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General Preface to the Series

Beeyuse it is o longer possible for one texthook 1o cover the whole field of
bioJogy while remaining sufficiently up 1o date, the Institute of Biofogy
prapasced this series so i teachers and stadents can learn about significant
developments, The enthusinstic acceptancs of *Studics in Biology” shows 1hat
he books nre providing authoritative views of biclogical topics,

The features of the series include the attention given to methods, the selected
lisi of books [or further reading and, wherever possible, suggestions for practical
work.

Readers' comments will be weleomed by the Fducation Officer of the
Institate,

(982 Instinne of Hiology
41 Queen’s Gule
London SW7 S1HU

Preface

Scivntilic enquiry into the sense of hearing is as deeply rooted in engineering and
physics as inanatomy, physiology und psychology. Each approach ks brought
its own terminology gnd caneepts and it is sometimes Jiticult for the non-
specialist vo abtain o cleqr picture of the subjeet, This hook isa survey of several
of the avenuces ol interest concerned with the sense of hearing and is intended 10
charify some of the established principles, The book is direeted te students of
medicine and biology, but 1 think it will be of interest to engineers and possibly
those involved in the ereaive applieations of seund,

London, 1982 M,ER.
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1 Sound and Sound Waves

We nse the word *sound” to mean anditory sensation el its physical eause, It is
the thing than is heaed, occurring entirely in the mind of the listener and, at the
same time, it is o disterbance in the air thas exists in s own right, Soumd
possesses subjective gualities: tonulity, loudness, discord, ete, while simultaneously
having definite Crecuencies, intensity and velocity, It is proposed theeefore, in
arder to nvoid ambigaity, 10 speak of seund weves when discussing the physical
phenomena and o reserve "sound’ for the sensory phenonena, Sound wives
then, are the observable changes in the air and other media, which produce
sound in the listener,

1.1 Sound waves in nir

Consider the action of o leudspeaker as a source of sound wives which
prapagate through a gascots medium sueh as adr, As the cone of the speaker is
driven forward the irin lront jsdisplaced forwand and as iy is driven back the air
returns. Air molecules possess mass and so require time to accelerate under an
applicd force, On the forward stroke afr in contact with the cone therefore
moves lowards the air in the next fyer causing compression, On the return
stroke the fayers move aparet producing rarelaction, The bands of compression
and rarelaction tronsfer from layer 10 Biyer outwards from the source gl
canstilute i sound wave (Fig 1-1).

Wavelength

Fig, [-1 Sound wiaves,

1.2 Soumd waves in medin

The first essential for the existence of u sound wave is 0 medinm to support it
there can be no sound waves in a vacuum, The essential requirement of the
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2 SOUND WAVES IN MEDIA § L2

medinm i efastieliy - the malecules muost rebound after displacement. A
substances possess enough elasticity 1o suppart sound wirves,

LAl Elaticity

Substances such as stet, air and rubber are obviopsly elastic because they
behirve “elpstieally® with o wide rimge of deforming forces, Mitterinls suely s Jead
or wux are noted more for their plasticity, Plistic materinls yield permanently
wnder compitratively mild stresses, Nevertheless even *plastic® materials have
demonstrable elasticity if' the deforming foree is spall enough, The transition
between elasticity and plasticity occurs at the efastic limit for the material, The
forces associated with sound waves are penerally well below the elastic limit of
uny substience.

Measuremens of clasticity  Elasticity is measwred directly by recording the
fretionil deformation caused by o known foree, Tt is expressed as the modufus
of clasticity, The quantity depends on the manner of deformation, whether, for
example, the material is bent or squeezed, Since sonwnd waves involve
compressien and rarefaction the refevant elastic constant is the bedk niedibus of
elasticity where:

The bulk madulus (K) =

Pressure dilference (N m™)

Fractionad change in volume (dimensionless)

Tlie upits of K are thus N m™; a large value indicutes that the material js
relutively incompressible. The ratios of the bulk moduli for ajr: water; steel are
roughly B:10°: 10",

2.2 The speed af sound waves

A sound wave travels steadily away From its source, The speed depends both
on the elastichy and the density of the medium.

¢
o Bulk modulus Y, )
Velacity = ( W ) inms
This relationship holds for gases, liguids and solids, Velocitivs ofsound wives in
various substances are givenin Fig, 1-2. The important vitiues, in connection
with hearing, are those for air (around 340 m s™') and sen water (abour 1500 m
57'), The exact veloeity depends on temperature and other factors, Asa general
rule sound waves travel more stowly in gases than in liguids, and moreslowly in
liquids than solids bot there are exceptions. Hydrogea and helivn suppon
velocities greater than in some liquids; ihis is parly attributable 10 their
extremzly fow densities, )

Effects of temperature - Sound wave velocity inereases with temperature, For
example, air al 20°C conducets sound waves 4% faster than at 0°C, This has a
conseguence in certiin musical instruments, particudacly the flute and others
that work an the same principle, The note, in such instruments, derives from a
vibriting eotumn of air, The piteh of the note depends hoth on the fength of the
colamn and on the velocity of sound waves in it I the temperatire rises the
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Fig, 1=2  Velacity ol sound s in virious media, Cises, ligids smd solids e
represented, respectively, by apen, hatched and Hlled bars.

instrupent will produce a igher frequency Tor a given wivelengi{see § 4,10,
Flutes are nowandays construcied to produce the correet piteh e 20°C,

Fffeet of ampiinade The wave veloeities that are ustadly quoted apply to
sonnd waves of "'normal® amplitedes, Wirves of very high amplitide, say i the
vicinity of an explosion, travel fister: more than theee tmes the usual e has
been recorded in these cirewmstinces,

Effect of the shape of the medimn Ty most cases we are concerned with an
extersive mediun, be i air or water, through which sound waves travel freely, 11
however the medium is confined to o tube the velocity is fend to be somewliat
less than the usually quoled vadue, This is duein pirt 1o viscous forees occarring
near the walls of the 1be,

Amiospheric pressure The velocity of sound waves in air is sipprosimately
independent of atmosphuric pressuse. An increase, say, in pressure, progduces o
rise both in e density of the gas and in it bulk modulus of elasticity and the
chunges roughly cancel,

1.3 Sound wave Trequency

Spund waves’, by convention, are mechanical waves with frequencies
normilly sudible to man. The *standird® range is 20 - 20000 Hzalihough there is
individual varintion (see Chapter 2). Higher lrequencies are called "wlisasonic’
{even though they may be audible 10 omer specivs)and lower Freqiencies are
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*infrasonic’, Extreme ultrasonic (reguencies, s high as 6 X 10* Ha, can he
genernted by the vibrations of o quartz crystiel, Extreme infrasonic frequencics
are produced naturlly in earth-quakes from which the waves travel through the
earth’s crust, Earth-quake waves hisve frequencies from 0.07 Hz down 1o 0.0003
Hz {ane cycle per hourt). All such waves frem the extreme ultrasonic te the
extreme infrasonic are considered to have the same physical natire within the
medium that supports them,

1.4 Wavelengih

The length ol « sound wave is the distinee between suceessive bands of
compression {or farefaction), Fig. 1-1, The lollowing relationship applies:
Velocity (m s™')

Wavelength (m) = Frequency (H7)

The higher the velocity then, the longer is the wavelength at o given [requency,
Consider a wave af 1000 Hz, The wavelengths inair, witer and sieelare 0.34, 1.5
and 6m respectively,

LAl Wavelength and resonance

A cyvily determines the wavelength at resonanee, therefore the freguency at
which a cavity resonates s determined by b velocity ol sound and he
dimensions of the cavity, We have considered 1hie effect of temperature on the
pitch of & flute, The same sort of reasoning applies 10 the pitch of the voice
imasmuch as it depends on resopanees within the throar, mouwth and nasal
cavitics, An impressive demonsiration of the consequence of i ehange in sound
wave velocity and Lence frequency is obtained when o subject speaks aller
inlealing helium gas, The covities now respond at frequeencics atmost three tines
higher than normal and the voice that emerges Das an unnahal squeaky
quality,

1.4.2 Diffraction and wavelength

Diffraction is the phenomenon in which sotnd waves tend 1o bend round an
ohstacle in their path, The ‘acoustic shadow® cast by ap obstruction depends on
watvelengih, With long wavelengths diltfraction is more effective and theshadow
is il defined. With shorter wavelengths there is less diffraction and the shadow js
sharper, This fictor is important 1o direction sease {Chipter 2).

1.5 Enerey, power aml Intensity

The energy of a sonnd wave Is carried by the mass of the displaced mediom, A

single wave carries farwnrd o particular quantity of energy, A succession of

waves produces o fow of energy, the magnitude of which depends on the
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amplitude and frequency of the vibrations and also on thedensity o the medium
and the velacity of sound waves in it {Fig, 1-3).

Energy flow (W= s")}p oy i,
density amplitude frequency

— N of medinm
N wilve
—— N N h
- Ny velocily
/ —— ~ S, 3
AR
4 v
[ (opeyienst e
\ J /] J
i
\\ — // ,/ /
. — ,/ ‘,‘

Power (W)~ Itensity (W m™?)

Flg 1-3  Sound waves and energy.

The strength of n source of sound waves is described as its power (in witts); it is
the magnitude of the flow of encrgy thit the source can impart to the
surrounding medium. Some examples of powers of orchestral instruments are
given in Table I, Considerations of power are important when assessing the
likely effect of o source of sound ot it given distance and when calcutating the
ameunt of energy that must be fed into the source.

Tahle ¥ Power sadisted by musical insirunemts
at their muximum loudness (from Woek| revised by
J. M. Bows)er, [975).

Sowrce FPawer (W)
Trinngle 0.05
Freneh horn D.05
Clarinet 0.05
Flute LM
Piccatn 0.08
Double bass .16
fass tubi 0.2
Bass saxophone 03
Piiina N4
Trombone 6
Cymbals 10
Pipe orgn 13
Rass PDram 25
Orchestra of 75 performers 70
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The effect of sound waves at the receiving end is described by the imensity (W
m™) (Fig. 1-3) or aliernntively by the pressure (N m*), The former is he true
measere of the energy Mow bt the lnller is practically more readizable, A
microphone will give a direet reading of pressure, The intensity is proportioni
ta the square of the pressure, lncreasing the powerofi sowrce by afactorof four
will therefore cause the pressure to be doubled at any place inLhe path of the
wilve,

Tvorse square faw - A sound wave travelling awiay from its source isimagined
us an expunding spherical surface (Fig, 1=3), The total energy of the wave
remains almost unchanped (fosses due o friction are smull in free air) but the
intensity decreases with distance hecause the energy becomes more thinly
spread. Inthe Yideal" situstion of'a point source radiating equallyinall directions
the intensity is proportional to (distance)™. This will nat hold exactly in many
real life sitwntions becinse of reftections of the room and the directionality ol the
source of sound, but it provides an approgimate guice,

Anapplication where the inverse square luw definitely does notapply is when
the mediens is conlined so tt the energy is not allowed to spread, Forexample,
in a spesking tube, (an early methad of long distanee communication employed
in ships and durge buildings) the voice is earried over large distinces with
rehively litele attenuion,

1.6 The decibel seale

The ringe of audible inwensities is extremely wide, extending from around
107 W m™ up to 10 W m™ (e latter being the intensity, for example, near the
rupway during o jet plane takeolD), I the intensity is inereased steadily
throughow the rabge one would experience increasing lowdness but fortunately
nat in direct proportion 10 the intensity. There would be ever diminishing
changes of loudness for the same increments of intensity. In other words the
chanpes in sensation appear to be propartional 10 the refutive changes of
intensity (§ 2.3}, Same kind of logarithmic scale of intensily is therefore
appropriate o refate intensity to loudness, Acoustic caleulations involving

Tuble 2 Decibel notution: A in werms of energy ratioy 1 in lermy af
pressure ratio, Pa (frasenls) = N m™,

intensity no, | (W m')
A Relmive iremity = M Iug..n[ -l!l] decibels (dB3)

intemsity no. 2 (W m™)

Prcssurc no. | (P

\A

i
i} Helative imensity = 20 lug...[ il-l] devibels (B}

\
preasnre na, 2 {Pit)
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consideration of amplification nnd attenuation are concerned too with relative
rather than absolwe values, The calenlatians are simplified by the wse of a
logarithmic scale; the decibel seale (Table ).

A quantity expressed in decibels represents an energy rutio. Measuremenis of
sound levels are usually made in units of pressure, nevertheless the level (in
decibels) renains the energy ratio, For example doubling of pressure is
equivalent Lo quadrapling of intensity, hence the fuctor 20 (instendt af 10). 1t is
useful to memaorise o few commanly uswd decibel quantities (see Table 3).

