
    

EXTRACTS FROM NAL ANNUAL REPORTS 
CONCERNING HEARING LOSS PREVENTION 

1992-2002 
   

   Year        Page 

1992 4 Normative click-evoked otoacoustic emission data 
and their relationship to pure tone audiometry 

E. LePage, Narelle Murray, K. Tran 

 5 Measures of susceptibility to hearing loss: 
otoacoustic emissions and noise exposure 

E. LePage, Narelle Murray 

 8 Cochlear Motor Cells E. LePage, H.P. Zenner, G. Reuter, (University of 
Tubingen) 

 9 Screening Criteria for Newborns E.LePage, N. Murray, R. Lovegrove, D. Starte 
(RNS hospital) 

 9 Advanced Signal Processing E.LePage, M.J. Harrap (ADFA), K. Tran 
1993 12 Normative click-evoked otoacoustic emission data, 

their relationship to pure tone audiometry and their 
age dependence 

Eric LePage, Narelle Murray, Khanh Tran 

 14 Measures of susceptibility to hearing loss: 
otoacoustic emissions and noise exposure 

Eric LePage, Narelle Murray with Ken Mikl 
(WorkCover Authority, NSW) 

 16 Cochlear Motor Cells E. LePage, H.P. Zenner, G. Reuter, (University of 
Tubingen) 

 17 Selective Attention E. LePage, P. Michie, N. Solowij (school 
behavioural sciences, Macquarie University) 



 17 Screening Criteria for Newborns Eric LePage, Narelle Murray, R. Lovegrove, D. 
Starte (RNS hospital) 

1994 19 Predictions of a rise in hearing loss in young 
people 

Eric LePage 

 21 Tracking the growth of cochlear damage in a 
cohort study 

Narelle Murray, Eric LePage 

 23 Defining "dynamic" susceptibility to hearing loss 
in relation to the problem of impact noise 

Eric LePage, K. Tran, M. Harrap (ADFA) 

 26 Ear damage in orchestral musicians Eric LePage, Narelle Murray, Ken Mikl 
 27 Evaluation of the Aural Reflex Earmuff NL Carter, Dr. Han Tin French (DSTO) 

1995 28 A new approach to hearing loss prevention Eric LePage, Narelle Murray 

 34 Longitudinal study of permanent shifts in 
otoacoustic emissions 

Narelle Murray, Eric LePage 

 34 Longitudinal study of hearing of orchestral 
musicians 

Narelle Murray, Eric LePage, Ken Mikl 

 36 Role of efferent control loops:  Selective attention 
in hearing.  An otoacoustic analog and its potential 
role in hearing loss prevention 

Patricia Mitchie, Eric LePage 

 37 Temporary shifts in otoacoustic emissions Eric LePage, Narelle Murray, Khanh Tran, 
Michael Harrap 

 39 Prevention of hearing loss in children John Macrae 
 39 The role of audiometry in occupational noise 

management 
John Macrae 

1996 41 Editorial  
 42 Hearing conservation - from before the beginning Narelle Murray and Eric LePage 

 45 Survey: Awareness of hearing issues among the 
Australian population 

Eric LePage, Sheralyn Shacknofsky, Narelle 
Murray 

 48 Accelerated ear damage in listeners to headset 
exposure 

 

1997 51 Noise and Hearing Loss Prevention Research - 
editorial 

 

 52 Workers compensation for industrial deafness John Macrae 

 54 An evaluation of the Australia National Standard 
for Occupational Noise 

John Macrae 

 57 Longitudinal study of inner ear damage in an 
orchestra 

Narelle Murray, Eric LePage, Ken Mikl 

 59 Watching the ear age - an examination of 
otoacoustic emission cohort data 

Eric LePage, Narelle Murray 

1998 63 Face page Time Frequency response  
 64 Editorial hearing loss prevention and noise 

research 
 

 65 Longitudinal study of a non-noise exposed cohort 
comparing click-evoked otoacoustic emission 
techniques and pure tone audiometry 

Narelle Murray and Eric LePage 

 68 Hearing Status of aboriginal prisoners Eric LePage, Narelle Murray and Tony Butler 

 69 Modelling transient otoacoustic emissions in 
noise-induced hearing loss 

Eric LePage and Ake Olofsson 

1999 74 NAL-OAE1: NAL transient evoked otoacoustic 
emission analysis software 

Eric LePage, Dan Zhou, Narelle Murray John 
Seymour 

 76 To fit or not to fit: preliminary otoacoustic 
emission assessment of children with severe 
mental and physical disabilities for considering of 
hearing aid fitting 

Narelle Murray, Eric LePage, Greg Birtles, Donna 
Smith, Annette Smith, Lindsay Hamilton 

2000 78 Transforming hearing conservation into hearing 
loss prevention:  testing measures of early warning 
for cochlear hearing loss 

Eric LePage, Narelle Murray, John Seymour and 
Dan Zhou 



 81 The scope of non-noise factors influencing 
research aimed at the effects of noise:  one 
example - blood cholesterol level 

Eric LePage, Narelle Murray, Tony Butler 

 84 Nine years' progress report of study of inner ear 
damage in an orchestra 

Narelle Murray and Eric LePage 

 88 Effective training methods for workplace noise 
reduction 

Suzanne Purdy and Warwick Williams 

2001 89 Face page Aging curve Australian population  

 90 New NAL direction funding from hearing aid 
company 

 

 91 NAL-OAE analysis software - philosophy and a 
potted history 

Eric LePage 

 93 Effect of static ear pressure on click-evoked 
otoacoustic emissions 

Johannes Lantz, Eric LePage 

 95 Cochlear model for emissions Eric LePage, Ake Olofsson 
 98 Causes and prevention of hearing loss:  global 

trends in industrial and leisure noise, interactions, 
definitions and strategies - a one day colloquium 

Henrik Dahl, Donald Henderson, Ramesh Rajan, 
Eric LePage, Ross Dineen and Narelle Murray 

2002 102 New Research Director's overview - returning 
prevention to behavioural research 

Harvey Dillon 

 105 An examination of the apparent poor performance 
of some hearing protectors 

Warwick Williams 

 109 Increasing the effectiveness of OHS education for 
noise-exposed individuals 

W. Williams, S. Purdy, N. Murray, E. LePage, K. 
Challinor 

 113 Evaluation of the effects of high noise exposure:  
coal miners 

Eric LePage, Narelle Murray, Adrian O'Malley 

 116 Personal Stereo Noise Exposure W. Williams 
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HEARING CONSERVATION

This research program is directed at
developing a better understanding of
the causes of hearing loss through
biological research plus objective
measurements designed to"
characterise the state and rates of
aging of human ears. An important
object is to identify individuals who
possess prematurely aged ears and
forewarn them that they are at greater
risk for acquiring a hearing loss or
tinnitus (ringing in the ears) so they
can modify their lifestyles and risk
factors accordingly. It is seen as being
complementary to the need for blanket
reduction of noise levels in industry
since those workers who are most at
risk for noise-induced hearing loss
(NIHL) may be the ones most likely to
succumb due to excessive leisure
music/noise exposure (which cannot
be bound by legislation), or due to the
ototoxic effects of many common
drugs.

The studies listed below carried out by physiologist
Dr. Eric LePage, and audiologist Narelle Murray con­
cern cochlear mechanics and its aging, and applying
the information gained to prevention services and
screening progra ms to be offered in AHS centres.
The basic research into cellular mechanisms is be­
ing carried out in collaboration with Professor H.P.
Zenner and his group at the University ofTObingen,
Germany; behavioural research into the role of se­
lection in listening is in collaboration with Dr. P.T.
Michie and her group at Macquarie University. The
damage assessment approach uses the recent
technique termed Evoked Otoacoustic Emissions
(EOAE), or sounds emitted by the ear. The charac­
terisation of these sounds forms the basis of several
projects with the WorkCover authority and the Coal
Industry; neonatal screening with Dr. D. Starte at the
Royal North Shore hospital, and advanced data col­
lection and processing methods in collaboration with
Dr. M.J. Harrap of the Australian Defence Force
Academy in Canberra.

Normative click-evoked
otoacoustic emission data and
their relationship to pure tone
audiometry

Investigators: E. LePage, Narelle Murray, K. Tran

Background: The most significant biproduct of ba­
sis research into the mechanisms of hearing and
hearing loss in the past fifteen years is otoacoustic
emissions, sounds which are emitted fro m the ear.
The characteristics of these emissions can provide a
large amount of information about the state of dam­
age to the inner ear. High emission strengths indi­
cate little damage to the outer hair cells which con­
trol hearing sensitivity, lowe mission strengths indi­
cate a great deal of damage.

Research Questions: There is no theoretical rea­
son why hearing levels should indicate the extent of
cochlear damage, but until now it has been the wide­
spread assumption that no hearing loss means no
permanent damage. A key object of the normative
study is to compare pure tone audiometric thresh­
olds with measures of emission strength for the
same ears and to compare how each depends on
aging and noise-exposure. Secondly, susceptibility
to hearing loss varies greatly amongst people with
similar audio metric pictures for reasons yet to be re­
vealed.

Research Procedures: The project applies an
Otoacoustic Emission (OAE) analyser to the Austra­
lian population, investigating OAE characteristics.
Data were collected from individuals in all age
ranges in screening mode after checking for external
or middle ear complications. Pure tone audiograms
and aural histories were also sought from as many
subjects as possible within this group.

Findings: Data were analysed and a preliminary
definition of Coherent Emission Strength (CES) de­
rived. It has been found that emission strength val­
ues may decrease over most of the normal range
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100

before there is any shift in audio metric thresholds
(Fig. 1). Emission strength decreases with age in a
way which correlates well with the onset of hearing
loss as determined in the recent British
epidemiological study (Davis, 1989). Evidently CES
is a good candidate for measure of individual sus­
ceptibility to hearing loss.

l ",."." il
.C-~30 .IJ

o 50
Mean Hearing Level 1.2,4 kHz (dB HTLI

Fig.1. Interrelationship of hearing level and Coherent Emission
Strength (CES dB SPL). CES decreases by 75 percent of its op­
erating range before there is a significant deviation in hearing lev­
els from normal.

Significance: All measures to prevent hearing loss
are currently levelled at the population as a whole.
To be able to determine susceptibility in individuals
is to be able to provide early warning of increased
risk for hearing loss and the individual will thus be
able to take precautionary measures.

References:
Davis, A.C. 1989. The prevalence of hearing impairment
and reported hearing disability among adults in Great Brit­
ain. Int. J. of Epidemiology, 18,911-917.

LePage, E.L., Murray, N.M. 1993. Click-evoked otoa­
coustic emissions: comparing emission strengths with
pure tone audiometric thresholds. Aust J. of Audio!., 15,
9-22.

Murray, N.M and LePage, E.L. 1993. Age dependence of
otoacoustic emissions and apparent rates of aging of the
inner ear in an Australian population. Aust. J. Audio!. (in
press).

Measures of susceptibility to
hearing loss: otoacoustic
emissions and noise exposure.

Investigators: E. LePage, Narelle Murray

Two projects have been undertaken applying otoa­
coustic emission measurement techniques with a
view to quantifying the extent of cochlear damage
accurrulated (1) in a high noise level environment by
a pilot study of 24 deep coal mine workers, and (2)
in a relatively low level of noise exposure through a
study of orchestral musicians.

(1) Otoacoustic emission assessment of ear
damage in coal mine workers

This investigation was co mmissioned by the Austra­
lian Coal Industry Research Laboratories Limited,
with support provided from the National Energy Re­
search, Development and Demonstration Program.

Background: A pilot study was il)vited to investi­
gate if the apparent predictive ability of the otoa­
coustic emssion test has practical value to individu­
als exposed to high levels of noise for long periods.

Research Questions: 1. To compare emission
strengths of mine workers and those of an Australian
population obtained over the past three years. 2. To
test wheth er the otoacoustic emission test is a useful
measure of noise dose for mine workers. 3. To test
whether the definition of emission strength for per­
manent damage is adequate for te mporary distur­
bance caused by noise exposure.

Research Procedures: Otoacoustic emission
screening tests were carried out on 24 mine workers
before and after shifts over a period often days, with
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follow up carried out three months later. Their pure
tone audiograrns were obtained from their e~loyer
and estimations made of their noise dose and wear­
ing of hearing protectors by an accompanying engi­
neer.

30 r--------------------,

10 20 30 40 50 60 70 80
Age (years)

Fig.1. Mean emission strength of miners compared with mean
(+\- 1 S.D.) emission strength of a normal Australian population.
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Coherent Emission Strengih (dB SPL) (1-4 kHz)

Fig.2. Relationship of mean emission strength of miners and their

pure tone audiometric hearing level (mean 1,2,4 kHz) compared
with mean (+\- S.D.) relationship between emission strength and
pure tone aUdiometry of the normal population.

Findings: The pilot study revealed that it is possible
to obtain a sensitive, single-parameter measure
(Coherent Emission Strength, (CES» ofthe extent of
cochlear damage and that, on average, this is signifi­
cantly higher in miners than in the Australian popu­
lation of the same age range (Fig. 1).

A comparison of the mean emission strength values
with the mean of pure tone audiogram values for 1,
2 and 4 kHz was set against the mean plus and mi­
nus one standard deviation for normal Australian

population (Fig. 2). Those individuals with lower
emission strengths and no obvious hearing loss may
be those at higher risk for acquiring a hearing dis­
ability, while those with emission strength below zero
are more likely to be already displaying signs of a
mild hearing loss. Those with emission strengths ap­
proaching -10 dB may have a hearing impairment in
the moderate to severe range. Some 10 ears
showed a reasonably high emission strength (0 dB
SPL) and a pure tone loss (20 dB HL average for
1,2,4 kHz). Pure tone audiometry in these cases
should be reassessed.

Significance: Coherent Emission Strength ap­
pears to be a useful parameter for assessing per­
manent damage and over a period of time could be
useful for assessing the effectiveness of wearing
hearing protection devices. A potentially very impor­
tant application of transiently-evoked otoacoustic
emissions for the Coal Industry is as an objective
cross-check on the validity of pure tone audio metry.

References:
LePage, EL, Murray, N.M. and Macrae, J.H. 1993. Otoa­
coustic emission assessment of ear damage in coal mine
workers: Pilot study May-October 1992. National Acous­
tic Laboratories Commissioned Report No. 75.

(2) Otoacoustic emission assessment of ear
damage in orchestral musicians

Investigators: E. LePage, Narelle Murray, with K.
Mikl (WorkCover Authority, NSW)

Background: The WorkCover Authority was re­
quested by the Sydney Opera House Trust to make
an assessment of occupational noise proble ms and
to identify acoustic problems with the use of the
orchestra pit in the Opera Hall of the Sydney Opera
House. The Hearing Conservation Research Unit of
NAL was invited to carry out otoacoustic emission
testing on members ofthe Australian Opera and Bal­
let Orchestra as part of this investigation.

Research Questions: 1. How do emission strength
measures and pure tone audiometry of a relatively
low noise-exposed population compare with the
same measures of a high noise-exposed (mine
workers) and a non-noise-exposed (office workers)
population and a normative Australian population?
2. Is the derived parameter of Coherent Emission
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Female population: normal ears
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Fro m a co mparison of emission strengths with pure
tone audiometric hearing levels (mean 1,2,4 kHz) it
was noted that there were 25 ears with negative
emission strengths and pure tone audiometric
thresholds within normal limits. It is suggested that
these individuals may be more susceptible to a hear­
ing loss (Fig. 2). Eight ears were found to have posi­
tive emission strength values and pure tone
audiometric thresholds 20 dB. Pure tone
audiometry was reassessed in these cases, with the
majority having improved audiometric thresholds.

Research Procedures: Otoacoustic emission
screening and pure tone audiometry were carried
out on 60 orchestra me mbers who rehearse or per­
form daily over a season extending for the greater
part of the year.

Findings: From the first assessment of ear damage
it is notable that younger me mbers of the orchestra
have emission strengths which show less damage
than the overall population, with values significantly
above the means of the population (up to one stand­
ard deviation). However, they also appear to age at
a faster rate. Older me mbers of the orchestra tend to
have emission strengths which lie below the means
of the population (Fig. 1).

Significance: Since this initial study was carried out
changes have been made both to the orchestra pit
and to seating arrangements within the orchestra.
Repeat measurements will be taken in 1993 to see if
these alterations have helped maintain the stability
of hearing of the orchestra me mbers.

