conclusion

Electrical modelling in fusion with human physiology has
been the basis of present work. The various eleofrical models
were reviewed and enly those that would provide and hence promote
sufficient information regarding the hearing deficiency clagsifi-
cation have been studied. Twenty normal audiograms and forty
audiograms, for hearing impaired individudls suffering from
Varyingjdegrees of hearing inabilities have been recorded. The

majdr defects of the ear wefe also studied.

A direof comparison and a close resemblance between the
impedance characteristics of the network model and the standards
of normal hearing threshold was obtained and this analog# was
employed to estimate the electricai“network parameters for audio-
gram"recordé of normal ears by the method of Leasgt Square Estima-
tion. A definite range of deviation wasvdetermined for each of
the eighteen network elements with the help of Gaussian Statisti-
cal curves. The impedance and hearing threshold analogy was
. further utilized to identify the electrical nétwork elements for
the forty audiograms of diseased individuals. The parameter
valﬁes that had fallen within the ranges determined by the
Gaﬁééian plots were treated as uneffected or normal and those
that exceeded the prescribed range weré declared representatives

of some hearing deficiency.
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Finally, the hearing deficiency classification was done
“on the basisfof these seven hundred and twenty-estimated'electri"
cal network par ameters- and some Justlfloatlon wa s prov1ded as to

which parameter deviated in excess for what defeot.~

7.2.0»Further‘Scope of Development .

Insplte of many pers1stent efforts and noteworthy achleve—
ments, obtaining a. perfeot repllca of the human organs or orga—
nlsms always ends in endless assumptlons and theoretlcal hypo
theses. However fruitful avresearoh may be, anamolles and dis-
crepancies are always.a olose encounter. Eradication of these
oreates new ones andvhenoe‘there‘is'no end to. know about human
mechanisms. | | |

leew1se,»many faots have been 1vnored.or taken for granted
in the present work. Perhaps a better network model would be a
more rellable one and a few more added oomplex 1mpedanoes would
enhance further the detalled representatlon of dlfferent parts of
the ear. This would enable a olearfcut_dlagnos1s onrthe basis of |

parameter estimation; seleoting_a'partioular defect by‘immediateiy
»l.identifying,the corresponding'particular parameter. A detaiied
anatomical surveyland a series of‘persistant and oonsistant
efforts for fbrmnlating and designing.an ideal'electrical:network
model of the human ear, would be the answer. .
Aiso; he hearing deflolenoy classification done on the
"basis of presently chosen ear model is very general., It malnly
suggests what is the magnltude range and which.are the para-—
meters that are effeoted for the-hearing impaired under oertain»



103

Finally, the hearing deficiency classification was done
" on the basis of these seven hundred and twenty estimated: electri~
cal network parameterss and some Justification was'provided as to

which parameter deviated in excess for what defect.

7.2.0»£yrther Scope of Deyelopmeg§

Inspité of many persistent efforts and noteworthy achieve~
ments, obtaining a perfect replica of the human organs or orga-
'nisms always ends in endless assumptions and theoretical hypo-
theses. However fruitful a research may be, anamolies‘and dis™
crepancies are always a closé encounter. Eradication of these
creates new ones and hence there is no end to know about human

mechanisms.

Likewise, many facts have been ignored or taken for granted
in bhe present work. Perhaps a better network model would be a
more reliable one and a few more added 'complex impedances' would
enhance further the detailed representatién of differen% parts of
the ear. This would enable a clear~cut diagnosis on the basis of
-parameter estimation; selecting a particular defect by immediately
identifying the corresponding particular parameter. A detailgd
anatomical survey and a series of persistant and consistant
efforts for formqlating and designing an ideal electrical network

model of the human ear, would be the answer.

Also, the hearing deficiency classification done on the
basis of presently chosen ear model is very general. It malnly
suggests what is the magnitude range and which are the para-

meters that are effected for the hearing impaired under certain
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cases. A more critical clagsification would bé on the basis of
revised statistics, that means at least a group of five hundred
or a thousand individuals need to be surveyed and their audio-
grams taken. The next step would be to assign definite ranges
to these electrical network parémeters and hence form a 'set' or
'block' of specific parameters corresponding to a particular
disease. An elaborate computer software could then be prepared
that would scan the evaluated parameters and detect a certain
parameter immediately placing it in the relevant 'block' repre-

A

senting the specified disability.

This technique of disease classification would be totally
computerized and would offer a tremendous save of energy and time.
- To summarize, an on line evéiuation of aﬁy audiogram would be -
&oné, its parameters evaluated and immediately classified under

normal or abnormal blocks - thusAidentifying evidently the accom-

panying hearing disability.
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Appendix II -

The Parameter Sstimation Technigue Theory

In the present Wofk the computer software used is
based on the theory of parameter estimation by the method, for
system identification, the unknbwn pérameters are'tb-be esti-
mated from a set of data points obtained by measﬁrement.in
édme experimental work, Refefring to the work done, the unkn-
GWn parameters are the eighteen electrical network components
of the circuit im\Fig. {10) Chapter , and the set of data

points are the various points along the sixty audiogram curves,

Considering a multi-input single output static systew
where Xp aeenes xk are inputs to the system and ey 8oy esenns

a are the unknown parameters. Then the output Y of the
: :

system can be expressed by the mathematical model as,

Yy L. )

I =E(Xl’ Xzy gooeua-o.l Xk3 aly az, e #0500 arﬂ

To estimate the unknown parameters By 8oy ewes Ay

nr

o . N \ s | . .
N sets of inputs X ik 1 ..o kj are given to the system

!

V . v o o ’ i " .
and the corresponding outputs yil = 1 ves.. N] are measured,
Zxpansion of equation {i) by Taylor Series about the initial

estimate of unknown coefficients gives: -

. O . ..BYj_ ayi _
‘yl:'}fi'l'l'a"“‘a"i‘]aal d [‘A"‘EZ' Aaz v o'o';ooowﬂlno-ooo

dVi ] -
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