AR

TLA R

P

Tuble 3 Decibel quantities to remember, (Noie
that ratios for 3 dB and 6dl live been rounded to
whole numbers, aecording ta commaon practice,)

Decibels — Inensity ratic Pressure ratio

i
g.} /1 (/1)
W ) ! ]

o 1 136 1260 (=112
B 3 2 =1
i 6 4 2

i H 0 1w =18
V2 2 104 11}

16,1 Absolute fevels in decibels
Although the decibel scale expresses relative energy it is used 10 describe
absolute vilues by using an agreed referepce standard, The reference for

Tulble 4 Absolute intensity levels, in decibels, of various sounds,
(The values are *A weighted® « see Chapier 5),

Meisared pressure in %

Saund Level = 20 logy, n d (8PLY
LR

Threshald of

8 trearing (Fa)
[

3 Jet takeoll (from 60 na) - 120 48

Iy Shot gun blast - 100 di

5 Cur horat im - 90 di

- Inside sports car a1 30 mph - 80dR

¢ Loud thunder - 70 ¢en

v Narmal conversation - 6k dp

L Typical room - 40 di

vy Sofi whisper ot L5 m - dndn

Open country - 1ndi
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intepsity is 107 Wom T and diat for pressare is 24 107 Pa (20 p M) These are
related and represent the typical hearing threshold in man an the frequency
where hearing is most sensitive {(see Chapter 2). When pressure readings are
used, as is normully the case, we speak of ke sound pressure fevel (SPL) in dB.
The threshold of hearing is thus 0dB (SPLY and a jef takeollis 130 (8 (SP1). See
Tulsle 4 Tor ather examples.
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2 Some Properties of Hearing

The essence of hearing is the experience of maadity, When we hear sound waves
we da not perceive the pctual vibrations of (e waves but there is instead a 1onal
quality, The relationship between tonal quality and (requency iscalled the semse
af pitch, Voeal communication depends on the sense of pitcly 1o diseriminte
grinkitions of frequency; we begin by discussing this ahility,

L1 Pitch

1t ity be said ol an individual, asually oo msician, thit e has perfect pitch, Tt
mens thint he can identily and/or reproduce the frequencies of tones with
remarkable precision, Sueh a tlent highlights the accuracy with which the sense
aof piteh ean be used, On the other hand {taay be said of anotherthat he is ‘tone
denf™, This refers specifically 10 fack of musical ability, He has difliculty with the
enjoyment of nuisic or he s unable o sing in e, 1t does not mean at e
cinot experience tonality, 1t does sez mean that he lacks the sense of pich,

2 Comgplex aied sitmple sornds

Maost sounds gre comples; they consist of mistures of tones and they usually
have definite temporal siructures, Arane extrene the dlear sounding notes of the
fute, wiren they are analysed, are Found to be combinations of a number of
frequencies ocenrring simultiancously. At the other extreme ol cemplesity, the
efaborate sound of & spoken word is the cumulative efiect ofa rapid sequence of
vowel souads and consomints eich clement of which is micde up of three or more
frequencies. [ seientitic siedy it is not practicable to anatlyse the fundamental
praperties of hearing with complex “real life’ sounds. Instead we use so-called
‘simple’ sounds: pure tones. These are sound waves consisting at any one time ol
fust  single freguency, wsually generined by an electrieal oscillnor,

202 Frequency discrimination

A limiting Facior in the recogaition of scunds is the ability to recognize slight
dilferences of frequency, This is sermed frequency diseriminationand meusured
with pairs of pure tones (Fig. 2-1), The least chunge of frequency thav is
peteeptible as u shiltin pitch is culicd the differeace thresiold (or difference timen
or the frxt noticeatdy difference} for frequency. The best frequency discrimination
is found with comparatively high pitched sownds (1000-5000 Hz) where o
change of 0,35 is deteetable, Al low frequeneivs the ability is notas good, lor
example ar 100 Hzit is only 3% (see Table 5). In music a change of frequency is
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TONE TONE
Nol |—= #—{ No.2
f 1+4At

l Difference threshold  Af tHz):r:!oD
: Relative differance threshold « === {%]

Fig. 2-1  Measurement of diflerence thiesholds, The hewdphones are switchieed frem one
lone gererator (o asother repensedly, Tone No, | is of independent requency (Frand lope
No. 2 15 adjusted by the sobjec) to sourd just niicably different in pitch (F £ Al

termed wn intervad, The smallest interval commonly wsed §s the semftone, which
1 is u chinge of about 6%, The semitone is the difference in sound between i note
; thut is *naptaral and one that is 'sharp’ or one that is *Nat’, An imerval of one
I semirone is wellibove the difference threshald for the lrequencies used i mnsic.
A musician is normally iwaree (sometines painlully so}oferrors al guarier tones
(n difTerence of 357), or even less,

Talle 8 Difference thresholds for frequency (data lrom Shower,
E, Gy and Biddulph, R, {1931}, 4. dcoust. Soe. dm,, 3, 275-

i
{ .
} Af Af
100 Fez 30 Hz * 30%
W 11z 12101 £ Lo%i
S0 1z + 25z £ 4,57
HI0g Hz + 3.0 He +0,0%
000 iz T Rt t (L3%
SN0 Hz £ 1512 £0.305
Won He £ 40 kg £ 04%

243 Awdirory range

The span of saund (requencies producing tanal qualities is called the andftory
rattge, The range is normally from 16 Hz up toabant 15000 Hz in youngadults,
Children can hear frequencies upto 20000 Hzor more, while many of theelderly
cannot hear beyond 5000 Hz. There is considerable varintion between individuals
i of each apge group but in general the ability 10 apprecinte hiph freguencies
! deteriorates with advancing years.
i The upper limit of the auditory range is defined simply by the inability 1o hear
frequencies beyord it, The lower limit is less easy to pin-poing it s more s place
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of transttion, Frequencies beluw 16 Bz are perceived a5 vibratory or fluttery
: sensalions, rtther than tones, while those nhove |6 Flz have a defipitely tomal
' sotul,

i 204 Freguency amd audibitity

’ The sensitivity of hearing varies across the iwditory range, I different tones
i nre sounded o1 the same intensity it is fonund that those with freguencies near the
h ceptre of the range sound Jowder than those towards the two extremes,
{\' Allernatively i the tones are adjusted so as 1o soaed equainlly lowd it is then found
o that grenter intensities of the sound waves are aeeded towards the extremes
;Z of the range,

B The property just deseribed is represented by w curve of equal lowdness (Fig,
i 2.2). The complete deseription requires o family of curves beciuse the exact
i relationship depends on the general level of sound intensity: the foedness feved,
i The lowest level, Tabelled *barely andible’ is known as the madibilicy curve
y because it eescribes the threshold of hearing as o lunction of sound wave
i frequency.

i

L

4 120

i VERY LOUD (100 phan}

i

[«]
=]

MODERATELY LOUD {60 phon }

EN
Q
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Flg, 222 Curves of equal loudness. The wpper two curves were obtained by adjitsting the
intensities of various tones to sownd equally lowd as one of 1000 My, The Jower curve
represtnts the threshold oFiedibitig s o funetion ol Trequency, Note that Toud ness level is
given in phons ratlser than dB (see text), (After Robinson, D, W.and Dicdson, R, 8. (1956},
fir. J, Appl, s, 7, 166.)

Natice that the slope of the curve chinges with the Joudness level (this (s whya
Family of curves is needed), They become lter with increasing laudness, [Fata
hiigh fevel of toudness (Iabelled *very loud') a lone of 100 Hz were made 10 sound
as loud #s one of 1004 Ha the intensities ol the two 1ones would be Tound to be
about equal, bur ar a lower level the intensity at 100 Hz would need to be
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rebutively greater. For example at the lowest level (Charely audible®) this
discrepancy would be abowt [00-fold (20 dB).

An important applicatien of the curves is in the designing of equipment for
the reproduction of music #nd speech, since it is evident that the amount of
compensation at low (requencies (biss boost) showld be adjusted to suit the
Toudness il the tonal balance iy to remain the same, Mare boost is required at
low, thian at high, levels otherwise us the loudness s decreased the sound
becomes ‘thin' or ‘tiony*, or conversely it beconies *boomy” as the loudness is
increased. A relerence set of equal loudness curves is available{British Standard
No. 3383 (1961)).

The reference tone and the phon seale The agreed reference tone for equal
toudness curves is 1000 Hz, The ‘very lowd® curve, [or example, wits construcied
using the reference tone atan intensity of M0 di; for the *maoderately lond' curve
it was 60 dB. In cuch case the intensities at the other frequencies were adjusted to
sound equally loud. In order to specify a particulir foudness Jevel it would he
quite proper to request *that level at which the intensity at TI00 Hzis 60 dB', Tie
preferred way, however, is 1o deseribe the level as*60 phons®, The phon scale wils
invented to provide unambiguous deseripion of loudness level, The level in
phons is numerically equal o the intensity at 100 Hz corresponding with that
fevel, The intensities to other frequencies are then available from the approprinte
curve,

It is emphasized that the plion scale is aer o seale of abselute Joudr
Although ascending the seale corresponds to progressive increase of toudness
no mathenutically defined relationship is implicd betweer one Jevel and
another, The seiling of nbselute loudness has heen attempled and presents i
sepirate prohlem (see § 2.3),

2.2 Discrimination of souml intensity

Emphasis and stress wre essential ingredients of spoken language and music,
They often convey the meaning, They depend largely on the ability o
cotimunicate by changes of loudness, The capacity 1o discriminate small
Muctiations of intensity is therefore bath part axl parcel of auditory experi-
enee,

22,1 The difference threshold of imensity

The limiting quantity for intensity diserimination is the difference threeshold of
sound dnpensity [known alse as the difference limen, or just poticeable
difference}, B is the deast inerement of inteasity that is perceived as a chanpe of
loudaess, 1t can be meitsured by presenting o subject with a pair of sounds in
suceession and inviting him to judge which is louder, One of the pairis of (Txed
intensity and the ofher is viriable, The west is repeated unil, hy the process of
adjustment, 1he smallest diseernable increment has been estimated, This metheod
involves Hloudness memaory” sinee o certain time clapses between the Lwo stimuli,
Anather method, perhaps more sensitive, enploys londness modulition' - here
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the intensity is arude fo oscilline between two Revels and te subjeet has to recduee
the Ruetpation until it seems almest 1o vanish,

Teis found that the difference threshiold increases with the foudness level bue,
for a given type of sound, the redadtve change renming remiserkably constant {see
Fig, 2-3). Intensity discrintination is best for the middle frequencies of the
auditory range {(1600-4000 Hz), DRiscriminution is worsencd by background
noise (see helow); under very quiet conditions iU B practicable 10 realize a
threshold of 21006 (204 di),
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Fig 2-3  Itensity discriminstion. The dilference threshold for sound intensity (A6
increases witla the sounc level (Tybut the eelotive change (A0S ulmost constunt,

2,22 Noive and itenstiy disceimingtion

*Noise" in the immediate context means a pon=specific sound mide up af'
hroid range of frequencies, The Kind of *rushing” or lissing sound that is toudly
pracuced by, say, escaping gas or o wanerfall, This kind of seund when produced
artificially, is called ‘thermal noise” or ‘white noise's the lagier because it contains
w simikie measure of every (requency in the auditory range (ind often heyond),

The presence of noise impairs the audibility of speech and other meaningfu)
sounds, This is masking, the phenomenon of hearing where one sound s
rendered less audible by the presence of another, Quile low levels of noise
produce significant masking, It ean be i nuisaace but itis often benelicial, in a
librnry for example, o Jow level ol background noise can hide other more
disgracting souels,

The masking cffect of noise appestrs to obey the general rules of ingensity
diserimination provided i we aefd the intensity of the poise to that of the
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Fig, 24 Noise and safibility. When i meanigdul suond G signal s superimposed on
bragd-bimnd noise the intensitics af the comnum Treguency componunts effectively acdld
together, Vhe signal is audible anly il its inreasivy is grener than e ditlerepce threshold
LI0R) lor the tagal inrensity.

speeilic sound when calenlating the relative difterence thresholl. Consider the
audibility of o pore jone in the presence of naise (Fig, 2-4). The frequency
spectrum of the neise includes the Trequency of the 1ane, therefore the tatal
inensity at that frequency is the swa ol the intensities of the 1one itsell kocl the
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Fipe 2-8  Nuoise and inselligibility, The pereeption of speecly involves appreciation of
smatlf uenstions of intensity, The limiting factoris e ditference threshold of intensicy,
“Phis faetirr is determined by the 1etal iatensity at the frequencies commuo i the voiee sl
the noise (see Fig. 2-4). Theretore, althougly the difterence threshald ressains unehanged
relative ta the 1ol dntensity, that Tor tie yoiee alone increises progressively with the
intemsity ol the noise (e, Fig. 2-1),
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corresponditg compenent of the noise. The tone will be heard above the noise
enfy if it contributes more than 109 (see abave) of the femd intensity at thin
frequency, Otherwise the noise will compleiely mask the tone rendering the
lanter inaudible. .

We citn now extend the discussion 1o consider how noisechanges the uhility (o
apprecinte changes of intensity, thereby affecting the intelligibility of speech, It
was stated enrdier that o NMuensnion of intensity of 109 s jusy detectable under
very quiet listening conditions. Under more uswilt condisions diserinvination is
warse than this, 11 is fownd that the threshold rises progressively with the
amount of background noise (Fig. 2-5), In ordinary *quictish’ room conditions
the threshold is likely 10 be abour £ 2505 (= | JB).