Fig.1. Mean emission strength of male (top panel) and female
(lower panel) orchestra members compared with (+\- 1 S.D.)
emission strength of a normal Australian population (males and
females separately).
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Both the study undertaken with the orchestra and
that undertaken with the coal miners, together with
an earlier study of non-noise exposed workers have
highlighted the value of otoacoustic emission
screening for hearing conservation purposes. It has
proved to be an easily applied, rapid and, most im­
portantly an objective method of screening for coch­
lea damage.

References:

WorkCover Authority, Acoustic Services. 1992.
Noise Hazard Assessment - Australian Opera and
Ballet Orchestra.

Fig.2. Relationship of mean emission strenth of male and female
orchestra members and their pure tone audiometric hearing level
(mean 1,2,4 kHz) compared with mean (+\- 1 S.D.) relationship
between emission strength and pure tone audiometry of the nor­
mal population.
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Cochlear Motor Cells

Investigators: E. LePage with Professor H.P Zen­
ner and Dr G. Reuter of the University of TObingen,
Germany.

Background: Loss or damage of outer hair cells of
the cochlea is the primary cause of sensorineural
hearing loss. The manifestation of their motor activ­
ity to provide for normal hearing sensitivity is the
topic of intense research activity. Models of co­
chlear function, used extensively throughout hearing
science, e.g. in speech processing, are based upon
the Nobel prize-winning work of Georg von Bekesy
which predates the discovery of the motor action of
these cells. This collaboration has brought together
two investigators who have carried out experimental
work on the extracellular (LePage, 1987) and cellu­
lar (Zenner, 1986) mechanical measurements of hair
cell activity. The outco me is yielding a new class of
cochlear models which stands to have a profound
impact on the field of audiology.

Research Questions: 1. What is the mode of ac­
tion of the outer hair cells in living cochlear tissue?
2. What is the basis of the so-called cochlear ampli­
fier?

Research Procedures: These questions are being
approached by classifying the various motor charac­
teristics by speed and mode of action in living co­
chlear tissue. All experiments have been carried out
at, and funded by the University ofTObingen, subject
to the stringent requirements of animal research.

Findings:The outer hair cells display a mode of ac­
tivity beyond that required of current models of the
cochlear amplifier. The changes of length of the
outer hair cells (LePage, 1989; Zenner 1993) consti­
tute a major mode of action responsible for how the
ear adjusts to changes in stimulus level over a 120
dB dynamic range, accounting for the loss of dy­
namic range in hearing loss and the effects of loud
sound (LePage, Reuter and Zenner, 1993). A signifi­
cant outcome is a first viable model for tinnitus
(LePage, 1993) - unwanted sounds which are gener­
ated in the cochlea due to damage.

Significance: A major update to the cochlear am­
plifier theory with biproducts for explaining the ori-

gins of sensorineural hearing loss, variability of indi­
viduals in response to loud noise which will have ap­
plication to prevention activities, and a model for tin­
nitus which will be immediately useful in explaining
the condition to tinnitus sufferers.

References:
LePage, E. L. 1987. Frequency-dependent self-induced
bias of the basilar membrane and its potential for control­
ling sensitivity and tuning in the mammalian cochlea.
J.Acoust. Soc. Am., 82, 139-154.

LePage, E.L. 1989. Functional role of the olivo-cochlear
bundle: A motor unit control system in the mammalian
cochlea. Hear. Res., 38, 177-198.

LePage, E.L. 1993. A model for cochlear origin of subjec­
tive tinnitus: excitatory drift in operating point cf inner hair
cells, In, Tinnitus Mechanisms, ed. by J. Vernon and
A.MrIlller, Allyn and Bacon,U.S.A.(in press)

LePage, E.L., Reuter, G., and Zenner, H.P. 1993. Sum­
mating baseline shifts and mechanical adaptation in a
guinea pig cochlear explant shown with two displacement
measuring techniques. In, Biophysics of hair cell sensory
systems, edited l::1f H. Duifuis, J. W Hors~ P. van Dijk and
S. van Netten. Wond Scientific Publishing, (in press).

Zenner, H.P. 1986. Motile responses in outer hair cells.
Hear. Res. 22, 83-90.

Zenner, H.P.1993.Possible roles of outer hair cell d.c.
movements in the cochlea.rit. J.Audiol. 27,73-77.

Selective Attention

Investigators: E. LePage, with P.T. Michie and N.
Solowij of the School of Behavioural Science, Mac­
quarie University.

Background: Pure tone audiometry is an exercise
in selective attention. It is a measure of how well
any person can sort out a pure tone from back­
ground noise. The first sign of hearing loss is that
this selection process is diminished in conditions of
speech in raised background noise. There are sev­
eral reasons to think that the selection process nor­
mally involves activity of the outer hair cells which
are connected to the brain and to the responses of
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the opposite ear (LePage, 1989). Speech discrimi­
nation and spatial selection may therefore be funda­
mentally dependent on normal outer hair cell func­
tion which is why noise damage leads to difficulties
in discrimination.

Research Questions: Otoacoustic emissions are
good measures of the activity of outer hair cells.
Therefore, are emissions strongly affected by volun­
tarily selecting one tone in a pair of tones so that the
brain regards the non-attended tone as background
noise?

Research Procedures: Normally hearing subjects
are tested for otoacoustic e mission strength to deter­
mine suitability for the experimental protocol. Sub­
jects then listen to an exacting task where they must
identify target sounds and respond with a button
push to confirm identification of the various tone
bursts while the stimulus conditions remain unal­
tered. The amplitudes of the resulting otoacoustic
emissions are compared to determine whether the
sounds are being attended to or not.

Findings: A small attentional effect has been seen
by a number of investigators. However, thus far our
experiments have not confirmed this result, despite
considerable theoretical justification for thinking a
significant effect exists.

Significance: The most common complaint of the
hearing impaired is the interference to their hearing
of background noise. Background noise constitutes
the most significant technical problem to be over­
come in new hearing aid designs. A positive result
should provide more understanding of the back­
ground noise problem and reveal why other investi­
gators have failed to demonstrate it and provide con­
siderable support for the revised theory of outer hair
cell action.

References:
LePage, E.L. 1989. Functional role of the olivo-cochlear
bundle: A motor unit control system in the mammalian
cochlea. Hear. Res., 38, 177-198.

Giard, M-H., Bouchet, P., Collet, L., and Pernier, J.
1992. Auditory selective attention at the cochlear

level. Presented at the 5th International Conference
on Cognitive Neurosciences (ICON V) Jerusalem,

Israel, June 14-19, 1992.

Puel, J-L., Rebillard, G., Sontils, P. and Pujol, R. 1989.
Effect of visual selective attention on otoacoustic emis­
sions, in Cochlear Mechanisms, ed. by J.P. Wilson and
D.T. Kemp, Plenum Publishing Corp.

Screening Criteria for Newborns

Investigators: E.LePage, N. Murray, R. Lovegrove,
with Dr. D. Starte (Royal North Shore Hospital), AHS
staff.

This project is looking at special cases of the Age
study, Le. neonates and infants, for which data is be­
ing collected from a variety of sources, with values
for specificity and sensitiVity being determined.
Those who fail the criteria would be referred on for
ABR testing or Electrocochleography.

Advanced Signal Processing

Investigators: E.LePage, M.J. Harrap (ADFA),
K. Tran.

Otoacoustic e mission methods provide much more
information than pure tone audiometry. However,
even more information is contained in otoacoustic
emission records than is currently being used. At

present the spectra of the click-evoked response is
an average of all the activity ofthe record in time. By
contrast, using the short-time Fourier transform it is
possible to display dynamic variations in the spectra
giving a time picture of how the ear responds to a
click (LePage, et aI., 1993). Since impulse noise,
e.g. gunfire, is the most damaging form of noise and

represents a major problem for Defence Forces, the
project is aimed at determining susceptibility to hear­
ing loss in terms of how well the cochlea can protect
itself by dynamically adapting to the fast pressure
wave front. There is a significant commercial poten­
tial for the project by virtue of updating current re­
cording methods.

Reference:
LePage, EL, Murray, N.M., Tran, K. and Harrap, M.J.
1993. The ear as an acoustical generator: otoacoustic
emissions and their diagnostic potential. Acoustics Aus­
tralia, December 1993.

Page 23



NAL Research & Development Annual Report 1992/93

EFFECTS OF NOISE
ON PEOPLE

The research of of this group is
concerned with the effects of noise on
people. This includes the identification
ofhitherto unknown or only suspected
effects of noise, as well as increasing
knowledge of relatively well-known
effects such as those on the ear and
hearing. The work may include
research into methods for utilising the
beneficial effects of noise as well as
the amelioration of its harmful effects.

By its nature much of the research is interdiscipli­
nary. Dr. Carter has set up collaborative arrange-.
ments for research with the Royal North Shore Hos­
pital, the University of Newcastle and the Defence
Science and Technology Organisation. Dr. Carter is
also chairman of an interdisciplinary committee de­
veloping research progra ms into the effects of noise
fro m the Third Runway at Sydney Kingsford Smith
Airport.

Traffic Noise and Sleep
Disturbance
Funded by the Roads and Traffic Authority (RTA)

Investigator: Norman Carter

Background. Community reaction to night-time traf­
fic noise, particularly that due to trucks, has been se­
vere. The RTA and similar authorities require infor­
mation as to the best metrics to use in the measure­
ment of traffic noise.

Research Questions. Is sleep disturbance due to
traffic noise predictable from its long term LAeq
(equivalent A-weighted noise level)? Is prediction
improved by including the number of particularly
noisy events such as that due to trucks?

Procedures. Volunteer (paid) subjects are asked to
sleep in a laboratory for five nights at intervals of one
week. Their sleep is monitored continuously over­
night. Noise exposures combine one of two levels of
continuous traffic noise with different nu mbers of
truck noises per night.

Findings. StUdy continuing.

Laboratory Study of Sleep. Noise
Induced Arousal, Cardiac
Arrhythmia and Urinary
Catecholamines

Investigator: Norman Carter in collaboration with
Royal North Shore Hospital and University of New­
castle.

Background. Sleep is characterised by less fre­
quent cardiac arrhythmia and lower sympathetic
nervous system activity than the waking state. Sym­
pathetic nervous activity is probably related to car­
diac arrhythmia and is associated with increased
output of catecholamines. Chronically raised
catecholamine levels could cause adverse health ef­
fects.

Research Questions. Does environmental (truck
and aircraft noise) during sleep increase the fre­
quency or severity of cardiac arrhythmia and over­
night excretion of urinary catechola mines? Is this re­
lated to sleep stage at noise onset?

Procedures. Outpatients of the Royal North Shore
Hospital with a history of cardiac arrhythmia slept in
a laboratory at the hospital. Recorded truck and air­
craft noise was played during the night, and sub­
jects' sleep and cardiac arrhythmia were monitored.
Overnight urine was collected and catechola mines
assayed by staff of the renal laboratory at Royal
North Shore hospital.

Findings. Noise events caused five times as many
arousals as occurred spontaneously. Cardiac ar­
rhythmia was related to sleep stage but not to noise
events. There appeared to be no noise effect on uri­
nary catechola mines. These findings are significant
because of their basic questions of the effects of
noise on health.
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Development of Research
Proposals for the Federal
Airports Corporation into the
Effects of Noise From the Third
Runway on Health

Background. A committee headed by Dr. N. Carter
was formed to assess the feasibility of research into
the possible effects of the changes in aircraft noise
exposure due to the Third Runway on health. The
committee comprises Mr. P. Peploe of Noise Pre­
vention Services at NAL, Associate Professor R.
Taylor, Department of Public Health, University of
Sydney, and Dr. S. Job from the Department of Psy­
chology at Sydney University. A report of this com­
mittee setting out comprehensive proposals for re­
search in this area was produced in October 1992.
These proposals proved too costly for the FAC to
support and a revised progra m was developed and
presented to the FAC. This docu ment has now gone
to academic reviewers in Australia and overseas be­
fore submission to the FAC for funding.

Procedures. The study proposals incorporate ad­
vanced epidemiological and social survey designs,
including a cohort study of blood pressure in children
and a survey of mental health in adults.

Significance. This research has implications for
airport noise control world-wide. Because of its con­
cern with health it has already generated consider­
able interest overseas.

Trials of an Earmuff for Use by
the Australian Artillery

Investigator: Norman Carter in collaboration with
Defence Science & Technology Organisation

Background: It is well known that firing artillery
weapons can cause loss of hearing. The current
Department of Defence Manual of Occupational
Health and Safety specifies that double hearing pro­
tection (earplugs and earmuffs) be worn by all per­
sonnel who may be within three metres of an artillery
gun at any time during firing. However, double hear­
ing protection can impair spoken communication,
leading to a conflict between the requirements for
hearing protection and operational efficiency. Some

empirical findings also suggest that double hearing
protection may not be necessary.

Research Questions: Are presently available ear­
muffs alone (without simultaneous wearing of ear­
plugs) adequate to protect hearing in artillerymen
working within three metres of an artillery gun during
firing?

Procedures: The trials are carried out in collabora­
tion with the Defence Science and Technology Or­
ganisation. Volunteer subjects (servicemen and
some civilian employees of the Department of De­
fence) are exposed to simulated howitzer noise
while wearing earmuffs. The levels of the 'gun'
noise commence at relatively low levels and are
gradually increased on successive days. The volun­
teers' hearing thresholds and evoked otoacoustic
emissions are measured before and immediately af­
ter each noise exposure.

Findings: The studies are incomplete but results so
far suggest that good quality heavy duty ear.muffs
may be sufficient to protect hearing, without simulta­
neous use of earplugs. 'Talk through' earmuffs
could provide the person to person communications
required by artillery personnel.

A volunteer subject wearing experimental earmuff6, being ex­
posed to simulated howitzer noise.
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HEARING LOSS
PREVENTION
(also known as Hearing Conservation Research).

The Hearing Loss Prevention Research
Unit's current program is directed at
developing a better understanding of the
causes ofhearing loss through biological
research plus objective measurements
designed to characterise the state and
rates ofageing ofhuman ears. An
important object is to research and
develop new strategies for preventing
hearing loss.

In the past, programs for limiting noise-induced hearing
loss in industry, although extensive, have not proven to
be highly effective and research has been mainly di­
rected at ways of limiting noise at source or of reducing
the amount of noise reaching the ears ofworkers by the
use of hearing protection. Hearing protector research
programs have been directed at defining attenuation
characteristics of available protectors and determining
which type of protector is most appropriate to a particu­
lar application.

The advent of preliminary predictors of hearing loss de­
scribed below makes it possible to improve the success
of hearing loss prevention programs. These studies,
carried out by physiologist Dr. Eric LePage, audiologist
Mrs. Narelle Murray and engineer Khanh Tran, concern
cochlear mechanics and ageing of the cochlea, and ap­
ply the information gained to prevention services and
screening programs.

Normative click-evoked otoacoustic
emission data, their relationship to
pure tone audiometry and their age
dependence.

Investigators: Eric LePage, Narelle Murray, Khanh
Tran

Background: The charactetistics of otoacoustic emis­
sions can provide much information about the state of
damage to the inner ear. A primary interest in otoacous­
tic emissions worldwide has been to determine if the
new technique could be used to obtain a faster, object-

ive measure of
audiometric thresh­
old. This pursuit
draws attention to the
widespread tacit as­
sumption that the
most sensitive meas­
ure of auditory acuity,
the pure tone
audiogram, is also the
most sensitive meas­
ure of ear damage.
By contrast, a mor­
phological study in
guinea pigs by Alt-

Eric LePage schuler et aI., (1992)
recently showed that

behavioural thresholds do not decline at any frequency
until outer hair cell loss at the appropriate location is
extensive, Le. all three rows are largely depleted. If this
finding could be demonstrated also for humans, it
would have profound implications for the clinical prac­
tice of audiology and otology. This is because the ear's
high sensitivity to sound does not necessarily imply
high sensitivity to its own state of damage. Evidently
the ear's mechanism contains a great deal of redun­
dancy or excess performance. Wlen the excess ca­
pacity is used up, further damage results in hearing
loss.