Sigual-ro-noise ratin Backproundd noise can be a problem in the repro-
duction of sound and in racio and elephanic communication. The sourees of
noise are; electrical components (valves, transistors and resistors); recording
medin (tape, dise, film) and, in the case of radio transmissions, electrical
disturbanee in the aimosphere, The naisioess of the system is deseribed by the
sighal-to~geive ratioy the signal’ being the wanted part of the sound. The ratio s
stated in decibels. As an exunple consider the backgronnd noise in sound
recordings, When the eorliest eylinder recordings are playel today the voice is
almost swamped by the swrface hiss and is only fust intelligible, In this case the
signal is probably no more thaa doubk: the intensity ol the noise - in which cise
the signal-to-noise ratio is 3 dB, or less, For o moderately worn 78 rpim shellac
record the ratia is typically about 45 dB, much better but sulf biving noticeable
surfiice Iss, With modern tpe-cassette equipment of average quality, the
signal-to-nofse ratio is 60 i} or more, the noise being almost impercep-
tihle,

208 Masking by simifar sowrds

The character of the masking sound (ie. noise) in the cise we were
considering, was guite different from that of the signal (pure tene, or music), Bt
musking oceirs with uny combinition of sounds, For instanee, when two pure
tre heard stmmltancously they tend o mask each wher, The elfet is
grentest when the (requencies are similar bur stll exisis even when thie
frequencies are guite widely separated (g, 2-6),

As an illusteation of the potency of masking Bnagine a choir of 100
unitccompanied voices singing the same note in unison, There is i smiatl spread
of lrequency beeause of individual variation bus the voices sill mask eaclother
strhstantially, 1f one member of the choir suddendy stapped singing, leaving the
others 1o continue, would this be noticed by the audience? Hardly, because
single voive contributes only about 196 1o the ol intensity at that frequency
band wherens, as we have seen, a change of 1055 or more is necessary e prodice
a noticeable difTerence, It would he necessiey 1o silence at least ten members o
elicit o detectable change,
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2,24 The lack of masking by dissimitar sotmds

We will now look at masking [rom another point of view and deseribe
circumstances where it is relatively incffective, From commaon experience we
know that quite weak sounds can casily be heard i 1he presence of sbiung anes
pravided that the frequencies of the different sounds ane separated. Extending
the musical ustration: i o soloist joins the 100-strong choir hut singing the
nole one ogtave higher, then this single voice will norpuilly be distinctly hewrd
abave the rest (Fig, 2-7), Or consider the sound at 2 football mateh, whes it is
possible 1o hear the referee’s whiste wbave the cheering of several thousand
speclilors,

The phenomenon is gquaniitatively represented by the curve for masking in
Fig. 2-6, Evidently the range of [requencies for effective wasking is guite
narraw; ance outside this range the thresholbd of detectability of another sound
fulls steeply with Frequency, At sepuration of ane octave or more the threshold
is practically independent of the masking sound, In other words, the sense of
hearing displivys fregrenc) selectiviee. This property is surely more remarkible
than masking. It demonstrates that sounds of substantially different frequencies
do nol interfere and suggests, ns wilk be shown o be the cise physiologically,
that the sensory information in each nurrow baml of sound wive frequencies is
chnnelled separarely to the brain,

L3 How loud?

I is in our tature 1o recognize changes of loudness bat not 1o guanify
toudness in absolute terms, We know when i sound is too sel't, 1oo loud or just
right but we cannot state, with any confidlenge, thin o given level of intensity
cunses, sy, three times rather than five times (lw londness of another, Despite
this difficulty iv would be useful for scientific purpases ta hive some kind of’
numerical seale of loudness, Several stadies have been conducted with such in
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Fig, 2-8 A scale of toudness (see (est),
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objective. A steaighitforward test wis employed, The subject was asked to adjust
the intepsity ol g tone until it seemed either twice as fawd or i as lowd as
befare, The test was repeated at virions intensizies. The fundimentad problem is
10 know what the experience of *twice as [kl is Hike, and the diffesent rescarch
grops arvived beiween them ata vieriety ofconclusions concerning the intensity
factor, All ngreed, however, ttat in orler 1o change toudaess by i fctor of two,
it is necessary 10 alter the intensity by a factor greater than iwo, One result that
has been widely accepted stites that douhling (or halvinghof londness reguires a
ten-fokt change of intensily. A graph construcied on this hasts is given in Fig,
24,

To illustrate the property we will retun (o the concert hall and the singing
velees, Imigine weare suspended, likea microphone, over theanditorium about
vquidistant from each performer and front eich member of the andienee. For
simplicity it is assumed that every veice in the hall is eapable of producing i
similar power, According to the "ten-fold relationship®, the 100-strong choir
shoutd produce four times the Joudness of 3 solo voiee, IF an andience of 1000
people join in singing lustily, the udness should rise to eightiimes that ol sole
voice, As o larger example, consider a sports stadivm contajning 108000
spectators, Taan observer al the centre of thearenz, the suund of tre raarof the
crowd shopld sound 32 tmes ns Joud as wosingle voice, The reader must decide
from personal experience whether ar not these predictions aee reasonable,

2.4 Hewrlpg In mamvmals other U man

The assessmend of hearing in mammals has been earvied ont using: (1) The
nearaphysiological method; (7} the reflex resportse methed, and (67 the
behaviour method,

The newraphysiologica) (or electrophysiologics!) approach requires the
muanitoring of electrical itctivity of the ear or brain in response 10 sound waves,

The reffex response approach expleits a reaction to a sound stimulus, for
example, some animals flick both ears in response 10 sound {the pinm, or
Preyer, reflex). Signs, suchas changes in heart rate or in the pattern of breathing,
have also been used as jndices af hearing,

The bebavionral method favolves the animal in some ind of training
programume in association with ar audizory stimlus, either in order 1o setup i
conditiond response or to teach it to expecta reward for a eorrect response,
This meikod is the more arduons far the experimenter but pravides the betier
indication of nuditary abifiry,

The majority of work on the hearing capabilities of animals has been
concerned with auditory range, We will concentrite on that aspect,

240 Awditory range

The frequency spans af hearing ability for it selection of mammals are given in
Figs 2-9 and 2= 10, The relative sensitivity as i function of frequency is given in
each cuse, 08 derived from the awdibitity curve,



LR T IR

§ 24 19

L N I B R R
0dB  +20dB 14048 +60dB

won 1L LTI e 1

Cat |1 EETHIHTEH S earmmsii 11 1 1
guneapa [ | || ATTITTTTEECIT AR |
Monkoy ||| | 11T TITTHTLRHEATRA N e 1

Bt I O O O I
Rat R ARl 1

et 11l Lol lpp iy Lodewb o dd ] Ll
10 100 1000 10000 100000
Frequency {Hz)

Fig 2-9  Frequency sensitivity induad mampils, The *hest recuencies® invieh case are
inlicaaedd by a sedid bar s norpaliced (o0 d B, The relitive threshald at ocher freguencices
is indiented by the Wir spacing {see keyp, {Natiee thal the bat (greater horseshoe bit) has
two sets of best frequencies), (i from: virrions senrces.

The maost significant part of the nuditory range is that region where sensitivity
is greatest, and referred to ax the ‘hest freguency', Tneman this is around 4000 iz
(see wlso Fig, 3-2), This is low compared with some other mammsals, b ceriain
species the greatest sensitivity evidently oceurs at frequencies beyomd the upper
limit of human audibility,

The *best frequency” in each species is towids the high freqoency end of its
auditary range. In comparative hearing it is sensitivity to high frequencies than
haws excited the maost interest, The ability 1o her very high frequencies (heyond
40 000 Hz) among the vertebrates is speciad to mamprals, Birds cannot detect
[requencies beyond about 20008 Hz and in reptiles the vpper limit is probably
no more than 10000 Hz, The majority of mmnmals thit have been tested
responded to tones in excess of 40000 Hz, some above 60000 Hezand o few
beyond 0O Hz, Thatis netiosay that aff mammals have this specizl ability,
[t stould be stated that, for peasons of experimentit] convenienee, most of the
species examined so far have heen small in size (with the exception of water
mammals). OF the Lirger species, man has o relatively low upper imit §ypically
about 15 N0} Hz).

The limitutions of hearing ability in the Lkirger land mammals is compiratively
little known. The prospect al testing & lion or a fhinoceros or even 4 cow or it
horse is understandably o dauming one. Nevertheless in o recent study the
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auditory range wits obtained for n young elephant and it was found 1o be
unresponsive to tones in excess of abour (D000 Fz, This suggests that size,
especinlly head séze, is the determining quantity for sensitivity to high
freguencies (see also beluw) but miny more species need ta be examined helore
one can decide with confidence whether the aittenuined auditory range inman is
a peculiarly human (and clephantine) faiting or o consequence of physicul
imensions.

Water mammals, as a group, enjoy an impressive ability o deteer high
frequencies in water-born sound waves, The best-lrequency of the battje-nosed
dalphin is nround 60 000 Hz. Lest it might be supposed that the mediam is in
some way responsible it should be noted that for i human under witer the best
reguency is rather Jower than ir is in air {Fig, 2-10),
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Figge 2«00 Underwitter Beasing in warer mamls (ond min). Conventions jisin Fig. 2-9,
(From dina gueled by Pepper, Ao No (1950 In Cetacean Bekaviowr: mechunivims atd
Sunctions, Lid, Lo M, Herman, John Wiley & Soas, New York,)

2.5 The significance of high lrequencies n hearing

The ability 1o hear lkigh frequencies is involved i direction sense, The heid
tencts to shield the ear furthest frone the sowree il the resulting disparily
hetween the intensitivs i the two ears indicates the direetion of the sound waves,
This is net the complete basis ol anditory localization but it is animpartant past.
The significance of high frequency hearing ahility is becasse the diffraction of
soundwives round the head deereases with wavetength, The *ucoustic shadow®
cust by the head on the further ear, becomes deeper with increasing frequency,

Sense of direction is relevint to vocul communicatfon amd it is sigrificant thit
the essential frequencies of luman speech and also the more urgent evigs of ather
mysmmals are relatively high in their respective auditory ranges, correspanding
with the region of the *hest frequency’. Muny soinds innature, whether voeal or
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otherwise, cantain components of high frequency which can provide nuditory
clugs to the direction of their source,

The sive of the head is another fuctor that determines the degree of acoustic
shielding, The smaller the head the shorter must he the wavelength tor
equivalent inter-uurid difference of inteasity, This, it has been suggested, is why
smult mammuols have ability 1o detect particularly kigh frequencies and why, as
has been Found in mice, certain kinds of vocal communication, notably distress
calls, are carried on ut ultrasonic frequencices.

Eeho-tacation i a specinlized adaptation of sound wave production and
hearing, employed by certain species of bats and witer mamals, They emit
bursts of sound waves and from the echoes con navigate and catch prey,
apparently obtaining n picture of the immediate surroundings f'rom theacoustic
reflections. The pulses produced by bais depend on the species and they usually
contain components in the range 60 G0N Hz ta 100 060 Iz, Dolphins kive an
especintly elaborate repertaire of echolacating pulses: the boltle-nosed dolphin
can vary the frequency contained in the pulse from 35000 Me o 130000 He,
Hearing ability in such species is evidently suited to reeeive the high frequency
companents of the pulses, [necho-lecating bats the wudibility curves are sharply
tuned - the species represented in Fig, 2-9 has 1wo *hest (requencies' the higher
one presumably related to echo-location is very sharply vuned at 83 000 He,

The limiting Gicter in the resalution of small objects by echo-lacation is
wavelength, Effective reflection of sound waves douvs not occurif the wavelengih
is Janger than the object in question. Hence the significance of high frequencies.
For example, in order o detectan insect of wingspan 5 mm the wavelength must
be 5 mm (0008 m), or less, necessitating a frequency (in wir) of 68 000 Hz, or
more, Wavelength under water nt o given frequency is about four times longer
than in air, therefore correspondingly higher ITequenciesire needed 1o deteelin
object of a given size,




3 Transmission of Sound Waves
in the Ear

The previous ¢hapler dealt with earing from a psychological stindpoint. We
now tur W physiology and seek e mechanisms nnderdying audilory experience.
The tradiiional physiological approach to a sysiem of the body is 10 find the
properties of the component mechanisms individually and then reconstruct the
overall Behaviour from the sum of the parts, In the case of the ear and hearing
thera are distinctly different regions thiet work in series. The ewrer car ehannels
sound wives to the ear drum; the anidefle car in which the vibrations of the ear
drum are intensified and foeussed ento the inner ear; and thecoechiva, the partof
the inner ear which houses the orgin of hearing,