Using a variety of measures, the effectiveness of indus­
trial hearing conservation programs in the USA has
been difficult, if not impossible to demonstrate, despite
the high level of motivation to conserve hearing once
real difficulties are experienced. Asalient fact is that de­
spite the efforts and expense of large numbers of pro­
fessionals running such programs, a significant shift in
hearing threshold (15 dB) must take place in order to
identify a person is at risk (Royster, 1993). In terms of
the morphological evidence referred to above, this
means that an ear may need to progress from, say, 80
percent depletion to 90 percent depletion of outer hair
cells before anywaming bells ring that the noise expo­
sure is excessive. Thus current hearing conservation
programs based upon pure tone audiometry appear to
possess a major flaw at the outset - they provide no
early warning of accumulated inner ear damage until
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the outer hair cell population is substantially reduced,
maybe even decimated.

Research Questions: If it became routinely possible to
screen for the number or functionality of those cells re­
maining in any ear, would the approach provide a
sound basis for early warning detection and preven­
tion? Success with this objective would theoretically al­
low hearing conservation programs to evolve by (a) de­
tennination of individual risk long before symptoms pre­
sent, (b) carrying out screening much more quickly and
cost-effectively than previously by targeting the 15 per­
cent most at risk, and (c) serving as a much more sen­
sitive indicator of the effectiveness of any hearing con­
servation program.

A key object of the nonnative study has therefore been
to compare pure tone audiometric thresholds with
measures of emission strength for the same ears and
to compare how each depends on ageing and noise­
exposure. Secondly, susceptibility to hearing loss is
gauged by lack of emission strength and varies greatly
amongst people with similar audiometric pictures for
reasons as yet unknown.

strength in the Australian community overlies the British
distribution well. While other indices of net outer hair

cell function are being tried, CES is a good candidate
for measure of individual susceptibility to hearing loss.

All measures to prevent hearing loss are currently lev­
elled at the population as a whole and are almost exclu­

sively directed at occupationally noise-exposed work­

ers and noise-induced hearing loss. A crude measure
of individual susceptibility is the CES value, and for any
age range, 0, 1 to 6, 7 t012 etc., the range of values of
CES is very wide. That is, while there is a statistically
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Figure 1 - Coincidence of objective estimation of distribution of criti­
cally low emission strengths (choice ofCES -1, -2 and -3dB SPL) with
the distribution of hearing loss in the British study as determined for
better ear and worse ear.

significant decline in the mean values with age, the
scatter is wide. This suggests that there are highly sus­
ceptible individuals at every age in the population. It

Research Procedures: The project applies an O1oa­
coustic Emission (OAE) analyserto 1500 males and fe­
males in the Australian population, investigating c1ick­
evoked OAE characteristics. Data were collected from
individuals in all ag~ ranges in screening mode after
checking for external or middle ear complications.
Pure tone audiograms and aural histories were also
sought from as many subjects as possible within this
group. The pure tone audiometry is compared with the
net otoacoustic emission strength over the same fre­
quency range (1 to 4 kHz), while the emission strength
values: mean, mean +/- 1 standard deviation, maxi­
mum and minimum in each age range is plotted versus
age after first grouping the results into age ranges
spanning 6 years, 0, 1 to 6,7 to 12 and so on.

Findings: Following data analysis a preliminary defini­
tion of Coherent Emission Strength (CES) was derived.
It has been found that emission strength values may
decrease over most of the nonnal range before there is
any shift in audiometric thresholds (LePage and Mur­
ray, 1993; Murray, LePage and Tran, 1994). In a recent
study hearing loss in the British community is again
shown to be a phenomenon restricted to the elderly
(Davis, 1989). Figure 1 shows (LePage et ai, 1994) that
the distribution of critically-low values of emission
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follows that different individuals may require a different
maximum sound level to avoid accelerated damage.

Significance: It is virtually axiomatic that noise-in­
duced hearing loss is largely preventable, if not entirely
avoidable. This is the fundamental basis upon which
hearing conservation programs are structured. These
results, however, have drawn into focus the fine divid­
ing line between presbycusis and noise-induced hear­
ing loss. The concept of damage accumulation in the
cochlea priorto hearing loss being exhibited almost re­
moves this distinction. Both are aspects of ageing of
the cochlea; presbycusis may be considered a minimal
rate of ageing while noise-induced hearing loss consti­
tutes the early onset of hearing loss as a result of accel­
erated ageing due to excessive noise, where "exces­
sive" is defined as any rate higher than the observed
minimal rate. Presbycusis may now be more formally
defined in terms of a rate of ageing occurring no faster
than the average rate of ageing forthe Australian popu­
lation (3 dB/decade). However, as we have seen
(LePage, 1994), the rate of ageing curve is a function of
age with the highest rates occurring from birth to age 20
and declining from ages 20 to 30 to a minimal value of
about 3 dB/decade. This new concept immediately
highlights the historic state of indeterminacy of the
causes of the accumulated ageing. Other factors such
as antibiotics (e.g. the aminoglycodsides) and environ­
mental toxins (e.g. toluene) may lead to accelerated
ageing. It follows that prevention of hearing loss in the
future should be a much more tangible objective than
trying to conserve after outer hair cell damage is almost
complete. Such screening programs exist in the com­
munity for analogous conditions e.g. glaucoma, diabe­
tes, breast cancer.
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Measures of susceptibility to hear­
ing loss: otoacoustic emissions and
noise exposure.

Investigators: Eric LePage, Narelle Murray with Ken
Mikl (V\brkCover Authority, NSVV)

Background: A pilot study was undertaken to investi­
gate if the apparent predictive ability of the otoacoustic
emission test has practical value to individuals exposed
to high levels of noise for long periods. Four separate
otoacoustic emission investigations were undertaken
to quantify the extent of cochlear damage accumulated
in environments marked by differing levels ofsound ex­
posure consistently maintained over a long period,
either occupational or leisure noise exposure. These
can be broadly classified as (1) a low sound level office
worker population, (2) a moderate exposure to full-time
orchestral musicians performing in an orchestra pit, (3)
a high level exposure in a pilot study of 24 deep coal
mine workers, and (4) a random sample of heavy music
industry/media workers where the feature in common is
frequent exposure to high-level amplified sound, en­
countered free field or via headphones.

The WorkCoverAuthority was requested by the Sydney
Opera House Trust to make an assessment of occupa­
tional noise problems and to identify acoustic problems
in the orchestra pit in the Opera Hall of the Sydney Op­
era House. The Hearing Loss Prevention Research
Unit of NAL was invited to carry out otoacoustic emis­
sion testing on members of the Australian Opera and
Ballet Orchestra as part of this investigation.

Research Questions: 1. To compare emission
strengths of each group and compare with those of the
Australian population obtained over the past three
years; 2. To test whether the otoacoustic emission test
is a useful measure of noise dose and therefore 3. as a
"bioassay" for the effectiveness of hearing protection
devices; 4. To test whether the definition of emission
strength for permanent damage is adequate for tempo­
rary disturbance caused by noise exposure. 5. How
does the measure of Coherent Emission Strength re­
late to acoustic measures of the orchestra pit and
placement of members relative to other instruments?
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Research Procedures: Otoacoustic emission screen­
ing tests were carried out on 24 mine workers before
and after shifts over a period often days, with follow up
carried out three months later. Their pure tone
audiograms were obtained from their employer and es­
timations made oftheir noise dose and wearing of hear­
ing protectors by an accompanying engineer. O1oa­
coustic emissions were obtained from 102 office work­
ers during one working day. Approximately 90 orches­
tral musicians were tested three times during 1992,
1993 and 1994 for slow degradation changes. Re­
cords from our database of rock musicians, pub work­
ers, recording engineers and frequent radio-headset
users were selected and compared. In all cases ques­
tionnaire results were used to eliminate records for
which there were significant complicating factors such
as the presence of middle ear disease or histories of
ototoxic drug usage.

Findings: The pilot Coal industry study revealed that it
is possible to obtain a sensitive index of the level of
outer hair cell motor performance, (Coherent Emission
Strength, (CES dB SPL», which is inversely related to
the degree of cochlear damage. The CES values of of­
fice workers are comparable with those of a normative
Australian population over the same age ranges The
orchestral musicians' emission strengths (mean) were
lower than these, while the coal miners were consider­
ably below the orchestra players, and the heavy ampli­
fied sound cases on average showed the lowest emis­
sion strengths.

15 .---,--------,------,

Cl
c::
·iii
C1l

~
u
c::
Q)

Cl
C1l

E
C1lo

I I
CRITICAL REGION

-5 L--__-l...- -L__---.J

Males Females

."" Office workers IIIID Orchestra players

Underground coal miners • Heavy music participants
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The current defintion of CES appears to be a sensitive
measure of net outer hair cell performance, and there­
fore is a sensitive inverse measure of cochlear noise
damage. To date the sample size from the coal indus­
try has not been large enough to determine if the ap­
proach can be used to assess the long-term or short­
term effectiveness of ear protection.

Significance: Coherent Emission Strength appears to
be a useful parameter for assessing permanent dam­
age and over a period of time could be useful for as­
sessing the effectiveness ofwearing hearing protection
devices. A potentially very important application oftran­
siently-evoked otoacoustic emissions for industry is as
an objective cross-check on the validity of pure tone
audiometry. With the exception of some retrocochlear
lesions whose occurrences are relatively rare, emis­
sions present at any frequency suggests that hearing
thresholds should be normal at that frequency. The
converse is not true. Lack of emissions at any fre­
quency provides no clue as to the extent ofhearing loss
at that frequency.

Since this initial study was carried out, changes have
been made both to the orchestra pit and to seating ar­
rangements within the orchestra. Repeat measure­
ments will be taken in 1995 to see if these alterations
have helped maintain the stability of hearing of the or­
chestra members.

The studies undertaken with the orchestra, the coal
miners and non-noise exposed workers have high­
lighted the value of otoacoustic emission screening for
hearing conservation purposes. It has proved to be an
easily applied, rapid and, most importantly an objective
method of screening for cochlea damage. In particular,
to be able to determine susceptibility in individuals
amounts to being able to provide early waming of in­
creased risk for hearing loss so that the individual will
recognise the importance of taking precautionary
measures to avoid excess exposure.

The project also aims to produce a better description of
what constitutes excess exposure for the population as
a whole and for different SUbgroups depending on age,
gender, occupation, type of exposure, and most impor­
tantly depending on assessment of susceptibility for
risk. In respect of the latter other definitions of suscep­
tibility are being tried.
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Cochlear Motor Cells

Investigators: Eric LePage with Professor Hans Peter
Zenner and Dr Gunter Reuter ofthe University ofTubin­
gen, Germany.

Background: Loss or damage of outer hair cells of the
cochlea is the primary cause of sensorineural hearing
loss. The manifestation of their motor activity to pro­
vide for normal hearing sensitivity is the topic of intense
research activity. Models of cochlear function, used ex­
tensively throughout hearing science, e.g. in speech
processing, are based upon the Nobel prize-winning
work of Georg von Bekesy which predates the discov­
ery of the motor action of these cells. The outcome of
the current research is yielding a new class of cochlear
models.

Research Questions: 1. What is the mode of action of
the outer hair cells in living cochlear tissue? 2. What
is the basis of the so-called cochlear amplifier? 3. Are
the outer hair cells strongly involved in a regulation
process which becomes disturbed in cases of tinnitus
and/or Menieres disease These questions are being
approached by classifying the various motor charac­
teristics by speed and mode of action in living cochlear
tissue. All experiments have been carried out at, and
funded by the University of Tubingen, subject to the
stringent inte.mational codes with respect to animal re­
search.

Findings: The outer hair cells display a mode of activ­
ity beyond that required of current models of the co­
chlear amplifier. The changes of length ofthe outer hair
cells (LePage, 1989; Zenner 1993) constitute a major
mode of action responsible for how the ear adjusts to
changes in stimulus level over a 120 dB dynamic
range, accounting for the loss of dynamic range in
hearing loss and the effects of loud sound (LePage,
Reuter and Zenner, 1993). A significant outcome is a
first viable model for tinnitus (LePage, 1993) - un­
wanted sounds which are generated in the cochlea due
to damage.

Significance: A major update to the cochlear amplifier
theory with biproducts for explaining the origins of sen­
sorineural hearing loss, variability of individuals in re

sponse to loud noise which will have application to pre­
vention activities, and a model for tinnitus which will be
immediately useful in explaining the condition to tinni­
tus sufferers.
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Selective Attention

Investigators: Eric LePage, with Dr Patricia Michie
and Dr Nadia Solowij of the School of Behavioural Sci­
ences, Macquarie University.

Background: Pure tone audiometry is an exercise in
selective attention. It is a measure of how well any per­
son can extract a pure tone from background noise.
The first sign of hearing loss is that this selection procr
ess is diminished in conditions of speech in raised
background noise. There are several reasons to think
that the selection process normally involves activity of
the outer hair cells which are connected to the brain
and to the responses of the opposite ear (LePage,
1989). Speech discrimination and spatial selection
may therefore be fundamentally dependent on normal
outer hair cell function which is why noise damage
leads to difficulties in discrimination.

Research Questions: Otoacoustic emissions are
good measures ofthe activity of outer hair cells. There­
fore, are emissions strongly affected by voluntarily se­
lecting one tone in a pair of tones so that the brain re­
gards the non-attended tone as background noise?

Research Procedures: Normally hearing subjects are
tested for otoacoustic emission strength to determine
suitability for the experimental protocol. Subjects then
listen to an exacting task where they must identify tar­
get sounds and respond with a button push to confirm
identification of the various tone bursts while the stimu­
lus conditions remain unaltered. The amplitudes of the
resulting otoacoustic emissions are compared to deter­
mine whether the sounds are being attended to or not.

Findings: A small attentional effect has been seen by
a number of investigators. However, thus far our ex­
periments have not confirmed this result, despite con­
siderable theoretical justification for thinking a signifi­
cant effect exists. Five independent experiments were
conducted primarily on fixed target tone bursts; the first
four was for switching attention between two targets
being presented to the same ear; in the fifth experiment
the subject had to altemate attention to one ear and
then the other. No significant effects were observed in
any of the experiments (Michie et aI., 1994).

Significance: The most common complaint of the
hearing impaired is the interference to their hearing by
background noise. Background noise constitutes the

most significant technical problem to be overcome in
new hearing aid designs. A positive result should pro­
vide more understanding ofthe background noise prob­
lem and could result in the redefinition of noise as the
"loss of voluntary selection". It could also reveal why
other investigators have failed to demonstrate selection
at the level of the aUditory periphery. The negative out­
come of these current experiments was surprising con­
sidering that two other investigators have seen small
but statistically significant effects. On the one hand this
might be taken to imply that selection as a process is
carried out in higher brain centres as has always been
suspected. On the other hand, failure ofthis experiment
tends to indicate that the paradigms tested were not
sufficiently comprehensive to show an effect. For ex­
ample, a stronger effect may be seen with more care
taken to reveal spatial selection effects or dynamic
focussing effects.
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Screening Criteria for Newborns

Investigators: Eric LePage, Narelle Murray, Roger
Lovegrove, with Dr. David Starte (Royal North Shore
Hospital), AHS staff.

This project is looking at special cases ofthe Age study,
Le. neonates and infants, for which data is being col­
lected from a variety of sources, with values for speci­
ficity and sensitivity being determined. Those who fail
the criteria would be referred on for ABR testing or Elecr
trocochleography.
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Preliminary results from the study suggests that neona­
tal screening passes should require CES values of 20
dB SPL, while partial passes should be 14 dB SPL,
with failures dB SPL.

Advanced Signal Processing

Investigators: Eric LePage, Dr Michael Harrap
(ADFA), Khanh Tran.

Otoacoustic emission methods provide much more in­
formation than pure tone audiometry. However, even
more information is contained in otoacoustic emission
records than is currently being used. At present the
spectra of the click-evoked response is an average of
all the activity of the record in time. By contrast, using
the short-time Fourier transform it is possible to display
dynamic variations in the spectra giving a time picture
of how the ear responds to a click (LePage, et aI.,
1993). Since impulse noise, e.g. gunfire, is the most
damaging form of noise and represents a major prob­
lem for Defence Forces, the project is aimed at deter-

mining susceptibility to hearing loss in terms of how
well the cochlea can protect itselfby dynamically adapt­
ing to the fast pressure wave front. There is a signifi­
cant commercial potential for the project by virtue ofup­
dating current recording methods.

This project has received the lowest priority during
1993/94 and will receive more attention during
1994/95.
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Prevention of Hearing Loss

tation of the computer model
was a two stage procedure.
The first stage was to establish
a curve describing the current
rates ofaging in the population
and to show if this varies with
age. For this it was necessary
to feed in our current 'snap­
shot' picture of emission
strengths with age for males
and females and to make some
assumptions as to what it
might have been like at some
stage in the past. It was as­
sumed that the decline in emis­
sion strengths were linear with
age back in 1980. Linearity of
decline was chosen a) because
the aging curve above age 40 is
linear, and b) because oflack of
infonuation which would make
any other choice less arbi trary.
Ideally one should have
started the process several
generations ago; then the ac­
tual period becomes arbitrary.
On the other hand the period
had to be sufficiently short so
as to adequately represent the
current trend. The second
stage involved using the de­
rived curve to project how the
emission strengths would be­
have in the future.

Model: Rate of decline
of CES vs Age

Research Procedure:
UsingABS figures for the Aus­
tralian population in past
years pi us projections for
growth in the future, the rates
of rise in numbers of individu­
als reaching critical values of
ear damage have been mod­
elled, subject to various as­
sumptions. These assump­
tions describe a) the current
trend, b) the effect on the num­
bers affected if the rates of ag­
ing were reduced. Implemen-

a group of individuals who will
reach this critical level prema­
turely? How many people
would reach this level? What
would be the time course of this
process? Could the result be
regarded as an epidemic? How
long would it take for the num­
berofyoungerpeople reporting
hearing problems to equal the
number of older people suffer­
ing presbycusis? What would
be the costs? Since industrial
hearing loss is almost exclu­
sively a male condition, how
would the current trends affect
the ratio of incidence in males
and females? Would this trend
cause a rise in communication
difficulties in young adults?

Findings: A key
output of the com­
puter model is a curve
described as a rate-of­
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"O
:"al~Ql :8 .. versus age (see Fig-
'=: ure 1) which shows

that the rate of de-
~ 2 = --;----...;..---- cline of emission
u.. L I strength, interpreted

aa --1:LO--,J.20--30--4.LO--S-'-O----.1610---70----.J80 as the rate ofdam.a~e
Age (years) accum.ulatwn, IS

greatest in the Aus­
tralian population for

Figure 1. The rate-or-aging CUlve, plotted versus age you ng people.
showing that the decline of emission strength (CES) in-
terpreted as the rate ofdamage accumulation, is great-
est in the Australian population of young people.

Background: The accu­
mulation of inner ear damage
can be tracked using otoacous­
tic emissions for years prior to
a critical level of damage being
reached at which time the
symptoms of hearing loss be­
come manifest (Murray and
LePage, 1993; LePage and
Murray, 1993). We have
translated the concept of the
rise in cochlear damage to that
of rates of aging of the ear. In
these tenus presbycusis, or the
normal aging effect may be re­
defined as a minimal rate of
aging of the ear, or a decline in
emission strength of 2 to 3 dB
per decade. In the Australian
population, the group over 40
years of age seems to be declin­
ing at about 3 dB per decade.
However, many young people
are being tracked at declining
at between 20 to 30 dB per
decade. Prominent amongst
this group are those who regu­
larly engage in heavy music or
leisure noise exposure and who
are already reporting symp­
toms of hearing loss, even by
age 15. Otoacoustic emission
recordings from such ears
show very clear signs of early
aging, similar to the ears of
older workers in heavy indus­
try.

Predictions of a rise
in hearing loss in
young people.

Investigator:Eric LePage

Research Questions: As
the ear ages the emission
strength declines, a critical
level is reached at which hear­
ing loss is reported. Does the
dip in the aging characteristic
centred on teenagers represent
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Figure 2. Incidence of Australian Individuals (top panels) who have at least a mild hearing loss (derived f!'Om model). TIle
trend-establishment phase (top panels) is used to matchthe existing incidence of hearing loss in 1994. TIle ordinate values rep­
resent the number of individuals in each two year age bin used in the computation. Each family of lines in the top panels rep­
resents the projected numbers affected from 1980 (lowest), 1982, 1984, etc., to 1994 (highest) respectively. 11le projection
phase of the model (bottom panels) reflects the expected numbers for the next 20 years. The lines represent the years 1994,
1996,1998 etc., to 2014, respectively.

Table 1. The total numbers of Australians possibly affected with at least a mild
hearing loss (CES values less than -3d13 SPL) as shown in the bot.tolll panels of
Figure 2.

MALES 1994 2000 2004 2014

Total population (M) 8.5 9.1 9.4 10.2

Population affected (M) 2.5 3.7 4.8 8.0

Percent affected 29 41 51 78

FEMALES

Total population (M) 8.5 9.1 9.4 10.2

Population affected (M) 0.7 1.1 I 1.4 2.6

Percent affected 9 12 15 25

It averages between 7 and 8
dB/decade in the first 20 years
and then declines to about 3.5
dB/decade for ages 40 and over.
This feature is difficult to ex­
plain unless people in their
first 20 years, on average, are
currently accumulating co­
chlear damage faster than the
previous generation was at the
same age. Other explanations
for the aging curve are indeed
possible. However, our evi­
dence that a high proportion of
young people do have more
highly damaged ears than
older people supports this as­
sertion. This suggestion that
premature aging is occurring is
in sharp contrast to the expec­
tation that for most people the
presentation of symptoms will
not occur until later in life.
Figure 2 shows the incidence of
Australian individuals who
have at least a mild hearing
loss. The ordinate val ues rep-

resent the number of individ u­
als in each two year age bin
used in the computation. The
model was established to re­
flect actual numbers in the top
two graphs, while the trend
shown in Figure 1 is used to

project the expected numbers
for the next 20 years.

Note that the current hear­
ing loss picture remains pre­
dominantly a phenomenon of
old age (presbycusis), but that
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Oloacoustic em.ission testing O. to I'. Khanh Tran, Narclle Murl'ay and Eric
lePage.

be high, but much less than the
projected costs.
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even now the model shows the
rising numbers ofyoung people
experiencing a hearing loss.
The extrapolations of the
model show that hearing loss
in the Australian community
will become predominately a
young-adult phenomenon in
the future with steeply rising
numbers in the case of males.
If the model is realistic in its
depiction of the current situ­
ation, the continuity which is
inherent in the model suggests
that a trend toward premature
hearing loss is well established
in Australian young adults, as
the very long tenn effects of
accelerated early ear damage
already accumulated eventu­
ally become manifest and are
confirmed with pure tone
audiometry. The projected to­
tal numbers of Australians af­
fected is shown in Table 1.

Significance: The costs of
such a marked increase in
hearing problems -- loss of se­
lectivity, abnormal sensitivity
characteristics, and rise in in­
ternal noise (tinnitus), can
only be guessed. It suffices to
suggest here that the figure for
direct and indirect costs will be
large because very many more
people will be affected than is
currently the case for noise-in-

d uced hearing loss in industry
(e.g. the cost of providing hear­
ing rehabilitation services and
hearing aids to millions ofpeo­
pie). Indirect costs such as the
costs of increasingly poor com­
munication between young
adults, could be correspond­
ingly larger. Irrespective of
the magnitude of the problem,
the model indicates that the
greatest preventative effort
should act to stem the trend as
early as possible, e.g. in edu­
cating primary school-age chil­
dren. (The recent production
of the videotape directed at
this age group, "It Won't Come
Back" by AHS Prevention
Services is a significant
achievement in this regard).
The model also shows that ifit
were possible to achieve an in­
stant change in attitudes to the
point of changing the rate of
aging curve (down from 8
dB/decade to, for example, a
constant 3 dB/decade from age
10), the projected rise could be
dramatically reduced so that
only 17 percent of the popula­
tion would be affected by the
year 2004 and 21 percent by
2014. Such a change could be
pursued only through a mas­
sive education program. The
costs of such a program would

2X

Tracking the growth
of cochlear damage
in a cohort study.

Investigators: Narelle Mur­
ray, Eric LePage

Background: A key objec­
tive of the normative study
(LePage and Murray, 1993,
Murray and LePage, 1993,
Murray, LePage and Tran,
1994) was to compare pure
tone audiometric thresholds
with measures of emission
strength and compare how
each depends on aging. A ma­
jor outcome from this study of
the population as a whole was
the derivation of a parameter
which may be used as a risk
factor for hearing loss accord­
ing to the emission strength, or
lack thereof for any ear. View­
ing the population decline in
emission strength and, sub­
sequently, decline in hearing
sensitivity did not provide a
description of how these pa­
rameters changed in the case
of individual ears. Whereas
the decline in emission
strengths for the whole popula­
tion was around 3 dB/decade,
individ ual cases were shown as
declining at varying rates, up
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to 30 dB/decade (Murray and
LePage, 1994).

Research Questions: It is
of interest to know how indi­
vidual ear emission perform­
ance varies with time. What is
the normal test-retest variabil­
ity for any particular person
and ear? Do the emission
strengths vary systematically
over a longer period? Do the
emissions generally decrease
with time or may they in­
crease? Does the change in
both ears go in the same direc­
tion? In the cases of decline in
ear activity, is it valid to inter­
pret this as a rise in ear dam­
age? Does ear damage accu­
mulate steadily from one year

to the next, or do individuals
have episodes of faster aging?
Are such episodes related to
age, illnesses, periods of drug
taking, episodes of noise expo­
sure? What are the charac­
teristic rates of aging for peo­
ple in different occupations?
Do rates of aging taper off as
age increases, e.g. as adult­
hood is entered? In the cohort,
if individuals with lower emis­
sion strength do indeed report
hearing problems before those
with higher emission strength,
is this a useful first definition
of "susceptibility" to hearing
loss?

Research Procedures: A
preliminary study was con-

ducted each day for one week
on 12 subjects to determine the
test-retest variability of the
emission strengths, so that any
change over a longer period
could be assessed as to its sig­
nificance. Click-evoked otoa­
coustic emission auditory as­
sessment and pure tone
audiometry has been carried
out on 50 males and females
selected for the main study, 30
of whom were first tested in
1989 and have subsequently
been seen annually. On each,
tympanometry has also been
carried out as a screening pro­
cedure to eliminate the possi­
bility of middle ear problems at
the time of testing. Aural his­
tories have been updated at
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each interview to determine
any pathologies which may
have occurred since previous
testing was carried out.

Findings: Preliminary
findings for two subjects, one
female and one male, are pre­
sented to illustrate the aJr
proach. In Figure 3 (left pan­
els), the normative age data
are summarised for all ages 0
through 80, showing the mean
(solid line) one standard devia­
tion (dashed lines) for females
and males (top and bottom
panels respectively). On these
panels are shown the results
for one female and one male for
four years in succession. A
solid line connects points for
left ears while dotted lines con­
nect points for right ears. The
average rates of change in
emission sound levels (OAE
decline dBfyr) is computed for
each frequency in the spec­
trum (right panels). Left ear
spectra are above right ear
spectra in each case. These
panels show that the decline in
the emission is not uniform
across frequency, but tends to
accumulate at localised fre­
quencies as the notches in the
spectrum deepen and widen.
In the case of the female with
high emission strengths, the
specific frequencies at which
change has taken place are
much fewer, and oflower rate
of decline, than the regions
where change has taken place
for the male with low emission
strength. The preliminary
findings suggest that several
individuals who commenced
the study with a high Coherent
Emission Strength (CES)
value have tended to retain
this high CES and have a low
rate ofdecline. To the contrary,
those who entered the study
with a low CES value (in the
lower 16% of the population)
appear to have a much higher
rate of decline. No intervening
pathologies seem to account for
this latter result, although pre-. .
VIOUS nOIse exposure may ex-
plain this particular subject's
initial low result.

Significance: One possible
interpretation of these spikes
in the right panels is that each
represents a patch of damage
at some point along the basilar
membrane. That is, the fre­
quency plot of spikes may reJr
resent some form of map of
damage sites or outer hair cell
lesion areas. In the case of the
male subject these results sug­
gest that damage has been ac­
cumulating at many sites quite
rapidly over the three year
span, whereas for the female,
damage is still being seen to
occur but only at specific
places. The audiograms of
these subjects show no signs of
change. The otoacoustic emis­
sion approach therefore may
be offering a method of track­
ing 'microlesions' or tiny dam­
age sites inside the cochlea,
long before any hearing distur­
bance occurs. As such this is
the first time that such lesions
have been tracked in humans.
All previous work picturing ag­
ing-type damage has occurred
in animal studies (Bohne et aI,
1990). It is particularly inter­
esting that the results to hand
already suggest that the lesion
sites may be sites of physical
weakness. These results sUJr
port earlier studies suggesting
that noise-induced hearing
loss is the end prod uct of the
growth of these microlesions in
size (Bohne et aI., 1987). The
approach therefore may be
highly useful for hearing loss
prevention in terms of being
able to determine who has
"tough" ears and who has "ten­
der" ears by estimating the
number or density of such le­
sions. Considering the ex­
pense and insensitivity of pre­
sent hearing conservation
methods, otoacoustic emis­
sions appear to offer substan­
tial improvement. No longer
should the acquisition of a
hearing loss due to accelerated
aging occur without being an­
ticipated and controlled.

If it is possible to enter life
with a high emission strength
(as is seen in our normative
population results) and ex-
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clude some or all of the patho­
gens and noisiness of life early
in life, it may lead to a reten­
tion of outer hair cell capacity
and a much lower rate of de­
cline which is manifested in a
lesser susceptibility to hearing
loss later in life. If, however,
there is early disturbance (or
low emission strength very
early in life) the individual can
be forewarned and early inter­
vention measures put into
place to conserve what co­
chlear performance remains.
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Defining "dynamic"
susceptibility to
hearing loss in
relation to the
problem of impact
noise.

Investigators: Eric LePage,
Khanh Tran, Michael Harrap
(ADFA).

Background: There is a
growing view amongst the sci­
entific community that while



NAL Research & Development Annual Report 1994/95

figul'e 4. TIle effcct of a pUI'e tone exposul'e. 111e thl'ee panels al'e time-fl'e­
quency sUI-faces depict.illg how a spectrum of a click-evoked acoustic emission
changes with time as a sel'ies of spectra one behind the other. Each response is
obtailled f!'Olll st.andal'd screening mode, using signal avel'ab';ng of 1040 clicks.
The fl'equency l'ange shown is fmm 0 to 6 kl !z, while the time axis goes back into
the papel' fmlll 0 fl'equency (t.he highest signal [:eak is -6dB SPL, thc level at the
plane is at -J GdB SPL). '111e top panel shows the nonnal emission befol'e t.he expo­
sure. The second panel is fol' a I'ccol'd completed six minntes latel·. In between
the cal' was exposed at 3 kHz fol' one minute at OOdB SI'I. (80d8 111.). The early
emission peak shows the diffel'cllcc (befol'c minus "ftel'!. Low fl'equencies ill tlte
I'csponsC' have also becn affccted.

the mechanism will depend vi­
tally upon (a) waveforms and
spectrum of the blast and (b)
the complement and spatial
pattern of the remaining outer
hair cells. We have shown that
otoacoustic emissions are very
good at generating data that
appear to describe the physical
extent of ear damage. In addi­
tion, click-evoked otoacoustic

These kinds of physiological
responses make havoc of con­
ventional experiments de­
signed to quantify, understand
and protect against impact
noise. We expect that the
highly variable outcomes are
connected with how well the
outer hair cell/efferent protec­
tion mechanism functions to
protect itself. The efficiency of

Loud continuous sounds
will produce a temporary
threshold shift which recovers
at a rate which decreases with
time after cessation of sound.
Many studies have shown that
the hearing threshold shift and
recovery after impacts is much
less predictable. In a study
conducted on military person­
nel in France (Dancer et ai,
1991), high impact noise often
did not produce the greatest
hearing loss till the next day,
i.e. there was a delayed effect.

loud sounds produce varying
amounts of damage, sharp
sounds of short duration, e.g.
impulses and impacts, may be
relatively much more damag­
ing than purely on an equal-en­
ergy basis (Price, 1992). Most
cases where the ear responds
with acute pain or ringing are
due to the fact that the bang
occurred without warning.
Advanced warning of a blast
may protect the ear by the ac­
tionofthe stapedius reflex. In­
deed some experts believe that
noise-induced hearing loss
may therefore be very largely
caused by the accumulation of
the damage caused by mini­
traumatic events (Eruel; Cam­
panella; pel's. communica­
tions). There are strong theo­
retical reasons for supporting
this view which include a
model of the outer hair cells in
the cochlea, which are involved
in a rapidly acting regulation
process. This process continu­
ally adjusts the natural sensi­
tivity of the ear according to
ambient sound levels. Our
working hypothesis is that
while the efferent control loop
constitutes a very efficient in­
ternal cochlear protection
mechanism for loud sounds,
the protection breaks down
when the rise in sound level is
very rapid ( 1 msec). The mid­
dle ear-, or acoustic-reflex is
about 100 times too slow to
protect the inner ear against
such transients (unless it is
pre-stimulated; see Acoustic
Reflex Eliciting Earmuff pro­
ject -- N.Carter).
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emissions are particularly
suited to describing dynamic,
protective-type responses in
the human ear. This is be­
cause the raw data captured is
a time-response from which
the frequency spectrum is cal­
culated. It has been possible
for example, to make record­
ings at five minute intervals
which demonstrated vari­
ations in cochlear mechanical
responses which were used to
identify a case ofa perilympha­
tic fistula.