A1 The ouger eur

The principal parts of the euter earare the pinna (fether'), the cancha (*shell”)
and the ear comead {see Figs 3= 1 and 3=2). The pinng is important lor direction
sense, especialiy in those animis where iUis large and under museular camtrol,
The concln is a bowl shaped cavity wlich farms the entranee 1o the ear canal,
Coanchi und ear canal modify the sound in o positive way and soinlTuence the
frequency sensitivity of hearing,
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Flyo 3=1 "The parts of the ear, (Adapted from Dayies, L (19893 In Namdhook of
Phosiofeer, Vol 1, American Physiological Sociery, Washirgton,}
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Fig. 32 The outer ear, (a) external view; (b} internal chamhers {horizontal section) smd
the positions of microphones to measire freguency tespanse; (e) frequeny response off
the onter car measursd at the ear drum. The sound souree wis directly in line witl the ear
canal. The graph gives the difference in presstere hetween w microphane outside the ear and
e ane Mside. (ARer Slaw, B, A GO0 Il dmfisary Spsems, Handbuok of Sensery
Physiefopy, Vol, V, pare |, Bds, W I Keidel and W, 1D Neft, Springer, Beelin,)

Kb Twming in the auter ear

Acoustic properties ol the outer ear liave been determined by comparing the
sound waves aeriviag an the car with those reaching the car drom, The method
eimploys two microphones, o very small one inserted inthe carcsnal and anether
just otsicle the ear (Fig, 3-2b), Using prere tones it his been foumd that the onter
car i "tuned” to sound waves having frequencies in the range 2-7 Kz, Itellect
these lrequencies of sound are selectively nmplified, There are two maxing; at
2500 Mz andt st G000 Mz (Fig, 3=2¢), This property of the outer car accounts, in
pirt at least, for the greater sensitivity ol bearing at those frequencies important
for the pereeption of speech,

The rature of the tuning s the same as that io any air-flled tabe which is
closed a1 one end and has a disturbance applivd to the ather, Standing waves
occur ol those frequencies where the wavelength inair is about Tour tines the
lenpth of the tbe, This amounts lo amplifiention at these frequencies. This
phenomenon applies to the flute, the *Mue® pipe of i church organ nnd necounts
far the sound obtained by blowing across the top af an emply bottle, The
sharpaess of tuning i such o system is not acute, therefore sounds over i range
of frequencies about the centritl valne are agcentmnted,

The conchin and ear canal behave as separate cavities whose individual
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properties jdd togethier, The conclia ilone, i it were n tube closed at one end,
wonld accentuate fregtiencies around 3000 He, “The ear canal afone would
aceentuate those around ) Tk (Caleulaians upon which these predictions
are made take into ecount cerliin ‘end corrections' - the eflective lenpth of g
tube being [onger, in relation wits acoustic propertivs, than the actual fengeh.)
The result of combining the two cliambers was tested on g simple madel,
There were two maximi corresponding with the vesult obtiined in the real ear,
Conelut ared ear conal hisve complementary properiies, therefore, The combined
elfect is 10 amplily sonnd wirves over o broad ringe of frequencies.

When comparing the hearing abilities of ditferent species, the dimensions of
the anter ear provide signilicant clues. Figure 3-3 shows dimensions of the
civitics i man, et and goineapig, The deereasing size correspoends with the
incrense in the frequency of maximum sensitivity,

[

MAN Contha  Eoreanal +—} 3000 H:
CAT 5000 Hz
- _.1_—4
GUINEA-PIG BOOOHz
& 1 . | —)
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Fig, -3 Bires of the concha and car eanal in different species with the Mreguency of
mrasiming response (cpleotated from the leagih of the eae canal). (Dipensions taken from
Shw, I3, A, G., 1974.)

3.2 The middle ear

The middle ear is an air-filled chamber contiining a mechinical linkage by
means of which airbornie vibrations of sound, collected by the car drum, are
impressed on the watery Nnid of the inner ear(Fig. 3= 1), Theairin the middle car
is maintained at atmospheric pressure via the custnchian whe (Fig. 3-1) The
maving parts of this linkage are three bones known callectively as the aurditory
ossicles and individually as matfons (hammer), incus Cenvil) und stapes (stirrup)
(Fig. 3-4),
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Fip, 3-4 The auditary ossicles, (After sikisy, G, [957.)

220 Mechanical transimisston

In response tosound waves, the ear drom acts on the mallens, The head of the
malleus hehaves as a pivol i 1S ratatory movement is coupled (o the incus.
Mullens and Incus are joined firmly together and rotate as o single wnil, The
muotion is transferred (o the stapes which exerts plunger-likecompression on the
contents of the cochlea, The cochlea bis two openings o the middte cir an vvad
wingdow, which is closed by the Tootplate of the stapes, and around windamv which
ts closed by nn elastic membrane, Inorder forsound to bedetected there must be
displacement of the uid of the cochlen (the details will be given in Chapter J).

Pivat
Mallewsand incus i
|
|
1

'i ISlapesfnvnl window
Eordrum I |
N\

e 1 T

Progsure > 3ot [S
bt 1L

el | /

Stopedius .
muscle Round windaw

Fig. 3-8 Schematic model 1o illusteoe the mechanism of the middhe ear,
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26 THE MIDDLE EAR § 32
The function of (e membrane of the round windiw s ta sccammuoditte the
displacement by virtue of its distensibility, The system ol ossices ntagnifics Hhe
pressure of sound wives and concentrates it oo the oval window, Energy
enllecied over the surfice al e ear drum is transferred to the much sasller arey
of the foutpluie of the stapes. o additfon the stapes is attached nearer Lo the
pivol of the system than is the ear deum and thereby derives imechanical
advantnge with regird to fores (see Fig, 3-5) The vwo Bretors combied produee
s estimated 20-Motd amplification of pressure,

A22  The significance of force amplification

Damage to the middle car mechanism results in severe impairment of hearing,
T these circumstiinees airhorne sownnd wirves can exer) i effeet ondy by acting
direetly at the round and oval windows. Thissiznation highlights the impartanee
of the normal middte car mechanisin, When sound waves strike e rouad or
ovitl window they stre in efFfect siriking i water surlitce apd most of 1he energy is
reflected = only u tiny proportion is absocbed, The moving mass of gas hasa very
tow inertia compared with the fuid of the itner car The effect of the ossicles js
cquivitent o inereasing the density of air by twenty times, thereby ereating i
nore elficient teanster of epergy to the inner ear: a hetter dnpedance maleh (see
Fig, 3-6).

\ AN

't 3 ) @ St
~ L A \E‘L/ _,-;m%;g.on -~ e @
Energy el Energy
{0 Perfec) mateh fh) Mismarch fe)Partinl motch

Fig, 36 Model o ilusirsite the coneept of energy trapsfer and impedance inatching in
e miclddbe ear, The model employs i "Newtor's erdle’ consisting of a system ofidentical
stee) hulls suspended in contaer, b I badbarane end @5 swung 1o collide wich the ress, it
vomes o rest iinmedintely; the energy is coonpletely irsterred throngh the system to the
baltarehe orhereml, This illestraies perfect impedance auaehing. (3 (Ea gch tighter ball,
a tabde fennis Il say, is made tacollide with the sysiem, it bounees ol leaving little, ifany,
merticn i the steel balls, This represents whopeless miswtich ol impedanae., (e Miutching
e be iproved by interposing o pointed rod, say a shirpened pencil, 1o increise ibe
ferrge, 10 fs found that sigriticant transfer af energty now aceurs,

Another relevant fictor is the requitement to graduce adifference of pressoee
berween oval and reand windows, If this were nat so, as in the cose of the
damaged middie car, en both windows wounld recetve the samv airborne sownd
waves and so experience identical pressure uetuations simultaneonsly, This

would minimize the displacemeni of cochlear Quid tnd hence e detection of

sound, A proportion of the deafoess due o toss of middle ear function is
atribitable w0 Whis fector, Hearing in such patients has been considerably
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§ 32 TINE MDD EAR 27

impraved by introduging o sound shicld over one of the windvws to Gicilitate o
pressure dilference,

223 Museles of the middle ear

Jointing between the anditory ossicles is under ntscular contred, There are
two muscles and they pull ae strategic places in the mechinical transmission
systen: the feaser fympani muscle, attached 1o the malleus, and e srapeding
muscle that pulls at the peck of the stapes{Fig. 3=7), The primary purpose of the
tensor tympani is 1o control the angofar relistionships between theear deum and
the system of ossicles; it provides postural sjustnient to compensate for
mavement of the hodyand inclination of the heird, The purpose of the stapedius
is to regulate the freedom of movement of Lhe ossicles and thereby inflnence the
transmission of sound in the middle car (see also Fig, 3-5). The stapedius
muscle, in particular, respondds directly to sowndd: it has an ‘itcowstic function®,

Ligamonts

of mallgus Ligament

of incus

Stapadius
muscle

Footplata
of stapss

Tansor tympani muscle

Fig, 3-7  Museles of the middle car, The tensor tympani js attached o e landke of (e
maliews, Whee i contracts the cardram is pulted rowards the imiddle ear, The stapedios is
matached 1o the stapos amd pulls it sideways, Contrietion ol the stapedins musele stiflens
the trapsmission mechanism,
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The tensor tympant is influenced mainly by factors othey than sound fhead
position 21¢); its function is therelore regarded s *non-iconstic',

A.24  1he stapedius reflex

The stapedins muscle contracts In response (o sound, especially intense
sound. The response is known as “the acoustic middle ear mascle reflex’ or
alternatively as *the stapedius reflex”, It is o mechanism by megns of which (he
sensitivity of hearing is ndjusted. The reflex wis observed originally by watching
the middle enr muscles through 3 hole in o patient™s perforated ear drum. When
o oud sound (80 dB or more) wis applied the stapedius muscle was seen 1o
contract, The reflex s difeteral since o sound applicd 1o either ear produced the
reflex in the observed ear. The stapedius refles las been observed and mensured
in several species of mammal as well as in man,

Prateciive function of e reflex? 1t had been suppaosed for some time that the
primary puepose of the stapedius reflex is to protect the inner ear agaisi
damaging vibrations of intense sottnds, This is an atractive idea which mus
have a degree of validity, but is difficult 410 accept as the complete reison d'ére
for the evoliionary development of the reflex and estimates of the amount off
attentation that the reflex can praduce suggest than it canpot wfford o grem
deal of protection. Medern experience shows how casy it is Tor hearing to
be permanently damaged by expostire 1o naise despite the refTex (Chapter 5),
Furthermaore there is i defay of shout 30 msee (in man} between the onset of o
sudden loud sound and the initimion of conteaetion of the stapedius muscle,
consequently there is na pratection ot all against impulsive sounds, An
alternative purpose for the reflex, according 10 recent work, is in the
diserimination of vecial sounds, The idea derives from consideration of the
requentey sensitivity of the relfex and the nature ol the disability associnted with
loss of the reflex,

Freguency sensitiviey of the reffex The stapedins refles s o susiained
contraction of thal musele relared to the fevel of sound intensity, Theelfeet isto
stiffen the movements of the auditory ossicles and so attenugte the transmission
of engaing sound waves bul e attention is not the same at all frequencies.
The intensity of Jow frequency sound is reduced more than high frequency
sound, Sounds nbove 2000 Th are hardly sttenuated a all but thase hefow 1000
Hzare substanticlly affeered, The result is to diminish the loudness of tre deeper
components of the voice,

Andimaskivg and speeck pereeption In order 10 recognize speech somds
Ihere must be good sensitivity of hearing Tor the puoge 1000=3000 [12 but the
mast intense components of the human voice are at AH-500 Hz, In the absence
of the stapedins reflex the low frequeney sound tends to mask that at higher
lrequencies amd so impair speech pereeption, Normally the eontraction of the
musele feitds o atlenuation ol the low (Teguencies; it therefore eserts an
animasking action,

Support for this nation was obtained insebjects with Bell's patsy, 2 iemporeey
ailment in which the muscles of one side of the face, including the stpedius, e
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paralysed. This condition gives the apportunity 1o compare hearing with and
without the benefit of the stapedins refiex, in the same person,

The effect of masking was determined as follows: subjects with Bells palsy

were invited to delect 1ones of relatively high frequency against a backgreund ol
intense law frequency sound, The high frequencies were in the runge 2000-8000
Hz and therelore included those important for speech discrimination, The low
frequency was nbout 500 Hz and thus represented the stronger components of
the human voice, Masking was {found 1o be particularly severe when using the
alflicted ear, The result indicated that, in the normal ear, the stapedius muscle
has an antimasking action,
These investigators employved also a more direct approach in which they
tested speech pereeption with and without the paralysis of the reflex. The subjeet
was asked to discriminme monosyllabic speeeh sounds presented at different
Intensities (see Fig. 3-8), At moderate levels of loudness {60-80 dBY it was found
that discrimination with the *bad® ear wis abount the same as with the good eir,
AL high levels (90-115 dB) however, diserimination using the affected car was
worsie than with the ether ear (or than with (he spnke ear afler recovery), These
resulls suggest that the stapedivsg musele is important in the perception of
spoken language particulierly at high intensities.