Research questions: Do
the dynamic responses cap­
tured with otoacoustic emis­
sions reflect a protective reflex
which gives rise to temporary
threshold shift? Is it possible
to use the technique to charac­
terise the susceptibility of a
person to hearing loss (perma­
nent shift) more precisely in
terms of the ear's dynamic pro­
tective response to sound?
Our working hypothesis is that
it may be possible to obtain a
series of recordings on a sub­
ject, and at some point deliver
a stimulus to the ear which
would evoke the outer hair cell
protective response, then
watch the extent of the shift
and the rate of recovery. A
healthy ear might be expected
to produce a rapid reaction to
the acoustic challenge and re­
cover quickly, a more suscepti­
ble ear react more slowly and
recover more slowly. In the
past only relatively high level
sounds could produce a clear
temporary audiometric shift,
or an acoustic reflex, but with
otoacoustic emissions, much
smaller doses may produce a
usable result without the com­
plication of the acoustic reflex.
With the ample frequency
specifici ty ofclick-evoked otoa­
coustic emissions, it should be
possible to show how the pat­
tern ofexisting damage affects
the resulting exposure and
damage picture, and manipu­
late it with contralateral
stimulation to simulate real
world protection.

Research Procedures:
The first stage of this project
seeks to obtain a much more
complete display of all the in­
formation available in the
standard click oto-emission
and to use this to provide a
time-frequency map of the
emission, which we expect to
be interpretable as changes to
the internal protection mecha­
nism. The second stage is to
test the power of the approach
with deliberate exposures to
pure tones and noise, an ap­
proach which would not have
been practical or acceptable on
ethical grounds in times past.
The primary difference now
made possible by the higher
sensitivity of emissions over
pure tone thresholds is that
non-traunlatic exposures (e.g.
90 dB SPL for one minute) can
produce a marked change. For
this preliminary experiment
subjects with normal hearing
and sizeable emissions were
chosen for recording before and
after a small acoustic dose (ac­
tually well within the limits
described by Australian Stand­
ard AS1269 -Hearing Conser­
vation). The results were ana­
lysed with time-frequency
analysis to display the time de­
pendence of the emission spec­
trum, akin to a voice spectro­
gram. The raw data was col­
lected wi th an Otodynamics
analyser and the displays gen­
erated with an Ariel "Cyclops"
card employing a TMS320C40
processor.

Findings: Figure 4 shows
an example of the application
of the approach. The three pan­
els show otoacoustic emissions
from the right ear of a female
subject with sizeable emis­
sions. The three-dimensional
display is a series ofcurves one
behind the other, showing how
the spectrum of the emission to
6 kHz varies with time going
10 ms back into the page. The
actual features of the top plot
are strongly characteristic of
the ear. Click-evoked otoaco us­
tic emissions generally de­
crease in their high frequency
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content with time. The middle
panel shows the same ear im­
mediately following a 3 kHz,
90 dB SPL sound exposure
lasting just one minute. This
plot shows quite marked
changes in the features of the
spectrum, in particular a re­
duction in the size of the emis­
sion peak at around 3 kHz and
the rise in the peak on the high
frequency side of it. The third
panel shows changes in the
form of a surface representing
the change in perfornlance of
the ear (before minus after).
The difference plot also shows
that the response to frequen­
cies below 1 kHz were also af­
fected by the tone.

Significance: This result
is of strong theoretical interest
considering the "half-octave
shift" phenomenon which
causes a temporarily deafened
ear to lose sensitivity, not at
the frequency of exposure, but
at a higher frequency. It
means that the active ele­
ments inside the cochlea which
generate the emissions at
3 kHz are likely generating
less energy at 3 kHz and more
at 4 kHz following the expo­
sure. This may imply that as
part of the protection mecha­
nism, the mapping of sound
frequency to place of detection
is warped. The result may be
interpreted as the protection
mechanism acting to disperse
the sound energy (LePage,
1991). This is the first time
physical evidence of remap­
ping has been shown for the
human ear, suggesting the
mode of action of the cochlear
protection mechanism which is
much more finely attuned than
the stapedi us reflex. Of practi­
cal interest, is the realisation
that otoacoustic emissions pro­
vide a sensitive measure ofear
disturbance analogous to tem­
porary threshold shift, i.e. pro­
ducing a detectable change for
a smaller noise dose than re­
quired to show an audiometric
shift. The high sensitivity ex­
plains the difficulty in inter­
preting earlier results in which
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coal miners were tested before
and after shifts (LePage, et aI.,
1993) and military personnel
were tested for response to
acoustic impact (Carter, et aI.,
1995). Evidently these high
level exposures upset the deli­
cate regulation mechanism so
that the results appear ran­
dom. Such new understanding
could modify approaches to
handling impulse noise and be
used as an improved measure
for susceptibility of workers to
noise, particularly impact
nOIse.
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Ear damage in
orchestral
musicians.

Investigators:Eric LePage,
Narelle Murray with Ken Mikl
(WorkCover Authority, NSW)

Background: Since 1992
the WorkCover Authority has
undertaken noise measure-

ments in the pit of the Sydney
Opera House as well as
audiometrically monitoring
the hearing of the members of
the Australian Opera and Bal­
let Orchestra. As part of these
monitoring procedures the
Hearing Loss Prevention Re­
search Unit has carried out
auditory assessments of the
Orchestra using otoacoustic
emission testing.

Research Questions: 1.
To compare emission test data
over the three years, 1992,
1993, 1994, for the Orchestra
as a whole; 2. To investigate
differences, if any, between
sections of the Orchestra; 3.
To compare individual test re­
sults to observe any decline or
rise in otoacoustic emission
strength.

Research Procedures:
Otoacoustic emission screen­
ing tests were carried out on a
total of 112 orchestra mem­
bers, 77 of whom were seen for
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Measuring noise levels during Orchestra rehearsals.

a second time, and 44 of these
for a third time (i.e. 1992,1993
and 1994). Questionnaires
were completed, with those
seen for a second or third time
completing questionnaires
supplementing information
obtained originally. Pure tone
audiometric results were ob­
tained from the WorkCover
Authority testers on the same
day.

Findings: As seen in Fig­
ure 5 the spectral values had
the highest rate of decline for
low frequencies as well as the
high frequencies which are tra­
ditionally associated with co­
chlear damage from exposure
to noise. These results were
apparent in all sections of the
Orchestra, although individ­
ual results varied consider­
ably. Pure tone audiometry re­
sults remained steady over the
three years for the Orchestra
as a whole, and did not reflect
the trend evident in the emis­
sion results. The decline was
more marked in left ears and is

consistent with
our earlier find­
ings. The lower
panels show the
spectral shape of
the rate of decline
in the whole or­
chestra popula­
tion. Plots also
exhibit a trend
suspected pre­
viously: a decline
in high frequency
emissions may be
accompanied by a
rise in emissions
around 1 kHz, a
feature of theo­
retical interest
concerning the
way the ear fails.

Significance:
The results show
that it is possible
to track slow de­
clines in ear per­
formance of a
group before
there are signifi­

cant audiometric changes. Al­
terations have been made to
the Orchestra pit and hearing
protection issued to some
members of the Orchestra only
after completion of these tests;
therefore more significant
changes may be apparent after
monitoring is carried out in
1995.

Evaluation of the
Aural Reflex Earmuff

Investigators: Dr N L Carter
(NAL); Dr Han Tin French
(DSTO)

Background: Previous re­
search has shown that the
aural reflex can protect hear­
ing. The aim of the present
study was to determine
whether the addition of the
acoustically stimulated a ural
(stapedius) reflex immediately
before firing improved the
hearing protection of earm uffs
worn by artillerymen.

Procedures: Soldiers were
exposed to single shots ofsimu­
lated howitzer noise. Hearing
and otoacoustic emissions
were tested immediately be­
fore and after firing. These
tests, using single 'shots' wer
designated Phase 1 of the re­
search program.

Findings: No effect was
found on acuity thresholds nor
on otoacoustic emissions, even
when the aural reflex was not
elicited. These results agree
substantially with US re­
search suggesting that the pro­
tection afforded by earmuffs
against impulse noise is sub­
stantially greater than indi­
cated by tests using steady
state sounds.

The results may also have
implications for Military Occu­
pational Health and Safety
regulations requiring all per­
sonnel to wear double hearing
protection (plugs and muffs)
within 5 metres of a howitzer
during firing.

Phase II Proposal: A final
report on Phase I was written
and presented to the Austra­
lian Defence Medical Ethics
Committee (ADMEC). A new
proposal, to carry out Phase II
ofthe project, was presented to
ADMEC and the Defence Sci­
entific Adviser. The plan was
approved, and preparations
were completed. Phase II, the
final phase of the project, will
test the effects of exposure to
m ul tiple 'shots' of simulated
howitzer noise.
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A New Approach to Hearing Loss Prevention

Investigators: Eric L. LePage,
Narelle M. Murray

Preventative medicine has as its
aim the preservation ofnormal func­
tion for as long as possible. Early
detection of a debilitating or life­
threatening condition is essential for
corrective action, and the earlier the
warning, the more time exists to ap­
ply the correction.

Prevention programs fall into
two basic categories. The fIrst in­
cludes conditions for which precur­
sors have not yet been identified and
which are therefore the more insidi­
ous. Secondly, there are those for
which precursors exist, which can
be identified by screening, but
which may proceed to the full blown
condition if untreated. Obviously
the most successful preventive ac­
tion can occur if precursors exist.
For example, breast cancer is a con­
dition in the first category. The first
signs are positive identification of
the condition which then requires
immediate corrective action which
is often radical and traumatic. On
the other hand, Insulin Dependent
Diabetes Mellitus (IDDM) falls into
the second category, since clinical
precursors have been identified and
so corrective action may be at­
tempted earlier which is less radical
than insulin injection (Harrison,
1995).

Until recently, hearing loss was a
condition in the first category. The
most prominent clinical feature of
hearing disability is the subtlety of
its onset and this has led to frequent
semantic difficulties. For example,
the field of hearing conservation has
for years used the term "hearing
damage" which at best is an am­
biguous juxtaposition of anatomical
fact: ear damage and its behavioural
outcome, hearing disability. In tum

this has led to conceptual difficul­
ties. The most central of these is an
implicit assumption that, since the
ear is normally extraordinarily sen­
sitive to sound, then it must also be
sensitive to its own state of damage.

The Western industrialised na­
tions now expend very considerable
resources on Hearing Conservation
Programs (HCP) to try to limit the
multiple costs of hearing loss (Do­
bie, 1995). Axiomatic within such
programs is the notion that catching
the first tiny shift in hearing thresh­
old is the most sensitive early warn­
ing measure possible. While most
hearing disability occurs in the mid
frequency ranges, the first signs of
Age Dependent Hearing Loss
(ADHL) or presbycusis occurs at
the highest frequencies, while Noise
Induced Hearing Loss (Nll-IL) first
presents with a notch at 4 or 6 kHz,
(Monley et aI., 1996; Pelausa, et aI.,
1995), the latter for more impact
exposure. High frequency
audiometry is currently receiving a
resurgence of interest in the hope of
issuing a warning before the hearing
loss progresses to the speech fre­
quencies where most disability oc­
curs, (Feghali and Bernstein, 1991).

A concern of the NAL hearing
loss prevention research program
has been that one cannot really use
the same phenomenon, even the
same parameter (hearing threshold),
which signals the onset of a condi­
tion to also provide early warning.
In the case of diabetes, some entirely
different measure has provided a
better precursor than blood glucose
levels - the level of antibodies
which lead to islet cell destruction.
This discovery has shown that rising
blood glucose levels provide no
waming at all and indicate an ad­
vanced stage of the condition.

25

An advanced precursor
for hearing loss

Back in the late 1960s it was
believed that the mammalian ear
was a simple transducer and bend­
ing of the hairs on the tops ofthe hair
cells in the cochlea sent sound infor­
mation to the brain. Until recently
hearing conservation has been
based upon the simple notion that if
sound is too loud, the hairs will
break off. During the 1970s this
simple idea was drawn into question
and controversy raged. By 1980 a
London Congress finally agreed
that our ears responded actively to
the sound entering. At that meeting
two key pieces of information
clinched the argument. The first
was that the electromechanical in­
teraction with sound, itself pro­
duced a byproduct sound, a much
softer response, which could be
measured with a microphone in the
ear canal (Kemp, 1978; Kemp &
Chum, 1980). Kemp called this an
otoacoustic emission. The second
was a long-awaited confirmation
that the behaviour of this mecha­
nism appeared physiologically vul­
nerable, nonlinear and compressive
in the direction that would account
for the 120dB dynamic range of the
ear (LePage and Johnstone, 1980)

Since 1980 the measurement of
otoacoustic emissions has been
commercialised and tested widely.
There are currently three manufac­
turers of distortion product equip­
ment and one for the original, click­
evoked method. Over 1000 scien­
tific presentations and articles have
since revealed the basic charac­
teristics of otoacoustic emissions.
The practice of audiology has taken
an abrupt right turn with the realisa­
tion that most sensorineural hearing
loss (particularly Nll-IL) occurs be-
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cause of progressive damage and
loss ofthe active cells, the outer hair
cells (OHC) and that this leads to a
decline in the size of the otoacoustic
emission. Moreover this decline can
be monitored from the very earliest
stages of ear damage, even from
birth.

The first application for the tech­
nique was to the early detection of
hearing problems in neonates and
infants who are unable to respond
voluntarily to behavioural tests
(Bray and Kemp, 1987; Kemp and
Ryan, 1991). The United States Na­
tional Institutes ofHealth have since
published a consensus statement
(National Institutes of Health, 1993)
recommending that all newborns be
screened with the technique as ajirst
measure. Since neonates possess a
complete set of outer hair cells, the
emission is typically very large
(over 30 dB SPL) and it is relatively
easy to decide if it is "present" or
"absent". The emission may still be
"absent" in a newborn after am­
niotic fluid has dispersed, because
ofmaternal infection or birth trauma
or a variety of developmental de­
fects, in which case the infant
should receive early intervention
care and educational help. At NAL,
it rapidly became obvious that click­
evoked emissions were not simply
"all or nothing" but varied in ampli­
tude over a 50 dB range and were
very reproducible in the short term
for any ear on test/retest, and they
declined steadily with age.

We have now acquired click­
evoked otoacoustic emission data in
some 2500 children and adults, both
normal and those with all stages of
disability. Since nearly all of the
hearing loss cases (ADHL and
NIHL) fall within the bottom 20 per­
cent of the range of emission
strengths, we found that there was a
critical value ofemission strength at
which the risk for hearing loss rose
steeply. Accordingly, we conceived
that the use of the technique could
pave the way from hearing conser­
vation in the first category (no pre­
cursors) to hearing loss prevention

in the second category (otoacoustic
emissions may provide many years
of warning).

To illustrate the difference we
compare attempting to carry out ef­
fective hearing conservation pro­
grams using pure tone audiometry
with looking through awindow with
the shade lowered near the bottom,
limiting the view (Figure lA). The
addition of click evoked otoacoustic
emissions, combined with our index
of emission strength (Coherent
Emission Strength, CES dB SPL), is
like raising the shade so that the full
ageing picture of the decline of ear
function can be tracked from birth
(Figure IB). Beforetheuseofotoa­
coustic emissions the rise in ear
damage with the consequent decline
in emission strength was outside our
field of view. Since lifestyle factors
are well recognised to play an im­
portant part in our hearing health,
this new capability is set to revolu­
tionise the kinds of intervention
which can now be undertaken dur­
ing the childhood period where the
age curve declines most rapidly
(LePage, 1994). The decline in
CES is normally slow, about 3
dB/decade offering many years in
which to control the factors which
accelerate hearing loss.

Basis of the precursor

Remarkably, in the cases of both
diabetes (IDDM) and hearing loss,
the condition results from a decline
in the performance of certain cells
vital for normal function. In both
cases the decline in performance in
the long term is due to decline in
numbers of these cells: in the case of
the ear, the outer hair cells (Ryan
and Dallos, 1975); in the case of
sugar utilisation, the islet beta cells
of the pancreas (Harrison et aI.,
1990). The time course of the two
phenomena are remarkably similar.
While compensation mechanisms
may give the perception that the de­
gree ofdisability wavers, the under­
lying accumulated damage is per­
manent. It appears that in both cases
normal function may be maintained
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while only a fraction (about one
fifth to one tenth) of the original
numbers of the cells at birth remain.

We have come to term this age­
ing characteristic (Figure lA) the
"fuel tank" model. The contents of
the tank decline steadily throughout
life and for any individual may go
through periods of more rapid de­
cline due to the factors which pro­
duce "accelerated ageing". As the
tank approaches empty, the symp­
toms which begin to present go
through various stages. At NAL we
have obtained a fairly definitive
value for the critical value of emis­
sion strength (LePage et aI., 1994)
below which people begin reporting
symptoms of at least a mild hearing
loss. This value, at which the tank
warning light comes on is about
-2dB SPL. Some time prior to this
stage, people may even be suffering
acute symptoms of trauma to loud
noise exposure, the most notable of
which is tinnitus which presents in
many ways (LePage, 1995).

Using otoacoustic emissions
therefore, it is possible to extend the
estimation of a person's hearing
status to level of risk for a hearing
loss, subject to some caveats. One
concern is the transmission of the
sound energy forwards and back­
wards through the middle ear. If the
measured emission strength is
found to be high this tends to rule
out transmission problems through
the middle ear. On the other hand if
the result is low then tympanometry
should routinely be performed at the
time (Sutton et aI, 1996) of the test
to determine if the low result can be
due to fluid or fixation of the ossi­
cles. With the exception of prob­
lems of incomplete development of
the middle ear, these conditions are
transient. In addition, the existence
of a pressure differential across the
ear drum has been tested - it gives
up to a 6 dB reduction in emission
strength for ±200 mm water pres­
sure in the external canal. We may
safely assume therefore that over
any period of repeated measure-
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Figure I represents schematically the change which otoacoustic emissions have brought to audiometry. Our data have mostly been obtained
with the Otodynamics Analyser in standard screening mode, using the "nonlinear" click-stimulus paradigm. Figure IB (right) shows the
change in emission values with age in the Australian population. The central (heavy line with the !quares) is the mean value for each 6 year
span in the Australian population. The two flanking lines are mean ± one standard deviation (containing 70 percent of the population) while
the thin top and bottom lines represent the maximum and minimum values. Importantly there is a critical value of emission strength (dashed
line) below which is a shaded region which contains most incidences of hearing problems. Above the line is the clear region during which
the preclinical values of emission strength may be determined. Figure IA (left) shows a ",indow scene with the window shade dra",n
revealing only a part view. By way of analogy click evoked otoacoustic emissions have raised the shade so that the full extent of ear
performance may be appreciated. The full view has far reaching consequences because it offers early warning.

ments the highest value may be
taken to represent the best estimate
of net activity of the ensemble of
outer hair cells. The curves ofFigure
lB have been prepared subject to
this assumption, while all known
forms of abnormality (excepting
noise overexposure) have been
eliminated.

A remarkable feature of Figure
lB is the wide spread of otoacoustic
emission (CES) values at every age.
Indeed, at any age the spread of
emission strength values is almost
80 percent of the total range for all
ages. This spread may account for
why some investigators concluded
there was no age-dependence on
click-evoked emissions (e.g. Stover
and Norton, 1993). Since observing
the age-dependent effects in our co­
hort, it is clear that many factors
contribute to outer hair cell destruc­
tion and that many young people
already have extensive preclinical
damage. Attempts have been made
to factor out the possibility that ear

maturation accounts for the rapid
decline in the first decade. Some
dependency upon ear canal size may
exist to age 8, but at least these re­
sults are presented for constant
screening test conditions, in particu­
lar the clicks are presented at a pre­
set value of 80 dB SPL which
equates to about 50 dB hearing
level. Since the outer-hair-cell/me­
dial-efferent-system is effectively
mature at birth or soon after, the
rapid decline in the first decade may
not be due to maturation and so it
requires some additional explana­
tion.

An illustration of the
need for a precursor
other than hearing loss

The high incidence of low values
in the first two decades particularly
emphasises our basic assertion: it is
invalid to take baseline audiometry
as an adequate measure ofear dam­
age. This may be illustrated by way

of a hypothetical example which has
factual basis in our records. Take
three people who have audiograms
within normal limits. The first one
is a female in her late teens who has
been socially active and attended
many concerts and discos and who
regularly listens to her headset radio
while jogging. A second person is
a female who has had a quieter life,
living in a country town. The third
person is a male who has not lived a
particularly noisy existence but who
had had a continuous series of mid­
dle ear infections before he was six
years of age. His infections were
treated with the fitting of T-tubes
(grommets) and with several
courses of various antibiotics. All
three people present for work at
Company X and baseline
audiograms are taken. The working
conditions are identical but the male
starts to have problems and an
audiogram a year later reveals a
mild hearing loss. At the same time
the first female is tested and her
hearing is normal, with perhaps a
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slight drop at 4 kHz. The second
female's hearing remains normal.
After five years the male has a com­
pensable hearing loss while the fe­
males have a slight high frequency
loss and a normal audiogram respec­
tively. Both cases involving hear­
ing loss are deemed to be work-re­
lated since baseline audiograms
were normal. In retrospect the male
was designated as having more sus­
ceptible ears because a lower dose
ofnoise "produced" the hearing loss
and Company X was deemed liable
to pay compensation. In these
cases the situation would appear
completely different had all three
had baseline otoacoustic emission
screens. It would have been readily
apparent at the beginning of err,­
ployment that the male had lower
level cochlear emissions and that
stronger, more focussed measures
could then have been taken to pro­
tect his hearing.

Such a hypothetical example il­
lustrates well why HCPs based only
upon monitoring sound levels and
behavioural measures may charac­
terise the size of the problem of
noise-induced hearing loss, but may
not be effective in reducing its inci­
dence (Hetu et aI, 1990). Indeed,
the monitoring of workers' pure
tone hearing thresholds has been
singled out as particularly ineffec­
tive and therefore should be aban­
doned (Noble, 1978). Otoacoustic
emissions explain why this is
so. The essential difference offered
by otoacoustic emissions is that the
approach can indeed move from
hearing conservation of the current
state which may include hearing
loss, to actual hearing loss preven­
tion, or at least knowledgeably de­
laying the onset of symptoms by
years.

Implications for the
future

The advent of otoacoustic emis­
sions as an early warning approach
raises a whole new set of possibili­
ties. There will always be people
who are more susceptible to the fac-

tors causing hearing loss. It has
been shown that if the decline in
emission strength could be limited
to an average of less than 3 dB per
decade (Murray et aI., 1994), an in­
dividual need never suffer hearing
loss during his or her lifetime. With
a birth value of emission strength at
24 dB SPL on a linear decline basis,
that would afford 8 decades before
the critical value is reached. Such
an outcome is not hypothetical. Evi­
dently there have been communities
which have managed to avoid hear­
ing loss to a great age (Rosen, et aI.,
1962), a phenomenon which at the
time had no scientific explanation
beyond the fact that this was a study
of a low cardiovascular risk group.
By contrast, we are tracking many
individuals with much higher rates
of decline, some teenagers as much
as 30 dB per decade and who have
already reached critical levels of
preclinical ear damage (Murray et
aI., 1994). Ultimately, social enti­
ties, industries,governments and
schools will take responsibility for
situations which will accelerate ear
damage, particularly in young peo­
ple, so that the population which is
living for longer may retain their
hearing for longer.

This new approach has profound
consequences not only for exercis­
ing greater control over NIHL, but
hearing loss due to all causes. Other
contributory factors may be much
more significant than previously
thought in influencing an individ­
ual's susceptibility to NIHL. These
predisposing factors seldom are re­
vealed in baseline audiometry but
using otoacoustic emissions their
role has been shown to be very im­
portant. In the hypothetical exam­
ple above, the risk of significant la­
tent damage in children due to use
of antibiotics is now more easily
appreciated, despite the fact that the
damage has been documented pre­
viously but only after hearing loss
has occurred. Aminoglycoside ad­
ministration is well known to cause
massive outer hair cell destruction
in the basal turns, amounting to an
estimated 1000 dB/decade decline
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in emission strength. More com­
monly used erythromycin has been
determined to be ototoxic (Brum­
mett, 1993), and to produce destruc­
tion equivalent to rapid ageing of
the cochlea. Recent studies using
otoacoustic emissions have now be­
gun to document preclinical
changes in otoacoustic emissions
due to streptomycin use (Furst et aI.,
1995), while another recent study
looking at Ampicillin has found lit­
tle effect on click evoked emissions
(Zorowka et aI., 1993). The doubt
surfaces, however, that some
"childhood" antibiotics may be
equally ototoxic. It certainly forti­
fies a more general cautionary ap­
proach to the widespread use of an­
tibiotics, and encourages the intro­
duction of otoacoustic emissions to
monitoring toxic side effects when­
ever multiple courses are indicated.
More generally, many drug trials
are still being published in which
hearing loss is the primary indicator
of ototoxicity. Many "alternate"
medical treatments and diets avail­
able (of which the liqueur Absynthe
is an historical example, causing the
painter Van Gogh extreme tinnitus)
could be causing extensive latent
OHC damage which, many years
later are attributed to other causes,
such as heredity.

NAL Hearing Loss Prevention
Research is therefore aimed at de­
termining the sensitivity and speci­
ficity with which otoacoustic emis­
sions might be incorporated into
hearing conservation programs.
These parameters require long-term
monitoring of a cohort of individu­
als to show that the otoacoustic
emission approach is a valid predic­
tor. We are well advanced in such a
study. (see Longitudinal study of
permanent shifts in otoacoustic
emissions)

The "fuel tank" concept carries
an important consequence in respect
of industrial HCPs. It implies that
the need to take into account indi­
vidual risk is at least as an important
factor as sound level in limiting
hearing disability. We therefore
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strongly advocate a two-pronged
approach I) conventional reduction
of sound levels taking care of expo­
sure of the majority of most (non­
susceptible) individuals, and 2) in­
dividual screening with the cheaper
early warning methods which may
be far more cost effective and alert
those most susceptible before hear­
ing loss occurs.

The Australian measure of hear­
ing protector attenuation, the SLC80
attenuation rating figure was based
upon the notion ofprotecting 80 (ac­
tually 84) percent of the population.
We are now questioning whether in
fact, the remainding 16 percent, not
"protected" from noise by hearing
protectors, remain the group most at
risk by virtue of their basic suscep­
tibility. If this were true, it would
help account for why it is difficult to
show that the wearing of hearing
protectors reduces the incidence of
hearing loss (Dobie, 1995). With
further refinement otoacoustic
emissions should be able to shed
some more light on these complex
Issues.

In summary, the potential for
click-evoked otoacoustic emissions
to provide early warning allows the
possibility that there is a significant
transition towards delaying of the
onset of hearing loss, not just for
NlliL but for all the other causes
synergistically contributing to ear
damage (McFadden et a!., 1995).
Once the otoacoustic emission
screening test becomes as common
as the intra ocular pressure test for
glaucoma, it may begin to have a
larger impact on the incidence of
premature hearing loss. As a tool
for education in our hands it has had
a significant impact on individual
awareness of the processes of age­
ing of the ear and indeed upon the
difficulties in dealing with negative
attitudes previously exhibited to­
ward HCPs (Hetu, et a!., 1994). It is
an assuring thought that the result­
ing increase in hearing awareness
could lead to a general increase in
hearing appreciation, so that future
hearing conservation programs may

begin to focus more upon the posi­
tive aspect - conserving normal
hearing for its advantages rather
than merely conserving what re­
mains after irreparable damage is
done.

References
Bray, P. and Kemp, D., (1987). An
advanced cochlear echo technique suitable
for infant screening. Brit. J. Audiol., 21,
191-204.

Brummett, R. E., (1993). Ototoxic
liability of erythromycin and analogues.
Otolaryngol-Clin-North-Am. Oct, 26,
811-9.

Dobie, R. A., (1995). Prevention of
noise-induced hearing loss. Archives of
Otolaryngology Head & Neck Surgery,
121,385-391.

Feghali, J. G. and Bernstein, R. S., (1991).
A new approach to serial monitoring of
ultra-high frequency hearing.
Laryngoscope, 191,825-829.

Furst, G., Maurer, 1., and Schlegel, 1.,
(1995). [Monitoring ototoxic side effects
in streptomycin therapy of tuberculosis
patients with transitory evoked
otoacoustic emissions TEOAE]
Pneumologie. 49, 590-5.

Harrison, L. C., (1995). Antigen-specific
therapy for autoimmune disease: prospects
for prevention of insulin- dependent
diabetes. Molecular Medicine, 1(7),
722-727.

Harrison, L. C., Campbell, I. L., Colman,
P. G., Chosich, N., Kay, T. W. H., Tait, B.
D., Bartholomeusz, R. K., Aizpurua, H. 1.,
Joseph, J. L., Chu, S., and Kielczynski, W.
E., (1990). Type I Diabetes:
Immunopathology and Imnnmotherapy
Adv. Endocrinol. Metab., 1,35-94.

Hetu, R., (1979). Critical analysis of the
effectiveness of secondary prevention of
occupational hearing loss. J. Occupationol
Medicine, 21,251-254.

Hetu, R., (1994). Mismatches between
auditory demands and capacities in the
industrial work environment. Audiology
(Basel), 33, 1-14.

Hetu, R., Getty, L., and Waridel, S.,
(1994). Attitudes towards co-workers
affected by occupational hearing loss. II:
Focus groups interviews. Br.J-Audiol. 28,
313-25.

29

Hetu, R., Tran Quoc, H., and Duguay, P.,
(1990). The likelihood of detecting a
significant hearing threshold shift among
noise exposed workers subjected to annual
audiometric testing. Annals of
Occupational Hygine, 34, 361-370.

Kemp, D. T. (1978). Stimulated acoustic
emissions from within the human auditory
system. JAcoust.Soc.Am., 64,
1386-1391.

Kemp, D. T. and Chum, R. (1980).
Properties of the generator of stimulated
acoustic emissions. Hear. Res., 2,
213-232.

Kemp, D. T. and Ryan, S., (1991).
Otoacoustic emission tests in Neonatal
screening programmes. Acta Otolaryngol.
(Stockh); Suppl., 482,73-84.

LePage, E. L., (1992). Hysteresis in
cochlear mechanics and a model for
variability in noise-induced hearing loss.
In Noise-Induced Hearing Loss edited by
A. Dancer, D. Henderson R. J. Salvi and
R. P. Hamernik. Mosby Year Book,
St.Louis. 10, 106-115.

LePage, E. L., (1994). A model
forecasting the prevalence in hearing loss
in the Australian population over the next
20 years based on trends in decline in
otoacoustic emission strength. In: Better
Hearing Australia Conference, Adelaide,
South Australia, 7-11 August, 1994.

LePage, E. L., (1995). A model for
cochlear origin of subjective tinnitus:
excitatory drift in the operating point of
inner hair cells In MechanismsofTinnitus
edited by Jack A. Vernon and Aage R.
Moller. Allyn and Bacon, Boston.
Chapter II, 115-148.

LePage, E. L. and Johnstone, B. M.,
(1980). Nonlinear mechanical behaviour
of the basilar membrane in the basal turn
of the guinea pig cochlea. Hear. Res., 2,
183-189.