- Unaffecled %, Same
100% _.,’g,i\ 100% I Bilerrecovary
@
5
‘5 50% - 50%|- Affected ear
E
=
]
) {
o | i ] | 0 i | I [ |
40 60 80 100 120 40 60 BQ 100 120
(e} d8 SPL (b) d8 SPL

Flg 3-8 The stipediuos musele and speech diserimination. The stpedius nnascle in this
patient wins temporarily pissilysed (Bell’s palsy), The ahility to discriminine manosyllabic
spevch sounds was mensured ot ditferent intensities, At high inteasities diserimination
using the sffecied ear was evidently worse ihitn with Jts fellow (tested on the same
occasion) nnd worse thun with itsell'tested aher recovery, (After Borg, E,and Zakrisson, 1.
1 (1975), In Seund Keceprion i Muwmaly, Fds. R, ), Bench, A, Pye and L D, Pye,
Academiv Press, Lundon.)

Hearing  during speaking - The stapedius museie has been observed 1o
contract while a subject is himself making voeal sounds, This is helieved to be
part of the process of vocatiziion rather than a response 10 the sound of the
voice, becaruse contraction hegins before the sound, The muscle was abserved to
contract at afl levels of voeal intensity, 1L appenrs therefore that the stapeding
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muscle is active all the time we are speking, however soltly, thus selectively
attenuating the tower frequencies of the voice, It s been sugpested that this
helps one 1o hear, and therefore respond to other vaices heard simuitincously
with one’s own, Evidently this aspect of the contrel of ossicles is not depenclent
on 4 high level of sound. Perhaps itis the main ‘reason’ for the stapedivg muscle,

3.3 Bone comduction

I the stem ol n vibratig fork is held firmly against the forehead, orany other
accessible part of the skull, the sound is heard by bone conduction. This
phenomenon is the basisaf cerain diagnostic procedures (see Chapler §), Sound
waves teave) through the Tat bones of the skall, ind ilso thraugh the sofl tissues
poth inside and outside af i1, finally reaching the temporal bone, which houses
tlee inner eir, Vibration of the temparal bone has a direct action op the organ of
hearing, by-passing to some extent, the middle and outer ear {herein lies the
dingnostic importance),

1t should not be coneluded that hone conduglion works only by i direct rostte
10 the inner ear, [e has been shown that the vibrations of the emporal bane
produce sound waves also in the external ear canal and furthermore, that the
assicles qire independently shaken into motion, The final result of bone
conduction is viewed, therefore, as a enmudativeelfect on the arganof hearing of
simultancons activation of outer, middle and inner car,

RBone conduction plays a part, although i small one, in normal hearing by
airborne sound, Sound waves, even in air, ser the skull into vibgation and so
produce a proporiion of the final sound. The transfer of energy between iirand
skull is ruther ineffieiem and the threshold ofhearing by this route afone is some
60 B above thal by the normad ear.
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4 Sensory Mechanisms of Hearing

The fundamentul pereeptions of hearing are londness and pirch, In belmvionra]
teris these represent the eapacity to as simmltaneonsly, acoustic energy nnd
frequency, In this chapter we examine tite physiological mechanisms that provide
the basis of s ability.

4.1 The vrgan of hearing

Reception of sound waves is one of the functions of the inner eqr which
contains the organs of posilion and acceleration sense as well as that of hearing,
These organs wre housed within a sysiem of fluid-filed, intercanaecting tuanels
in the substance of the skull- the labyringh (Fig, - 1), In man and othet primates
the libyringli is buried deeply in bone and it is impossible to make outanything
of its form by inspecting the internal or external surfitces of the skull, The
familiar representation of the labyrinth (Fig, 3-1)is the equivalent of a plaster
cist of the interior = the shape represents o cavity in the bone and notan acral
hony structatre,

44,1 The cochlea

The nuditary portion of the labyrinth is known as the cochfoa. Ttis o spiral
tunned {Fig, 3= and the nieme is deseriptive of s shape{cochler = spail sheld), It
is well to apprectitte how tiny the cochlea actally is considering its complexity.
in mran the entire strueture would acerpy just abowt half the spaee inacube of
side 10 mm.

The sjmount of cofling dillfers between the mammalian species and the
*‘cochlen-like* orgin of bieds and reptiles is not coiled atall. "The coiling pravides
compactness for the relatively long chamber und permits centradiztion of the
nerve and blood supply to the organ. There is a lingeringdebite as 1o whether or
nel the spiral shape is of intportance acousticatly. 1is generaily betteved 1o be of
no grent importance since, as we shall see, the principal functions of thecochlea
have been adeguately explrined in qeems of a strdpht chantber af similar
dimensions, In accordance with this view and to simplify description the device
of ‘unrolling® the cochlea will be used (Fig, 4=1). It must be remembered that
the conventionl terminology relates 1o the coiled structure; the end of the
cochlen in contact with the mididle earis the fase (or basal cadyand that at the for
end, the top of the spiral, is the apex (or apical end} and o generat region o’ the
organ is identified by irs relationship to o *turn® of e cochlea: for example ihe
*basad (', or the *upical turn’,

The principal vibrating parts of the cochlea are the ovel windeow, the rotd
whicdow qnd the basiar nembrane (Fig, 4= [b), The oval window is closed by the
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Fig, #-1 The ‘warolled eochkea®s () *Plaster ¢ast® af the cochlear canid, (b Side view af
hasileer hembrine showing e principal vibradng pans, (e} Man view of asilar
membrane,

foorplate of the stapes and the round window is closed by a flexible dinphragm;
the Muid content of the cochtei is thus sealed from the middle ear, The windows
are the only non-rigid plices in e bard bone of e Isbyrimh, The basilar
membrane is an clastic longitudingl partition which supports the auditory
receptor eells, The membrane divides the cochlear, hydrodynamically speaking,
into two compartments. The upper compartment is it comact with the oval
window (and stapes) and the Jower with the round window (and tympanic
cavity).

As the stupes vibrates against the Tuid of 1he cochlea so the basilar membrane
and rownd window are caused to vibrate in sympathy = presently this process
will bre disewssed in detail, A small opening, the freficotrena, at e apical end of
the cachlen nllows fluid 1o lenk between the upper and lower campartments and
so prevent the build-up of any sustiained pressure ditference. Finally, o very
important feetures 1he width of the basilar membriane is not aniform bue apers
down from the iepical 1o the basal end of the cochlea (Fig. 4=1c), Notice that the
taper of the basilar membrane is in the oppesite direction 1o the wper of the
cochlei,

A L2 The aiwlitory receptors

A sensory receptor is a biological device, ofien a single cetl, that is specinlized
to transduce o particular kind of eneregy (in this case the energy of mechanical
vibration) inta nerve impulses.

The receptars of hearing are air colfs, They are deployed slong the eptire
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§ 4.1 TITE ORCGAN OF HEARING 33

tengeh of the basilie membrane, There are two populitions: the iurer hair cells,
s0 memed because in the coiled cochbea they are towards the inside of the ‘turns®,
und the outer hair cells (see Figs, d-2 nnd 4=3). There is o single eank of inner hair
cells. Outer hair cells are more numerous; in man there gre three mnks at the
bisal end and lve ranks a1 Lthe apical end.

Vostibular canal {perilymph)
Cochlear duct (endolymph)

X Tectorialmembrane
Reissner’s mambrane

Vascular layer
Reticular laming

Fibros of the \ " Spiral ligamant

cochlear nerve X L
Spiral ganglion .
Basilar membrons

Tympanic canal { parilymph )
Fig, A-2  Transverse view of the cochles, Note thi vestibubir sind tympasnic canals age
{illed with perifearph but the cochlear duet contains smdolrmph,

Inner hair cells /Ouler hair cells

Fig. 4-3  Deployment of the hair cells, Each inner hair cell bas its own separate and
profuse innervidion, The nerve supply 1o individual outer hadr cells & comparatively
sparse but there is convergence of severa) eelts smaoeachnerve fibre, (After Spoendtin, H,,
W, in Eveked Elecerival dctivity fn the Anditary Nervors Syseem, eds, Naonton, R, F.,
and C. Fernandez, Acidemic Press, Londen and New York.
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The hairs, or stereacifia, penetrate through che resionlar feming imathe space
above (Fig. 4-2). The tips of the longest stereocilin are embedded in the
pelavinous tecroriad membrane (lectum = rool),

The fiuids of the cochlex are distributedt between three Jongltading
cannpun bments; the vestibedar and fpapanic canals, which are interconpected al
the heticotrema and contain perdlympdn, and the coclfear dieer which enclases the
sensory structures and containg endodfymph, Peritymph resembles the cer-
chrospinal {luid that bathes the brain and spinab cord = ils main cilion issodium,
Endolymph is found only in the labyrinth, it is remarkable in that, although an
extracellutur Nuid, its major cation is patassiun,

The real baundary between endaolymph and peritynaph is the reticular Lunioa,
The basilar membrane js permeable to small ions such as sodinm and potassium
hut the reticular lamina is not. The environment of the bodies of the hndr cells s
therefore similur to ordinary estracellulae Niedd while the stereocilia are itlone
exposed to endotymph,

Nerve fibres from the hair cells eater the spirgd ganglion and continue as axons
al the cochiear nerve. Epch inner hair eell is separately innervated, in effect it has
a *private line' in the cochlear nerve, In contrass the outer hair cells share *purty
Jines® = a single nevve fibre links up ten or so cefls, Summation in the cochlea
therefore occurs between outer hair cells but not between inner hair cells.

Other significnnt structures e the spiral ligament, which holds the basiliy
membrane in place, the vasadar faver, that maintains the endolymphatic
environment, and Reissner's meptbrane which separntes the perilymph in the
vestibutar canal from endalymply in the cochlear duct (Reissner’s membrane,
like the reticular laimina, is impenetrable to small jons).

The total assembly, made up of hair cells, basilar and weetarit]l membranes,
together with the other supporting structures, is the organ of hearing spd numed
the argant of Carti after twe anatomist Alfonzo Corti ([§22-18%88). The region,
teiangular in cross section, containing the argan, ind bounded hy the Reissner
and basifar membranes, is referred to as the cochicar partition.

4,2 The deteetion of sound wives

121 Propertics of stereociliy

We can look more closely at the hair cells. Ench has & large number of
stereacilia, about 100 In man, arranged in rows with the tallest hairs a1 she baek
and grading down to the shortest in the front row (Fig. 4-4). The individual
stereacilia have a core of protein filunents rooted in the cell body. The protein
has been identilied as aerin, simifae to that in the thin Glzments of skeletal
mus¢le,

The mechanical properties ol siereacilin have been studied in hair cells of the
semicirendar cinals of the frop, They appenr not 1o be bemly and hair-like as wiis
once helieved bt stiff and rod-like and rather brivgle, These properties uredue to
the protein core, The stilfness is appropriate for the faithful detection of
vibrations of the basilar membrane,
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- Siareocilia

(o} (b)

_. Quier membrane

. Peoteinfiloments

Nerve fitres

Anchorage of filamenis

Fig, d=d  Stereocilia thairs) of an auditory recepror ¢ell. ) The arrangement of
stereocilin i rows it graded in kenagth, Tnmin each eell as arowmt 10 hairs of leagihs
A-fpmindour rows, () A stereocilivm. Theeore is ubundle uf pratein likimenis roonted in
the celt hody, The auter membrane is conténuows with thil of tie cell body, {Deseribed by
Fluck, A, 1977, in Msychophysics and Phystetogr of Hlegeing, Vs, B, T, Bvans and 1L P
Wilsan, Academic Press, London and New York.)