LePage, E. L., Murray, N. M., and Tran,
K., (1994). Comparison of otoacoustic
emission measures of cochlear damage in
the Australian population with hearing
loss in the Australian and British
populations. In: Better Hearing Australia
Conference., Adelaide, South Australia,
7-11 August, 1994.

McFadden, D., Plattsmier, N. S., and
Pasanen, E. G., (1995). Temporary
hearing loss induced by combination of
intense sounds and nonsteroidal



NAL Research & Development Annual Report 1995/96

anti-inflammatory drugs. Am J.
Otolaryngol., 5,235-241.

Monley, P., West, A., Guzeleva, D., Dinh,
D. A., and Tzvetkova, J., (1996). Hearing
impainnent in the Western Australian
noise exposed population. 12th National
Conference of the Audiological Society of
Australia, Brisbane, 29th April, 1996 to
May 2nd 1996, Audiological Society of
Australia, p51

Murray, N. M., LePage, E. L., and Tran,
K., (1994). Ageing characteristics of the
Australian population in tenns of
otoacoustic emission strengths: global
and individual picture. In: Better Hearing
Australia Conference., Adelaide, South
Australia, 7-11 August, 1994.

National Institutes of Health, (1993). NIH
Consensus Statement: Early identification
of hearing impainnent in infants and
young children. NIH Consensus
Statement. US Dept. of Health & Human
Services, Bathesda, MD, Vol. 11(1): 1-24.

Noble, W., (1978). Monitoring
Audiometry: Protection for Whom?
Occupational Hearing Loss:
Conservation and Compensation, edited
by Waugh, R. and Macrae, J., Sydney,
1978, Australian Acoustical Society,
164-179

Pelausa, E. 0., Abel, S. M., Simard, J., and
Dempsey, 1., (1995). Prevention of
noise-induced hearing loss in the Canadian
military. Journal of Otolaryngology, 24,
271-280.

Rosen, S., Bergman, M., Plester, D.,
El-Mofty, A, and Satti, M. H., (1962).
Presbycusis studyofa relatively noise-free
population in the Sudan Ann. Otolaryl/g.,
71,727-743.

Ryan, A and Dallos, P., (1975). Effect of
absence of cochlear outer hair cells on
behavioural auditory threshold Nature,
253,44-46.

Stover, L. 1. and Norton, S. 1., (1993).
Boys Town Natl. Res. Hosp., 555 N. 30th
St., Omaha, NE 68131, USA The effects
of aging on otoacoustic emissions. J.
Acoust. Soc. Am., 94{5), 2670-2690.

Sutton, G.1., Gleadle, P., and Rowe, S.1.,
(1996). Tympanometry and otoacoustic
emissions in a cohort of special care
neonates Br. J. Audiol, 30, 9-17.

Zorowka, P., Schmitt, H. J., Eckel, H. E.,
Lippert, K. L., Schonberger, W., and

Merz, E., (1993). Serial measurements of
transient evoked otoacoustic emissions
(TEOAEs) in healthy newborns and in
newborns with perinatal infection.
lnt-J-Pediatr-Otorhinolaryngol. Oct, 27,
245-54.

":.7«::.::':'.'" -"-'-.-'-.-;-_. -.-.

'W'

Canadian Pianist Jon Kimura
Parker has toured for the ABC
three times since 1990, each time
playing with ABC orchestras
around Australia. The concerts just
presented at the Sydney Opera
House were "standing room only",
such is his mastery of the classical
repertoire topped off with his "liq­
uid jazz" encores. Maybe his local
popularity says something about
Australians loving his more relaxed
style, while his own homepage
which comes complete with his e­
mail address says something about
his accessibility. He willingly
"lent" his ears for our NAL cohort
study of musicians, to add to our
small number ofpercussion players.
His were high level emissions indi­
cating no hearing problems, but they
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nevertheless showed tell-tale
patches of accelerated ageing. The
early report on the status of his ears
was much appreciated.

HI often tellyoung musicians that
their most important asset in mak­
ing music is not their fingers, or
their instruments, but their ears.
Safeguarding one's hearing is not
just a good idea, it's crucial to the
longevity ofanyone's enjoyment of
music and sound. Andyou can al­
ways spot a musician in New York:
they're the ones standing on the
subway platform with their fingers
in their ears every time a train
whizzes past!" Regards, Jackie
Parker

(quoted with pennission)
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Prevention of Hearing Loss

Longitudinal study of

permanent shifts in

otoacoustic

emissions.
Investigators: Narelle Murray
Eric LePage '

Background: For some six
years now a~ an adjunct to a study
of otoacoustlc emissions in a nor­
mative Australian population, 50
males and females from this study
h~ve been followed up annually
With pure tone audiometry and otoa­
coustic emission testing. Having
derived the parameter, Coherent
Emission ~trength, which may be
used to estunate the risk factor for
hearing loss, and applied this to the
population as a whole, the reasons
for and the extent to which this pa­
rameter changes in individual ears
has to be determined.

. Research Questions: The ques­
tions remain as to normal test-retest
reliability; the interpretation of
changes individual ear activity;
whether the accumulation of ear
damage is systematic or not and to
what it could be related' and what
!s ~,useful defmition of"~usceptibil­
Ity to hearing loss.

. Research Procedures: Analy­
SIS of Variance of Repeated Meas­
ures was carried out on the prelimi­
nary study of otoacoustic emission
measures on 12 Subjects to deter­
mine test-retest variability. This
was undertaken on a spectral analy­
SIS covermg 1) all frequencies in
total, 2) 1 kHz frequency bands and
3) on the derived parameter Coher­
ent Emission Strength. Analysis of
the click-evoked otoacoustic emis­
sion ear assessment as well as the
pure tone audiometry of the 50

males and females in the Cohort
Study is continuing.

Findings: Although the small
amplitude click-evoked otoacoustic
emissions exhibit considerable in­
tersubject variability it was found
that there was excellent intrasubject
test-retest repeatability of both the
emission spectrum and the Coherent
Emission Strength parameter. Cal­
culated Standard Error of Means
values of 1.02 (both ears) would in­
dICate that on retesting, a deviation
of greater ~an 2.04 dB (2 SEMs)
from a subject's original emission
spectrum would be expected in only
5% of cases and could be taken to
represent a real change in the meas­
ured emission. Similarly it would
appear that any change in Coherent
Emission Strength> 1.5 dB would
also represent a real change in co­
chlear activity.

. Si.gnificance: In clinical prac­
tice, It should be noted that variabil­
ity may depend on maintaining test
conditions, such as the use of the
same probe and the same software.
However, the high test-retest reli­
ability of click-evoked otoacoustic
emissions may now mean that dam­
age to the cochlea over time can be
estimated either in terms of decline
in spectral emission or in Coherent
Emission Strength, on the proviso
that possible changes in middle ear
transmission is ruled out. CES as a
simply derived single-number pa­
rameter does, in particular, appear to
be a Viable method of assessing co­
herent activity in the cochlea. It has
lead to what we have dubbed the
"fuel tank" model of ear ageing in
which the first signs of hearing loss
do not appear until the tank is nearly
empty. Not just noise contributes
to the decline, but many other fac­
tors throughout life. These conclu­
sions will now be applied to the
results of the Cohort Study.
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Longitudinal study of

hearing of orchestral

musicians.
In~estigators: Narelle Murray,
Ene LePage, with Ken Mikl
0NorkCover Authority, NSW)

Background: In 1995 noise
measurements in the pit of the Syd­
ney .Opera House, audiometric
morntormg and otoacoustic emis­
sion assessments for members of
the Australian Opera and Ballet Or­
chestra were again carried out. In
all, since 1992, 115 members of the
orchestra have been tested with 17
h.aving been tested on all f~ur occa­
sIOns.

Research Questions: To com­
pare otoacoustic emission test data
for any significant changes which
may have occurred over the four
year test period a) on an individual
basis, b) for each orchestral section
and, c) for the whole orchestra.

Research Procedures: In 1995
click-evoked otoacoustic emission
screening tests were carried out in
the same manner as previous years.
QuestlO.nnalres regarding past aural
and. nOise exposure history were
again completed and pure tone
audIOmetric results obtained from
testers of the WorkCover Authority
on the same day.

Findings: A wide variation was
found in individual ears across the
orchestra. For example (Fig. 1)
shows In Panel A results for a String
player and Panel B for a Brass
player. It should be noted that in
both cases the spectra for 1995 are
lower than those for 1992. If it is
accepted that a difference over time
between two emission spectra is
>2dB, or in CES values> 1.5dB, is
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"baseline" reliability study (solid
horizontal line), as discussed for the
cohort study. Although it is notice­
able that in most cases the SEMs for
1995 are greater than those for 1992
the only Section where the differ­
ence is significantly higher is the
Percussion Section.

Figure 2. Emission Spectra for both the
String and Brass sections of the Orchestra,
together with the decline in those spectra
between 1992 and 1995.

significant, then it would appear that
there is no decline in outer hair cell
activity over the 4 years in the left
ear of the String player but a signifi­
cant decline in outer hair cell activ­
ity in the left ear of the Brass player.
However, on a frequency specific
basis there is a significant decline in
emission level of the string player's
left ear below 2kHz.

As in individual data, the String
section shows a much smaller dif­
ference between the 1992 and 1995
results than the Brass section; in­
deed the Strings show a slight im­
provement (Figure 2. - String and
Brass Sections). This is because a
number of older members of the
String Section of the Orchestra
tested in 1992 had left and been
replaced by young new members in
1994 and 1995 and this may have
given rise to the higher emission
levels. The same did not happen in
the Brass section, with the majority
of that Section being tested in both
1992 and 1995. Utilising the meas­
ure of two Standard Error of Means
(SEM), it can been seen (Figure 3)
that with the exception of the String
Section, the other sections of the
Orchestra have greater variation
than the SEM calculated for the
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Figure 1. A Top panel: Emission
Spectrum of a String Player in the
Orchestra: bottom panel: decline in the
emission spectrum from 1992 to 1995. B.
Top pane: Emission Spectrum of a Brass
Player in the Orchestra: bottom panel:
decline in the emission spectrum from
1992 to 1995.
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Significance: The results con­
tinue to indicate that it is possible to
show significant declines in ear
damage with otoacoustic emissions
over a period of four years.

Repeat Study Brass

IEI Left 1992

Percussion Strings

E'il L 1995 IIII Right 1992 • Right 19951

Winds

Figure 3. Changes occwring from 1992 to 1995 in each section of the Orchestra in tenns of
Standard Error of Means compued with a Reliability Study carried out to detennine a level
of significant change in emission strength over time.
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Role of efferent

control loops:

Selective attention in

hearing. An

otoacoustic analog

and its potential role

in hearing loss

prevention.
Investigators: Patricia T.
Michie*, Eric LePage, Nadia
Solowij*, Michael Haller* and
Lyn Terry* (*Macquarie Univer­
sity)

Background: The interest in se­
lective attention or sensory focuss­
ing in hearing stems from consider­
ing the most common symptom of
hearing loss reported to audiologists
at first contact with any client.
Typically, a client will describe how
they can hear satisfactorily if the
background noise is low. However,
once the background noise level
rises they are unable to cope with
attending to another's voice. A
middle-aged male will typically de­
scribe how, in a restaurant, he will
be struggling to have a conversation
with the wife while the wife will be
able to pick out and repeat parts of
conversations from each table.
Often such abilities of the wife may
be erroneously attributed to addi­
tional expertise which females pos­
sess or have acquired due to their
gender. Females are, in fact, no less
prone to difficulties in under­
standing speech in background
noise. The essential difference has
little to do with gender traits, but
more to do with the degree of accu­
mulated ear damage, specifically
the hair cells of the inner ear. Fe­
males and males may exhibit the
same range of ear damage, although
on average, female ears exhibit less
damage that male ears. Male dam­
age accumulates to critical levels ten

years earlier than does female ear
damage.

Research Questions: The re­
search psychological literature has
for many years recorded a clash of
opinion as to whether selective at­
tention is exclusively mediated by
central processing in the brain,
maybe even at the cortical level, or
whether it also necessarily involves
the peripheral sense organ in ques­
tion (Lukas, 1981; Hirshhorn and
Michie, 1990). The literature refers
not just to the sense of hearing but
all senses, since one can, for exam­
ple, selectively attend to visual
stimulation while ignoring hearing,
taste, touch, heat and cold, and pain
(Driver and Mattingley, 1995). Due
to human cross-modal selection
abilities there are strong reasons to
believe that the basic mechanisms of
selection are central. On the other
hand the fact that selection in hear­
ing breaks down with damage to the
ear suggests that the within-mode
selection mechanism may involve
the outer hair cells (OHC) (Avan
and Bonfils, 1991; Froelich et ai,
1993; Kawase, 1993). This sugges­
tion is strongly fortified by consid­
ering the way the nerves innervate
the ear. There are important tracts of
fibres (the medial efferent system)
which connect control signals from
the brain stem to the OHC. The
OHC primary mode of action is con­
trolling sensitivity at specific fre­
quencies throughout the hearing
range and several lines of evidence
suggest that the efferent tract may be
"wired" specifically to facilitate
heightened sensitivity at specific
frequencies, which can be chosen
within the brain stem for optimum
signal to noise ratio (LePage, 1989).
Moreover, they may further have a
specific role in allowing a person to
choose the level of lateral suppres­
sion of non-meaningful frequencies
(Kawase et aI., 1993).

Research Procedures and
Findings: The project was con­
ceived in several stages and ARC
funding of $80000 was obtained for
the first series of experiments. Six
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groups of experiments were run in
the current series, five different
paradigms plus a repeat of the first.
In each series 12 subjects were used.
Each subject was presented with a
series of one of two brief tone pips
and the otoacoustic emissions for
each trial were averaged and stored
for comparison. In the first series of
experiments the results were char­
acterised in terms of the strength of
the emission in the neighborhood of
the two frequencies. All trials were
randomised and counterbalanced.
In each of the five experiments the
conditions of the stimuli were var­
ied, e. g. the difficulty of the identi­
fication task varied, or the pairs of
stimuli delivered to the same ear or
opposite ears. In the first series of
experiments the noise level was low
and the results were characterised as
"on-frequency" responses. The
outcome of the first series was, re­
markably, no significant effect, to
be compared with a small (ldB) ef­
fect of attention when switching be­
tween the visual and auditory modes
seen by Puel et al. 1988; Meric and
Collet, 1992; Giard et aI., 1994. The
first series of experiments actually
revealed some significant effects,
but not in the directions for which
the experiment was designed. The
results have been submitted, revised
and accepted and will shortly appear
in Hearing Research (Michie et aI.,
1996).

Since the set of experiments
were conducted, the importance of
crossmodal coordination in selec­
tive attention has been highlighted
(Driver, 1996), in particular in rela­
tion to understanding speech with
visual cues (lip-reading). Ours
were a preliminary series of experi­
ments. Further experimental series
in the future may investigate the role
of varying background noise to
simulate hearing loss and tracking
tasks to simulate more realistic lis­
tening conditions. The outcome of
the project nevertheless presents a
paradox. The outer hair cells playa
vital role in determining "non-vol­
untary" selection, i.e. the selectivity
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exhibited by single auditory nerve
fibres and this tuning characteristic
is also reflected in the tuning of the
medial efferent neurons. Some re­
sults not presented in the paper ac­
tually suggest a possible resolution,
the voluntary selection task is influ­
encing the frequency mapping ofthe
cochlea (LePage, 1990; Allen,
1996) in such a way that the ex­
pected attentiona1 effect is mini­
mised (Michie et a;, 1996).