There appear to be cannecting strands between adjacent hairs sinee probing
one of the longest stereocilia cansed the shorter ones to move us well (Fig, 4=5),
Further evidence of these strands has been abtained by dectron microscopy of
hair colls both in semigireular ciinals of the frag and in the mammalian cochlea.
The existenee af a mechanicnl linkage between the stereocilia expluing the
puzzle of why only the longest anes reach up to the 1ectorial membrane,

|~—Probe

Fig, 4-3 Evidence fr mechiinical enupling beiween sterencilin, Experiment on hair cells
in tlie frog. When i fine prabe was applied to one of the longer hairsthe shorler ones were
caused o he displaced, (Tescribed by Flock, A, 19773
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4,22 Bxcitarion of hair colls

The effective bocal stinmius to a hadr cell is a sidewsys (shearing) displicement
of the stereoctlia, No one has yet seen o hair cell respending tatrally to sound
witves but i simplitied reeonstruction of the prabable mechanism can be made
Fron: Yocin knowtedge (Fig. 4-0),

Tectorial membrang

Basilar
membrane

f

Fig, 4-6  Deflection of (he slescacilin by soud wives, At the left side, towards the
anchorage of he tectoriul membrane, #e relative moton of the (e meabeaies resembles
Uit of a hinged paratlelogran: the stereocilin wil be dtelleeied 1o the tefl amed 1o ghe right
during caeh eyele of vibration, On the right side, beyond the centre of the hasilar
membgpane, hiir cells will experience shearing due to streeching of the basilar membrane
relative t the teciorial membrine, and shearing will be fie one dircetion only. i real
cachbens the position of 1he hidc eells ditfers berween speeies, in senre the orgien of Cori iy
well to the kil (in terms of this model) while in odhers il is centrafty placed, (Devekeped
from wirreicuy, 1967,)

The question of how the shearing action causes nerve impulses is 4 bigger
problem. We will consider o recent hypothesis, 1t has been proposed that the
process involves modulation of the ow of jons through he bounding
membranes of the stereocilin, [Hisassumed thit the membranes ol the stereocilia
are freely permeahle to jons and that the retiewlar famina is impermenble to these
tons, The total surface area of siereocilium membrne exposed 1o endolymph
depends on the closencss of packing of adircent stercocilin, When the
stereacilin are ypripht there is minimum ionie Now but when they are sheared in
the appropriate direction the spaces widen and the jonje Tow incieases,
Cadeulietions give the elfective incrense of surfice aren as J0-60% (Fig. 4-7),
The increased ionic flow tends to depolirize the lair cell (reeeptar poremialyand
gererate impulses in theie cochlear nerve ibres (Fig, 4-7b),

A slgnificant property is Ut a standing potential exists such that endolymph
has a substantial positive charge relative o perilymph and the surrounding
tissues, The function, if any, of this ‘endolympharic potenticl” has long been o
subject for speeulation, In the light of the present hypothesis it would have the
function of inereasing the clecrrical gradient for ionic ow above tat of the
normal resting patential of the hair cell, thereby enhancing the sensitivity o the
cell in the translation of vibrations (o nerve impulses.

There remains a protdem in thal, according 10 1his hypothesis and the model
i Fig, d=6, certain hair celts should not be exeited (those 1o the right ol the mid-
line), The model is probably an over-simplilicotion and shouid include
longitudinal amd obtique vibrmions of the basilar membrane s well as
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Fig. 4=7  Generation ol norve im putses by Inir eells, (u) | lypothetical mechanism thased
on Malcolm, R., (19%), . gen. physiol,, 63, 757-72), (b) Experimental observations
(schematicilly represepted), Showing receplar poteatials recorded from a air cell il
imputses recorded from afibre of the coehlear nerve, Nutice thit impiilse rage (somewhat
rregular) is related 1o e intensity of the spund wave,

transverse ones, in which case other oppartunitivs for opening of the spaces
butween stereocilia wonld exist,

The rate of nerve impalses depends primarily on the amplitede of displacement
of the stereocitia, There is no clear-cut relationship between impulse rate and the
Irequency of the sound witve (excepl i very low seind-wave frequencies), The
pereeption of fouduess is regarded a5 i function of the rates of nerve impulses
Irom a given group of hair cells.

43 The cuchlen and the sease of plich

The sense of piteh is the most specinlized gift of hearing, Ta gecownt for it in
pliysiological terms we should first recognize that pitel is an adsolure sathee than
a refative experience. A particalar note in music always has a simifar gquality of
tone and can be recopnized and even identified. Thisis a different Kind of affair
from visual beightness, touch, or foudness, nll of which e relitive experiences
and we eannot quantily them with any confidence,
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S.40 The pince principle

Wiy is piteh experience so upvarying? One can find parallels of constancy in
cther types of sensory discrimination, Consider tactile localization, 1T a partof
the finger is touched we *know” the pluce exactly, This may seem very obvious -
even o truism - until we try to explain it The reason why we feel *touch® is
because a particular region of the brain has evolved 1o provide us with tha
perception and beciuse nerve fibres from receplors in the skin are in effect,
linked with thar part of the brain, Marcover, when impulses are generated atiwo
different places on the skin they are transmitted along different nerve fibres and
the brain cin tell them apart. We therefore experience simultaneously both
‘tauch’ etnd, say, *finger Lp®, 1t is quite evident that tactite localingion depends
on the existence of permanent connections between receplors in the skin and
nerve cells in the brain, A pacallel may be drawn with the esperience of viswal
loenlization where we fuive the simultaneous perceptions of both light and
pasition,

What has this to do with the sense of piteh? There is o part of the brain that is
associnted with sound, Impulses reaching tat part are *heard® rather than seen
or felt, There are permanent conneetions from e hair cells ol the cochlen, by
way of the cochlear nerve (ind oiher relay stages) 1o the muditory region of the
brain. We have no sense of *position” in the cochlea in the meining that is used
for touch ar sight (directional sense is o different matter) hat we de have the
sense of piteh. It is proposed that insteid of *position” the brain has substitaed
the experience of ‘tone®, The quality of the tone - the piteh - is determined by
which of the bair cetls, and therefore which of the nerve fibres, has been
stimulated, This is the background to the concept of the plare principle.

There is support for the place prineiple from belvioural studies, Localized
damage can be inflicted on the orgin of Corti such that o cireumseribied repion is
destroyed while the remainder continies to function aarmally. In animals this
has been carvied ont deliberately by surgeey, In man it can happen iceidentally
Dy long term exposure 1 intense noise, The individual is leftwitha fonad gap; his
hearing is normal except for a band of freguencies intermediate in the auditory
range (see Chapter 5). In esperiments on cats it was found that damage inflicted
within the basal region of the cochlea citised dentness to high frequency tones
while that to the apical regions affected the Tearing of low [esquency tones,
Lesions a1 intermediate sives produced loss of hearing for intermedine bands of
frequency.

432 moedel of the basifar membrane

There are two wiys in which frequency nnalysis might come about in e
cochlea: either the hair cells tleemselves are (requency sensitive or it isa property
of the structure thit supposts them, In the mammal the latier seems (o be the
case,

The feleq of Hefmbotrz - The beginning of the modern theary of the cachlen fs
tlue 1o Hermian von Helmholtz and pablished in 1863, Having observed that the
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basilar membrane tapers along its length, he reasoned that its behaviour might
be like & sel of tansversely stretched strings each wined 10 o different note,
Helmholtz suggested that sound vibration put the *strings® into sympathetic
vibration such that each respomis du tie frequency component of the sound
witves to which it is tuned, mther as a piano when the dampers are rised. [igh
Irequencies wonkd be represented towards the base end low frequencies towards
the apex, The vibrating parts of the membrane would, presumably, excite the
sensory receplors adjncent 10 them, Piteh wottld be perceived according 1o
which particular suditory nerve fibres were excited, The only difference between
Helmholiz's idea and the modern view is in the manner of vibration, Accnording
to Hetmholtz the vibration of a place on the membrane was like a string freely
resonating, Subsequent study, as we shall see, has indieated another Kind of
vibration,

The model of Békdsy A practical approach to an understanding of the
couinean was mide by Georg van Bekésy, beginning in the 19205, Heconstrieeted
models of the basilar membrane to see how it would work. His simplest model is
shown in Fig, 4-8, The ideatobe tested was whether or not a tapering membrane
has ndequate frequency selective properties, Theoretical considerations had
suggested 10 him that it might, BEkésy proposed that the basilar membrane
behiaves ns a simple sheet of cstic tissue keld under uniform tension.

Sound witves set up in the flnid caused vibrations in the *basilar membrane’ of
the model. The vibrations were very small and not epsily seen bun their tocation

'Helicalrema’

Visible eddy
-APEX

fa  f
Parforotions

Flg. 4-8  Madet of the busilar inembrane, The membrine is represenzed by o rizhber
dinpesgny adhering 1o a tapering siit in o metal plate, The mel plue and déisphragm
form o partition herween the two uid comparoments. Oval and round windows are
simuluted with other diapheagms, The sysiem is driven by an vlectrically maintained
tuning Tork. THe chambers are filld with plin water, {Retssaee’s memsbrape is nog
represented hiere but in other versions ol the anadel, where it was included, thers was no
essentinl difference in mechamical perfornunee.) The behiviour of the muodel was
vismatized by the additiap of carbon partieles whicl were thrown into aneddy at the sive of
waaximmom vibration (5 <), The membrane was tarer Found 1o be pesforsied at these sies,
(Alter Wekdsy, G. oven, 1960, Esperiments in Hearing, MeGriw=-EHl, New York,
Toromo, Londan,)
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was fevealed by adding carbon particles 1o the Aeid, Where the membrane wis
it rest the earhon iy on it as i black dust but where i vibreared the particles were
throwey upwitrds inan eddy. Tt was Tound that the place of the eddy depended on
frequency. The edidy moved towirds the wider end Capes’y when the frequeney
wils redticed and towards the erow end Chase’) when it was increased. o
panicularly thin and delicite membniine was vsed lor experisent it was
discoverad ater that tiny perforations had been cased at 1he sites of the eclies,

These experiments showed that a simple tapering elastic membrane has
Irequency sensitivity consistent with the plce priociple,

Explantation of the meddel - We con reach an intuitive unelerstinding of the

model i the lollowing three premises gre accepted,
(i} Pressure on the membrane When o toree is impressed on the Miid of che
cochlen it o single place (say. the aval window) the reselting pressore change
Hronghour the NMuid i viewally instanigineons, We therefore envisape the
pressure acting on the basilar membrane to be unifar over its entire surface,
(i) Diseension af the membirgne The bulging of the hasilie membrane caused
by downward (or upwardd ) pressure will inerease with the widilvol the membrane
fassuming i the transverse lension is everywhere the sameb, Tis is o rather
sharp elfeet since, s Bekésy has stated, o MTuid pressure aeting on anelstic shew
inder constim tension causes a distension {bulge) the amplitude of which
increises as the fawrth power of the width,

The distensibility of apy elastic structure may be deseribed by its séfffhess, Fhe

definition of stillness is; elastic restoring foree/unit displicement. The basilsr
membrane of the model has therelore a gradient of stiffinesy inereasing from the
wider towards the narrower end, Stiffness could be graded also by varying the
tension. A parallel-sided sheet conld be given o similar stitfness gradient by
inereasing the transverse lension from apes 1o base - but this appears not to be
the way thit the gradient is achieved in the cochlen, The point here is that
stiflness Js o unifying coneept from which the hehiviour of the streteture may be
predicted irrespective of how the stifThess is produced,
(i) Speed of respanse The stiffer o system the more faithfully witl ic foltow
fluctiations in the applied foree, With rapidly changing pressure the displicement
of a narrow {Le. stifl) region of the membrane will lead that of o wider (less siif1)
reion,

We ure now suitably equipped to re-examine the behaviour af (he auxdel,

Rospunse m sfow changes  Consider whitt will iappen when the stapes of the
muodelis pushed slowly inwards (Fig. -9 The fuid in the upper comparnment
will press equally over the entire membrane which will therefore bulge
downwards. The amplitude of the bulge increases steeply from base 10 apex
(hecause af the Tonrth power relitionship), I the stipes is pow pulled stowly
ourwirds there will be the mirror image of $he previous displisement, Repeating
the process continuously will cause the whole membrane 1o Nap up and down in
sympithy with the movements ef the stupes, the envelape of the displicement
having its maximum amplitude towards the apical end. We hive reproduced the
circumstances of low frequency sound waves,

Respanse to rapid changes  IF the stapes is pushed inwanls abruply (Fig,
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Fip, 4-9  Rosponse of the moskel {gremty exqaggerated) 1o slowdy applicd pressure {see
texty, (Asabane tiit Jow via the helicotrema is nepligible tver the time of the (et cyele.)

-

4-10) the effect will not be simultaneous over the whele membrane, The stiffer
regions will respand fiest, Therefore 3 wave of displicentent will travelatong the
membrane dccording to the stiffness gradient, IF the stipes is jow jerked
outsvirdds then the corresponding sequence will ocear with upwards displicement;
again the less st parts will lag behind, If now, in fmagimation, we repeat the
process continuously as i rapid simsoidal oscillation, itshowld be appareat that

Pressurg +

—F—
Time

=,
= —
~——

'Bose’

‘-.—"‘—-— —
L A

s

Fig, =10 Response of the madel 1o rapidly applied pressuee, Dy NS
region bigs that of the stiffer ane adjacent to it Therefoze the displacement sravels along
the membrane {see esih
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Ihe less sufl end of the membritne does not have time 1o react filly within a hal’
eyele, Consequently the maximum of the envelope of vibration shitts away from
the apical end, As the fregueney is raised still fuether the position of the
maximum is degwn still closer 1o the stapes,

The sty was insposed by Bekésy fram the medel 10 the real cochlen in
probibly the maost eelebrated experiments &y auditory physielopy, He found
that the pattern of vibrations seen in the model could he abserved directly in (e
basilar membrane of the human eadaver, More recently, in experiments on
animals, further condirm:aion has been obained for the living cochlea (Fig.

411

2000 Hz

APEX

Ftgo4-11 Vibeiion of the busitar membrine i vive, Response 1o pure tones recorded in
the eachlen of the chinehilli 61 refative of the guineas-pig). Eaeh line indicates 1he relative
longitudinal displaceient of the membraae i on instant of the sintsoidal vibration cyele,
numbered i sequence. (The cueves were corputed from changes in electrical potential
feochlear miceophonie) wssociated with displicement of the membrine.) Notice the
travelling waves and the shilt in the position af the maximum with irequency. {Eklredge,
D, 3., 1978, in Eveked Electrical activity in the quditary wervous system, s, R, F,
Nuunten und C, Fernandez, Acidemie Press, Londen and New York,)

It is concluded that the frequency dependent property underlying the sense of
pitch results lrom the mechanical propertics of the basilar membrane in which
are generated travelfing waves which progress from the apical 1o the basal end
and whose place ol maximum amplitude is o fanetion of their frequency.

3.0 Measurement of the amplitude af vibralion

A recent imethod for measuring the magnittde of the vibriions in the cochlea
employs & discovery af nuclear physics, the Misssbiuer effeer; it is described in
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Hole forinsarh y ~——Ahsorber { 37Fe)
ole for insartion

of source Source {57Co)
{plugged)

Velocity {counts}

Flg. 4-12 Measoring the amplisude of vibeation of the bisdlsr membrane. A misiee
soteree o gamnin ead iistion is apached o e membreane, The edintion passes through o
ahserber thit s selective for i parrow band of radiarion energy, Vibrinion of the basitar
membrane produces Tuctutions of the count rine from which amplivgte and velocity of
the vibration can be ealewlined, (escribed by Rhaode, WS, 971 0 deonst, See, A, 49,
121831

‘The method depends on very special cireomstinces cancerning the ahsarption of gamng
riys! the Mossbaver elfect, Ordinarily when gammu rediation eners o subsiinee it loses
energy incollisions with atomiée nucled, Misssbauer discovered a case when ehis is i s, If
the energy spectrism of the ginma radiation niatches exacdy the trnsitional energivs off
the nucled of the ahsarber e (he radintionsufiers noloss of energy (noelei, like electrons,
citn exist only in certarin well detined energy levels), To nchieve e reguired conditions
experimenially the nuclei of the radioaciive seuree must be Kleprical with those of the
uhsorber, A suitable matched pair is *Coand *'Fe. The cobalt nuclide deciys to ecome
the iren nuelide which is then ihe sonree of pamma radistion,

In order ostudy the phenomenan Misshaner needed 1o ulter the energy of the gimma
radistion by tiny amounis, e found that impiriing i velocity ta ihe sanrce is enaugh to
‘detune’ the system. Moving e sosree towareds 1he alsorber inereised the encrgy and
ihnwing iv awiy decrenscld the energy fthe Dappler effect), The Mdsshauer effect B so
sensitive 1hat sonrce veloeities s low as I mm »™" can be detected.
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Fig, 4~12. The technigue involves adhering a tiny ridioactive source (o the
surfuce of the busilar membrane. Under the speeizl conditions tnat define the
Massbauer elTeer, the velogity of the source as B vibrates with the membrane can
be derected from the owtside of the cochlea. The method is very sensitive and has
provided extrit confirmition of frequency localization along the cochlea. 1e has
ulso given absolute values for the mnplinde of vibration of the basilur
membrane at normal tevels of sound intensity, Studies have been carried ont an
o primate (squirrel monkey} in which it was fownd that with a sound inlensity of
80 dB {a toud sound by human standitrds) the nuximum displacement was only
ubout Mk np (this is similar 1 the dinmeter of a medium-sized protein molectle
such as haemoglobin), At an inteasity close w the threshold of human hearing
the displacement wis only 0.001-0006 nm!

44 The newrad mechanlsm of pitch pereeption

Frequency analysis of sound waves has thus far been described from, 38 it
were, witlin the cochlen, We nowsiep outside to see how the cachlea carries the
unadysis farward 1o the bepin,

The experimental method is to record impulses fropy a single fibre of the
cochlear nerve while ar the spme tine aliering the frequency of the test tone, [t
has been found that a given individual filre responds selectively to o narrow
band of frequencies. 11 several {ibres are ohserved, one ata time, it is found that
the frecquency ritnge for the response ditTers from fibre 1o fibre,
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Flp, 4=13  Recordings were nede from individual fibies of the cachlear nerve of the
guingispigs ind the thresholl af sownd wisye pressure for the geneeation of neeve iniprses,
megstared atdifferent freguengies, aeh care represents an individual Tibre, Evidentty an
individual Thre i sensitive only oo esiricted biod of frequeneies, (Adapeed Trom
Evans, B, F., 19724 Physiod, Lol 226, 260-87,)
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A fibre of the cochlear nerve cun be represented by its tuning crrve { Fig, 4-13)
which deseribes the threshold of sound wave intensity as o lunetion of ne
frequency, This indicates the sharpness of tuning, The tip of the enrve denotes
the condition for greatest seasitivity (the characteristic freqquency} for thid lbre,
When wning curves For a large sample of fibres were assembled it wis (ound
that, cotlectively, their chivracteristic frequencies span the auditory range, We
can therefore construct the curves for o population of cochlenr nerve fibres { Fig,
4=14), Almost a fibre for every frequency, These properties provide the neural
basis far the seemingly absolute naure of piteh pereeption, A given fibre from
the organ of Corti {or small graup of fibres) has a permanent jissoctition with
specific narrow bund of sound (requencies. Whenever that fihre transmits
impulses, ut whatever rite within the working range, we the listener perceive s
sound, o component thereol, having that definite and identifiable wnal quality
that we call its pitch,

100
80%
&0

40~

Threskold (dB SPL)

20t

0 Lyl kb L 1 1]

V Lomednd
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Frequency (Hz)

Flig, =14 The neural basis of pitch pereeption, Schematic represeatation of the tuning
curies fur o popilinion of cuchlesr nerve 1Thres,




|
l
!

5 Living with Sound

S0 The problem of poise

A suitable definition of naise is senanted sound, B is sonnd that inrerferes with
thought or communication, The effects of noise pange from plain annoyancs 1o
the permanent damage to heikring nbility, Excessive noise ina work environment
reduces the individia s etficieney, Too much poise in residential surroundings
itpairs the quality of comanity fife, Noise is therefore a matter both of
industriat and public hedih,

S0 e micasureanent of noise

A nobse 1y described by i fnrensiey, i fonal eomposigion and its rempore!
SIruchg,

The primary assessment of noise is 1he sound level, A s level meter
canpsists casentially of it micrephone, an amptitier and a display calibrted in
decibels (Fig, 5-1) The insinmnent has ciecuits that *weight® s frequensy
response fo resemble thit of human hearing. The approprizte weighting toappty
depends Lo some extens on the intensity of the sound wnd is derived from the
equitl loudness curves (Chapter 2), Sound-level meters usislly provide the user
with i chojee af "A-weighting® ar C-weighting® (Fig, §-2), but the measuremeny
o’ noise Gs distinet from music or speeeh) is, by convention, always eirried out
using A-weighting,

Sound woves Display
[21:]
= {?ﬁl—- Amglifier | Weithling o .‘,ﬁr"*\""‘&‘
circultg
Microphohe

Fig, S=1 The pagts of 0 soend leve! eter,

When quoting & valie For souml level, whether noise or otherswise, it is
ey o indicate the Kind of weighting wsed, Claes 75 o8 using A-wetghting
is written 25 dBA, or 75 dIMA), Exnmples of sonnd levels in dBA were givenin
Table

The elfect thit o noise fas on as is determined 1o krge extent by its tonitl
compasitiog, I dre source procuces fregueneies i e sutge 1000-9000 Hz the
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Fig. -2 Weighting charseteristics of sound leve]l meters. 'Coweigliing” is infented to
resemble the frequency scasitivity of iuman hearing ar high intensities and *A-weighning”
ut low intensities. TFor the measurement of moise, however, *A-weighting” is sed at all
imunsitics.

sound will tend to mask speech and so impair conversation. 10 e neise is
confined to very high or very low frequencies the mamayimee will taike on other
forms, Knowledge of the frequency eomnpasition of i noise, the goise spectvim, is
an important part of the descriptions it can also assist in the dizgnosis of the
cause of the noise orin the design ol approprinte acoustic insslation, Examples
ol various noise spectra are givea in Fig, 5-3.

The description of a naise shoull also indicate its time course, There are four
caegorics, (F) Steady anise (the hum of etecterical machinery or the sound ol 2
witerfallty, () fluctuating noise (tralfic sounds, o neighbour’s radiok (70
Riteritient nojse (construction work, aireraft overfligh, domestic appliances);
(i) fpuelsive neise (hammering, pile driving, explosions). This form of
description can be presented as o graphic time history (Fig, 5-4),

542 Effects of noise on hearing ability

Distinction is made berween rebitively mild and reversible effeers of noise
Gueditory Tatigue) and permament injurions effects.

Awditery futigwe  Continuous exposure 1o soumd of intensity 7585 dBA
cituses A temporary impairment of hearing known as auditory fatigne, The
condition is manilest by an inerease in the threshold of henring referred 1o as
remprarary reshold shife CUTSY. When o person enters a noisy environment and
rentiing there, his hearing threshold s tars o rise and continiees rising forseveral
lewrs Tinally atdoing o pliteau tevel the height of which depends on the
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Pl 8-3  Nuoise speeirin i from various aathorsy The curves bave been normalized at
the peak values (0 d13) andt therefore indicate the refadfve intensity i cach frequency.

ambien! naise intensity, On leaving the envirenment the threshold bepins 1o flt
but it miry take 24 hours arso before it his returped to *pormal* {FFig, 5-5), For
example, in g travelling at speed the noise can be 86 dBA or more. A few
hawes of this is sufficient to generate o substantisl ond tong-losting threshold
shifl, Nor is it necessary that o moise be contintious; intermitient sonnds of
minues or eveit seconds duration have a cumidative etlect, T would seem that
modern lile nifords Jittle opportinity 1o expesience the maximun potentiat of
lhearing sensitivity,

Permanent domage Rowine exposure 10 noise of 90 dBA or more causes
irreversible impairment of lwaving, A pierticularly infornutive stndy was carried
out on workers in o jute weaving mill where the clatter of the looms wits more
than 45 dB. Some people had beea employed in thisenvironment for S0 yearsor
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Flg, 5-%  Auwditory finigae (see wext) (Bused on Melnick, W., 1978, in Neive o
Awcinfogy, ed, 1. M, Lipseomb, University Mack Press, Daltisore,)

so and there was no reason to believe that the noise had changed over this
period. 1T was found that the workers had a characteristic defeet of hearing
ciltedd sonal gap, Their hearing was affected aver an jrtermiediate band of
frequencies centeed a1 4000 Ha, The defect was already evidens in those exposed
for enly one or twa years and beciume progressively worse witl farther years, It
was profound after 25 or more years ( Fig, 5-6). Members of the latter group had
significant dilficulty in the pereeption af speeeh,

This kind of damage 1o bearing is called *indusirial deafness® or noise-fndfuced
hearing Toss, [wsualty has its maximum effeet around 4000 Hz becanse the
transmission ol sound waves by the outer and middle car has maximum
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Fig, $<6  Noise-induced henring loss ndustriand deafness). The curves give abnormalities
of thw auditary threshalds amoag workers in i juiesweaving mill. Note i the dati
represenls the averige devition from normal ineach growp, *Nosmal® hearing is depicted
by the horizantal fine a1 0 dI, This is unexample of the use of *pore tope’ ssliomedry
{neetion 5,3.1). The stiiled bar indicates the specteanolabie neise i relatéon 1o the hearing
lass (ee wlso Fig, 5=3). (ufrer Taytar, W, er al, (1965), 4 Acaust, Sor, oA 38, 113-20),

effsciency around this frequency, Consequently the latter campasents ol the
naise are amplitied selectively although the maxinmum intensity may he
considerably lower frequency (in the jute midl the maximum was at about 1500
Hz),

5.3 The natire of the damage

Nojse-aifected ears in man and animals have been exwmined post moriem,
There waswloss of hair cells fronethe part ofthe argan of Corti correspanding to
the frequencies of deafness, Thusin patients with a history of industeial dealness
a damaged region was lfownd near the basal end of the cochlen {see section 4,3.1),
Outer hair cells seem to be more vulnerabie than inner hair cells, Flawever there

as usdally no damage to the basilar membrane er to the structures of the onter
and mikile ear, It seems chat the latier are harmed only by estremely intense
sounds of 160 dB or more, In some cases there was a complete absence of hair
cells over p restricted region of the argan of Corti while the remainder of the
argan appeared normal.

On the basis of stich studies it has been proposed that excessive exposure e
intense sounds produces the following sequence of changes: (/) lirge amplituele
vibiration of the basilar membrane damages the pillars (supporting celfs) of the
argan of Carli; (i} outer hair cells in that vicinity degenerate; and @) inter aie
cells degenerate. The nerve fibres thit innervite the air cells degenerate in
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assaciion with these changes, 11 s not yet been established whether the
newrl degeneration happens carlier or Iiter than that of the hair cells,

S 44 Noiwe dosage and hearing conservation

The damaging elfect of noise on bearing is progressive and is compounded of

the duaration of exposure and the intensity, This his led 10 the concept of poise
*dosipe’ which provides the basis for guidelines (in the U.K.) and legislation (in
the LLS.A) for hearing conservation in industry. Contimmons noise of W0 dBA or
more il expericneed routinely is @ potentiad hagird, Using this level as the
starting point, the safe periods for exposury to o range ol intensities have been
estimated (Table &), The maximum Tevel for any period of exposure of the
inprotected ear is 135 dBA, The use of enr protectors is encouriged 1o rediee
1he Bvtensity at the ears the more elficient oof these give attenwiation of 3J0-40 403
(at 1000-=2000 Hz). In the case of impulse poise (e.g. rveting machines, drop
hammers) the dose is cafenlated as the number of impulses per day a1 the existing
sound level,

Tuble 6 Levels of poise which incivate a serious hagrd
to hearing. {From Mefe amd the Worker, Flealth and
safely i work, No 25, HIMS0O, 1971,)

Expusure durarion Maximum sound fevel
fhasns iy ') (A
L ui)
4 93
2 6
I 4
12 102
174 108

Some leisure pursuits impose a risk 1o bearing, The noise in an indoor
swimming hith on o busy day can exceed 0 dBA. The seund levels of ceriain
power-driven tools used in the home and garden (mater mowers, chisin siwws,
electric hedge trimmers, circular saws, ete.) enn reach 95 dBA, Finally, the well
known, but wsually disregarded, Bagard in amplified mpsic at dance nlls and
private [unelions, where sound levels are commanly in excess of 105 dBA and
tevels of 120 dBA are not unusuil.

52 Tinnitos

Tinnitus is a very privite kind of paise, Many of us, from tme to time,
experience souncds that have no external ciuse, In mosteases it is o simple sound,
often o pure tone, that comes and then vinishes and is forgouen, This is mild
tinnitus a8 experienced by at lewst 20% ol the population. 1n a few pereent the
experience is persistent and may be more complex, I some the noise is so
unyielding and sometimes so lowd that it is havdly bearable,
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The nature of the sounds of tinnitus is dilTicultto investigate, inmost sufferers
they are campletely subjective amd ane his only the patient™s verbal description
1o go on. Recently, however, the sounds bave been rendered “audible’, The
technique employs an electronie music synthesizer = deviee thist cin be made 1o
imitate almost any sound. By a process of wrial and ceror che patient matches the
sound fram the instrument 1o thatin his head, and the resalt is sound recorded.
Mlaying thrangh & selection of such recordings reveals the variety in the sounds
experienced by different sufferets, In some the tinnites has a cortinuous rushing
sontwed like a loud waterfall. Sometimes it is more ol ahissing sound perliaps with
a high pitched whistle superimposed., In others itis a jangle of wones simitar 1o o
ridio-jamming transmission. Some hear a regular thumping or apping
corresponding with the heart beat, Severe tinnitus is commanly an:ceompiniment
ter destlness (although it can occur with noemal hearing). 1t is experienced by
military personnel after exposure do gun fire, Some drugs ciuse tinnitas, for
example aspirin in high dosage; in this ease the sousk! vanishes afier the drug is
withdrwn, SALLANTYNE (1977) recalls some famons tinnitos sufferers: Beet-
haven was driven 1o distrction by his tinnitus; Schumann heasd the noge *A’
continually; Smetiana who also became deaf actally reproduced his tinpitus
musically in his first steing quartet = s o expression of his private torure, [Uis
quite evident it denfmess can be fur from penceful,

The pathatogy of tinnitus remains speeulative, There are prohably various
local causes judping from the repertore of sounds antong dilferent sulferers,
Some of the sounds presumably arise from spurtous disehirge ol speeifie groups
of perve fibres - this woulf be in Keeping with the place principle, The ‘rushing’
noises could resudt from the renowval ol neural inhibition, due 0 nerve
degenerition, The regular thumping sounds conld fave o vasenlar origin
due to abnormal prosimity of a blood vessel ot some stage of the auditory
pathway,

Severe tinnitus is o veey distressing condition, 1t is not only its loudness,
indeed in some itis relatively quiet. Rather it is the sheer relentless continuity of
the sound completely beyond the cantrol of the sulferer, There is no relible
trentment For the copdition but there are ways ofalleviating it, 1has been found
that cantinuous externitl sounds can help, A current type of therapy is 10
introduce broad band noise (*'while noise’) into the enr using a hearing aid type
of insert; this tends 12 mask the innitus and alse prevides a controllable factor
for the safferer which appears 10 be of psychological heneiit,

Perhiips the main poind of this section is 10 make the reader sympatheticatly
awire of o serions problem that some have to live with.

5,3 Deafness

We have afrecly considered some aspeets of deafness, Now we exiumine the
subject more generally. lnpagred hearing is very common. One adult in six has
seme kind of difliculty and et Jease one in 30 Jas o substantial bandicap, The
numbers are smaller in the younger age groups that in the over=705 but they are
siveable at all ages, We tend 1o describe all people with a hearing problem as
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*deal™ but this term is best reserved 1o describe tomf absence of hearing. Poor
hearing is best described as o hearing loss,

330 Testing the earing

Vaice tests Hearing difTienlties usually have todo with inadequate receptéon
of speech. The first step in the dingnosis is 1o assess the disability, This would
usunlly be carried out initiatly by the medical practitioner (otologist), Me speaks
ar whispers to the patient from various distances and from the responses he can
pinge the severily of the problem. In the days belore madern audiometry,
otologists were particularly adept in the performance of voice lests,

Speech audiometry This is 2 development of the volee 1est, [Uis normally
performed, as are other forms al awdiometry, by an nudiologist or nudiological
technician, a non-medical specialist in the assessment and conservition of
hearing, The patient listens 1o o recopded voice and is nsked to repeat cach of a
string of words (e.g. ride, rise, rub, slip, smile, strile, such, then, there, ete, ete).
The test is repeated at dilterent sound levels, The idex of hearing abitivy is the
sound fevel in decibels at which $¥ of the words are correctly repeated, The test
is catibrated by using subjeets with normal hearing. If the patientachieves o 3045
score but with a sound level of, say, 20 dB higher than normal, heisdeseribed as
having a *heiaring loss of 20 dB' with specch andiopesry,

Pure tone audiometry The most widely used test of hearing is the analysis of
the patient's threshold of hearing as a function of frequency. The result is

Or
I —-f——— (- 25dB No significant handicap
20t
- | \\\\\\\ —=——— 25-40dB Slight handicap:difficulty
D40 1N with faint speach
i | \\\\\\\ ~t——— 40~ 55 dB  Mild handicap: difficulty
@ \ W . with normol speach
mGO} \\\\\\\\\\\\ —~——— 55-70 dB Morkad handicap: difficulty
£ N \ with loud spaech
% SN {educational deafness)
:1o) S ~——— 70- 90 dB Savers handicap:
| i h understands only shouted
or amplifiad spegch
1001 ~——— Qver 90 d8 Exireme handicep: aven
amplifiad speach not
- understood

Fig. §=7  Severily of handicap, Hearing dilficulty coveckated with beiring loss, (Averige
fiearing loss at 508, 1000.nd 2000 1z ebiained by pure tone adicnmetey). *Educationafly
deal™ ehildren require speeinl education if dhey ure to learn we tadk. (Alter Shepherd, L,
1978, Hrit. J, Awdielogp, 12, 3)
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presented as an qudiogram in which the threshold at each test frequency is given
as o deviation from the *normal’ (Fig. 5-6). One use of e audiogram is to
‘tailor o hearing aid to compensate for a piltien’s specific hearing deficiencies.

5.3.2  Grading of handicap

The severity of the problem imposed by impaired hearing depends an the
extent of the hearing loss w1 the frequencies assoeiated with the pereeption of
speech, A heating loss of tess than 25 dl8 at these frequencies dovs not eitse
signiflicant difficulty and is regarded as unimpaortant. The prablem becomes real
when the loss exceeds 40 dB and is marked ot 55 dB or more, Children in this kst
category are *educutionatly deaf” (see Fig. 5-7).

The hearing difticulty of the eklerly (preshycusis) is due to loss at high
frequencies, This can be apprecisted by o person with normal hearing, by
simulating the effeet with an electrical flter, equivalent o irning down the
‘treble’ control on o riadio. This tends to mulfle the clarity of the voice,
Conversely, if frequencies below 1000 Hz are sttenuated but higher frequencies
are ol a5 aceurs ik certnin ether heiring cisorders, there is hardiy any loss of
clarity in the hearing of speech,

A3 Discovering the canse

Assume thad patient has o Tearing lass thae is abaormal for his ige group and
thit there is no obvious blockage ol the car canal or danige 10 e ear drum, The
olologist secks 1o delermine whether the trouble arises in the middle ear, inthe
cochleq, or somewhere in the auditory pitsway, The corresponding disorders
are known, respectively, as cenductive, sensovinewral, and retrocochlear hearing
Joss, Types of conductive hearing loss ¢an be treated by surgieal intervention,
For example, if the stupes becomes fused 10 the oval window beciuse of
abnorinal growth of bone (otosclerasis) it can be removed (stapedectomy) and
replaced by an artificial stapes, Retracochlear hearing Joss miy be cansed iy a
lmour pressing o he anditory nerve = this oo might benelit fram surgery,

Tuning fork tests A long established and still important group of Lests lor
preliminary diagnosis emaploys tuning forks, These are used 1o compare the
patient’s ability 10 hear by air and bone conduction and 16 compare the
performinee of one ear with the other. The best known are the Rime test and the
Weber test which dillerentinte between conductive hearing loss aind the other
cittegories (see Fig, 5-8).

Acousric impedaney micasureaioms 1f conductive henring loss has been
ingnosed itis then neeessary 1o (ind out which of the elementsof the middle enr
iy faalty, A recent method reeords the icoustic impedince i the ear drum, The
essence of the methad is as Tollows, Two tubes are insertecd imo the e canal,
which is atherwise oceluded, One b is used o Teed sound wives o the eae
atmal s the other, which Jeads 10 0 microphone, is used to measure the
resulting pressures (there is often o third tibe through which siatic pressure
can be applivd). The purpose is 10 measure the freedom ol movement of the ear
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The Rinne test

Fig, 3-8 Tuning fork tests, The Kénne tese, The Fork is struck and s base isapplied o1 the
mistoid process, 1 is heard now by bone conduction, As the vibratians dic down the
patient signals when e can no longer hear them, The fork is ten eransterred quickly toa
position 2cm in from of the ear canal when, if transmissicon in the middte e isnormal, the
sound showld he heard ngain CRinne best positive® s [ not, the test is progoneed 'negative’
indicating canductive hearing loss. The Weber dese, The Tork is applivd o the head ae the
midline, Normalty (or it barh ears are equally affected) the sound will seem central, With
conductive hearing foss the sound seems to be on the side of the affecied car. With
senserinenral hearing Insy the sound appears ta be on the side of the boiter ear,

The explanition of the Weber test ds ta <o with masking, With conductive bearing loss
there is less naisking in the afleered cor Mrom environmental sounds, therefure beseing in
that enr by hone conduction is heightened,

drum, If there is obstruction in the middle ear then pressure in the onter ear will
respond maore sharply than normal to the applied changes. This is mensured as
raised impedance, The impedince chinges depend on the frequency of the
sound wives and the precise nature of the defect in the middk car, Clinical
experience with the method is now eecumulating and otosclerosis, for instance,
cun be distinguished from other middle ear conditions,

Electrical recarding In cases of sensarineural and retrocachlear hearing loss
it is valuable 1o exiwmine the cectrical activity of auditory lunction, Much
progress has heen made here through the technigue of averaging n large number
of responses 1o g repeated stimulus, In this way, with electrodes applied to the
surface of the skin atapproprinte sites, ivis practicable o detect and separately
identi{y, activity in the cochlen, the auditary nerve and 1he cerebral cartex, Tlse
method ean help tolocate & lesion that is affecting Bearing, 1tis also ol particular
value far assessing the integrity of the auditory system in bahies ancl young
chiletren, since it makes linle demand on their cooperition,

Special spmprony The bard of bearing commonly camplain about loud
sounds, *Please don't shout!" is a standard pleq, The threshold of hearing is high
but thereafter increasing intensity causes a rapid growth of loudness. This is
recrwitment” of foudness and is associated with damige (o the argan of Corli
(sensorineural hearing Joss). An explinistinon of recroitment is that the damape
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initially affects the onter hair cells leaving the inper hair cells warking normally.
The former normally function at low intensities and the liter join i at high
intensities.

Anothier symptom in sonie types ol sensorinenid hearing loss is dipfecasis
bimaeradiz, a curious phenomenan in whicha tone ofa given frequency presented
1o ong car produces g different pitch than when presented to the othier enr. In
some citses the diserepaney is us much a5 o semitone,

In certuin patients the hearing loss is assoviated with abnormal adaptation.
The test is to apply o continuous pure tone at o level just above the anditory
thresheld, If sdaptation is abnormal the tone fades mapidly and must be
intensificd in order to be heard ngain, This indicates a lesion in 1the nerve supply
to the cochieit, thereby eausing o retrocochlear hearing loss,
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