Significance: As we have
shown, the performance of the OHC
may be measured with otoacoustic
emissions. They have proven to be
a very sensitive overall measure of
ear damage. By determining if the
otoacoustic emissions change with
voluntary focussing of attention one
might develop a test for listening to
two test sounds which could shed
important light on the role of the
OHC in this normal hearing process.
If click-evoked otoacoustic emis­
sions could show specific changes
with attention, then repeated meas­
urement over time may yield a sen­
sitive objective rapid test for the de­
cline in the capacity of the normal
hearing ear to process signals in
noise, e.g. speech under noisy con­
ditions. Such basic information
could be very useful in two major
ways. Firstly, the sensitive test
could be much more potent for use
in prevention programs for monitor­
ing the decline in normal ear proc­
essing power. Secondly, it could
suggest possible future strategies
for hearing aid design where the ob­
ject is to process speech so as to
improve the signal to noise ratio.
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Temporary shifts in

otoacoustic

emissions
Investigators: Eric LePage,
Narelle Murray, Khanh Tran, Mi­
chael Harrap (Department of Aero­
space and Mechanical Engineer­
ing, Australian Defence Force
Academy, Canberra)

Background: Hearing loss is
often classified as temporary or per­
manent. A sound exposure which
produces a temporary threshold
shift (TTS) produces a series of
changes occurring within the coch­
lea which may be broadly classed as
self protection compensation. The
actual mechanism responsible has
not been determined in detail, but
certain experiments have shown
that substantial shifts in the position
of the basilar membrane may occur
in response to very loud tone stimu­
lation (LePage, 1989) which have
been regarded as significant (Zen­
ner, 1993; Zenner et aI., 1994).
Since then very considerable evi­
dence has accumulated concerning
axial force generation by the outer
hair cells particularly in regard to
the slow force generation for fre­
quencies up to 200 Hz. From ex­
periments using brief intense tone
bursts it would appear that exponen­
tial changes in the receptor poten­
tials of inner hair cells display many
similar temporal characteristics of
hearing sensitivity. It is likely there­
fore that the decrease in sensitivity
which is TTS may be due to sus­
tained displacement of the cochlear
partition so that the operating point
of the IHC is displaced away from
its point of maximum sensitivity.
Contraction or elongation of the
OHC is basically to shift the map­
ping of the cochlea to detune the
mechanical filter and to result in
dispersion of the energy as a de­
focussing maneouvre (LePage,
1990; Allen 1996). The recovery
time for TTS therefore depends
upon the rate at which two maps
return to full alignment. These
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maps are the current (active) map
and the map defined by the passive
tapered properties. These maps need
to be fully aligned for maximum
cochlear sensitivity. This complex
relationship together with consider­
able hysteresis (LePage, 1992) un­
derlies the difficulties of extrapolat­
ing PTS from the amount of TTS in
the past. However, In mechanical
terms, the response of the cochlea to
a broadband click stimulus will in­
dicate, for each point along the co­
chlear partition, the current degree
of warp of the map. The amplitude
and latency of the reverse propagat­
ing wave will reflect the local stiff­
ness of the partition It follows that
click-evoked otoacoustic emissions
should not only reveal the place of
the greatest change according to la­
tency, but also the time course of the
mechanical recovery. In tum the
mechanical recovery can be catego­
rised for a population of ears with
determined histories and general
OAE characteristics.

Research Questions: We have
shown that a single figure index of
emission strength for an ear, the Co­
herent Emission Strength (CES dB
SPL) shows a decline for most of its
range before the measured ear dis­
plays a permanent threshold shift
(PTS). The main question is
whe'ther such a wide range Df peT­
formance variation exists for tem­
porary mechanical disturbance, the
mechanical analog of TTS. What is
the recovery relationship for otoa­
coustic emission following loud
tone overexposure?

Using the power of the short term
Fourier transform to describe a
three-dimensional surface for a par­
ticular response, and therefore de­
scribing a snap-shot picture of the
basilar membrane in a state of re­
covery, how does this surface
change before, during exposure and
during subsequent recovery. In par­
ticular, is it possible to demonstrate
the mechanical equivalent of the
half-octave shift. The obvious ad­
vantage of being able to arrive at a
mechanical description of loud tone

disturbance is that this will immedi­
ately offer an avenue to rapidly de­
termine a particular person's
susceptability - the longer the re­
covery, the more disturbance ap­
proaches a permanent state. The
immediate and salient advantage of
clicks over distortion products for
this application is that the surface
obtained describes the whole sur­
face as at the same average period.
Distortion products would need to
scan the surface with discrete
points, during which time the ear's
biomechanical characteristics are
expected to vary.

Research Procedures: In hu­
man studies on TTS conducted in
the past very loud sound has been
required to show any change in
hearing threshold. In this project
we have already shown that much
less sound is necessary to evoke a
biomechanical protective response
from the ear. Subjects have been
taken and exposed to only 80 dB
tones for 1minute as opposed to 105
dB for 10 minutes. The size of the
biological response has varied con­
siderably in the few subjects so far
tested. The protocol requires moni­
toring the emissions at one minute
intervals and, after five minutes ex­
posing the ear to an 80 dB tone at
3 kHz for one minute, then monitor­
~llyg fa.L'C l~'\Yvtrcj \1\ '2,;Ri\~!l!'iS. f~~l\;~Q,t;I.

for the next 20 to 30 minutes.
Equipment is currently being setup
to run the experiment on a short­
faster time basis still. The emis­
sions are plotted as previously, but
also the time-frequency responses
are also being compared. Some of
these data were presented at the re­
cent conference on Auditory Me­
chanics at the University of Califor­
nia, Berkeley (LePage et aI, 1996).

Significance: Much basic re­
search is carried out along the lines
of "perturb the system, watch the
response". This approach is useful
up to a point, but unless the proce­
dure is conceived in terms of gener­
ating a practical outcome there may
be little or no real connection made
with clinical objectives without still
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more study. In this project, the ob­
jective is to lead to a practical under­
standing of how quickly any human
ear responds to a challenge then re­
cover from it without the fast time
course of events being obscured by
the slow, subjective response as in
the past. This approach has already
proven clinically beneficial within a
five year period - we have pre­
viously used the click-evoked otoa­
coustic emissions to determine nor­
mative values for overall emission
strength and this has lead to the
"fuel tank" model of ear ageing.
Once we have established a proce­
dure to watch a human ear's re­
sponse to noise in real time the next
step is to streamline the method of
data collection and reduction and to
obtain normative population statis­
tics for clinical comparison. The
approach is expected to give consid­
erable insight into the response of
the human ear to loud sound,
whereas such information has only
previously been available through
animal experiment.
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Prevention of hearing

loss in children
Investigator: John Macrae

In order to prioritise measures
taken to reduce the incidence of
hearing loss in children, it is neces­
sary to know the prevalence of vari­
0us causes of childhood deafness.
The most recent statistics on causes
of hearing loss in children under the
age of 17 years provided with hear­
ing aids by Australian Hearing
Services show that, for 47% of the
children, the cause of hearing loss is
unknown, for 22% the cause is con­
ductive disorder, for 12% the cause
is familial, for 4% the cause is men­
ingitis and that other causes are rela­
tively infrequent, of the order of 1%.
The cause of loss is, therefore, re­
corded as unknown for almost 50%
of the children. This lack of knowl­
edge hampers attempts to assign pri­
orities to preventive measures.
However, it can be shown that at
least halfof these losses ofunknown
cause are probably inherited.

About 50% ofcongenital sensor­
ineural hearing losses are genetic in
origin (Fraser, 1976) and, since it is
likely that almost all of the hearing
losses in the unknown cause cate­
gory are congenital sensorineural
hearing losses, at least 23% (0.50

x 0.465) of the losses in this cate­
gory are probably of genetic ori­
gin. The findings of France and
Stephens (1995) support this con­
clusion. After thorough investiga­
tion of 47 hearing losses of un­
known cause, they found that 13
(28%) were genetic hearing losses.
The AHS statistics identify about
12% of hearing losses as genetic
in origin. The estimated total per­
centage of hearing losses of ge­
netic origin is, therefore, at least
35%. Comparing this percentage
with those for the other known
causes of hearing loss, it is appar­
ent that genetic disorder is prob­
ably the most common cause of
hearing impairment in Australian
children.

It follows that, from the point of
view of prevention, high priority
should be given to identification and
elimination of genetic hearing loss.
Adults who are affected by ahearing
loss of genetic origin may wish to
prevent their children from being
similarly affected. Locations of mu­
tant genes are known and genetic
markers are already available for
many forms of genetic hearing loss.
Genetic markers can be used in the
identification of carriers and in con­
firmation of a particular type of ge­
netic loss and make the option of
termination of pregnancy available
in circumstances where the foetus is
affected.
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The role of

audiometry in

occupational noise

management
Investigator: John Macrae

It has often been suggested that
annual monitoring audiometry pro­
vides a means of early detection of
failures in occupational noise man­
agement. Annual monitoring
audiometry consists of a reference
audiogram taken before occupa­
tional noise exposure has begun, fol­
lowed by monitoring audiograms at
yearly intervals during the course of
exposure. However, it can be shown
that annual monitoring audiometry is
not effective in the early detection of
noise-induced hearing loss, where
early means within about one year of
the beginning of a failure in the pro­
gram (Hetu, et al. , 1990)

A significant threshold shift crite­
rion of 15 dB has been widely used
in monitoring audiometry. The aver­
age worker will only obtain a noise­
induced permanent threshold shift
(NlPTS) of 15 dB at 4 kHz, the fre­
quency most affected by noise expo­
sure, after about 5 years of exposure.
Even the more susceptible workers
will only obtain a NlPTS of 15 dB
after more than 2 years of exposure
and the least susceptible workers
may not obtain a NIPTS of 15 dB in
a working lifetime. Annual monitor­
ing audiometry is, therefore, not ef­
fective in early detection of NlPTS.

A considerable amount of dam­
age to the inner ear will occur before
the effects of shortcomings in a noise
management program become ap­
parent in audiograms. In the absence
of an effective noise management
program, audiometry serves merely
to record progression of hearing im­
pairment in workers and as a source
of information about liability for
compensation. Audiometric testing
is not itself a protective measure and
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is relevant only within the context
of a comprehensive noise manage­
ment program.

If audiometry is to have a role to
play in occupational noise manage­
ment programs, it is essential to in­
crease its effectiveness for the early
detection of noise-induced thresh­
old impairment. This can be
achieved, firstly, by averaging
thresholds across frequencies and
repeated tests and, secondly, by us­
ing audiometry to detect noise-in­
duced temporary threshold shift
(NITTS). Instead of taking one
measurement on each test occasion,
it is better to take more than one
measurement on each occasion and
average the outcomes to obtain a
result. By this means, the retest vari­
ability of the result is reduced.

Macrae (1994) has confirmed
that retest variability diminishes at
various frequencies as the number
of tests included in the average is
increased. Thresholds can also be
averaged across frequency. Dobie
(1983) has shown that retest vari­
ability diminishes when thresholds
are averaged across frequency, with
half-octave spacing between the fre­
quencies included in the average.
He found that the optimum number
of frequencies to include in the av­
erage is three. On the basis of these
findings, Macrae (1994) has recom­
mended the use of a procedure based
on averaging of thresholds at the
frequencies 3, 4 and 6 kHz across
two tests. These are the frequencies
most likely to be affected in the
early stages of noise exposure. For
this average, a change of 4 dB is
statistically significant.

In order to increase the effective­
ness of audiometry in the prevention
of noise-induced hearing loss, it
seems sensible to use it to detect
NITTS, as suggested by Noble
(1978). It can be shown that, ifnoise
exposures are reduced to amounts
where they do not cause NITTS,
then it is unlikely that they will
cause permanent hearing impair­
ment. Macrae (1994) has shown

that, if predicted group average
amounts of daily NITTS are close to
odB, then predicted group average
amounts of eventual NIPTS will
also be close to 0 dB. It follows that
occupational noise management
programs should be oriented to­
wards prevention of NITTS.
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HEARING

PREVENTION

A major objective of :\AL research i to increase understanding of the

harmful effects of noise on people and to contribute to the prevention

of hearing loss. The follO\Ying four sections describe :\AL research

which addresses the e objectives.

Two sections are historical features, one on hearing loss prevention research

and one on the development of community criteria for the acceptability of

military noise. NAL has been concerned n-ith hearing loss prevention throughout

its history and. indeed. in the time of its predecessors. the Acoustic Testing

Laboratory and the Acoustic Research Laboratory. Thus_ m-er 50 year are cm-ered

in the historical m-ervien- of :\AL·s hearing loss pre\-ention research. The second

historical feature cm-er a more limited time span and a more specialised topic.

It is one to ,,-hich NAL research made a unique contribution through a series of

studies conducted over several years.

The other two sections present projects concerned "rith hearing 10 s

prevention and community noise. The latter provides an update on the

investigations of noise associated with the operations of ydney airport n-hereas

the former presents six \-aried projects. Broadly these are all concerned n·ith

hearing loss preyention but different projects focus on different ri k groups such

as young people Ii tening through stereo headsets. industrial n-orker on

extended n·orkshifts. orchestral mu ician . and telephonists.
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Hearing Conservation ­
from before the beginning

Historical Feature: Narelle Murray and Eric LePage

NAL's pmdecess01; theAcoustic Research Laboratory, was
established to investigate problems ofhearing loss associated with
military service. Part ofthat briefwas the prevention ofhearing
loss and one ofthe labomtorfsfit'st accomplishments was the
design ofan effective earplug. Another invention was the Murray
speaking tube which assisted communication andprovided
hearingprotection within the noisy cockpit ofan aircraft.
Throughout its history, NAL has been the leadingAustralian
organisation in promoting hearing loss prevention through its
research, public education, and its vigorousparticipation in
Standards activities. Reseat'ch includes the development ofa
variety ofhearingprotection devices, the development ofvalid
methodsfor testing hearingprotectors, the development ofa
scientifically based methodfor assessing compensable hearing
loss, and the development ofmethodsfor detecting ear damage
before a significant hearing loss OCCUt'S. Thanks largely to NAL's
efforts, Australia is one ofthe most advanced countries in
protecting its people's hearing. The followingjeatum outlines some
ofNAL's accomplishments in hearing loss pmvention.

f ive years before the Commonwealth Acoustic Laboratory came into being

its predecessors, the Acoustic Testing Laboratory (ATL) and the Acoustic

Research LaboratolY (ARL), under the direction of Norman E. Murray, were

investigating the problems of noise, hearing and communication particularly in

the Army and Air Force. The fir t ··noise'" report C'Noise in Au tralian AC1 Cruiser

Tank)l was written in 1942, follo","ed by the first hearing conservation reports

written in late 1943 when earplugs were developed by the ATL and tested against

gunfire noise and blast. These were followed by other earplugs developed in

1945 including the first report of a ventilated earplug developed by N.E. Murray

and A.H. Pollard2 for use by the RAAF. During this time Murray and Pollard also

developed the lUlTay speaking tube system for intra-aeroplane communication

in the RAAF incorporating both 'efficient communication and attenuation of

external noise· 3
. Further reports during the 1940s on both temporary and

permanent effects of gunfire on hearing followed together with the initial design

of earpad, helmets and headsets for acoustic efficiency in noise. The 1950s aw

the design of the Calmuff, which allowed reasonable ability to communicate and

perceive warning signals while prOViding ufficient protection from hearing

damage by most industrial and aircraft noises. By 1960 this wa commercially

a\"ailable from the Protector Goggle Co. Pty. Ltd".

One of the first inventions of the

acoustic laboratories was the

Murray speaking tube, used for

communication and to provide

some hearing protection to air

force personnel.
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Sound Level Conversion,
or SLC / formed the basis
ofthe Australian Standard
AS1270 and is still used in
the acoustical measurement
ofthe attenuation ofhearing
protectors.

Otoacoustic emissions has
resulted in a dramatic shift
from hearing conservation
based solely on sound
e)"posure to include studies
ofprevention ofhearing loss
based on cochlearphysiology.
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Also during the 1950s, a major emphasis was im'estigations at RAAF air

stations ~'here expo ure of personnel to the high le\'e! noise from jet aircraft

had become a serious problem. A a result of a 195- investigation (published in

1959 by l\. E. .\Iurray. R. Pies e and J. Rose as "),'"oise and hearing conseITation

in the RAAF·s). hearing conseITation programs ~'ere set up early in 1960 at eight

RAAF bases both in Australia and l\Ialaya (as it ~'as then). By 1961 .\Iurray had

agreed to assist ~'ith an extensive and extended audiometric sun'ey amongst

members of the Au tralian Military Force .

Further ~'ork ~'as carried out during the 1960s by Ray Piesse on the effect

on hearing of armoured per onnel carriers. together ~'ith evaluation of hearing

protection for use in the M551 armoured fighting \'ehicle (N. Carter, R. Waugh

and D. Brigden)6 At the end of 1961 the Standards Association of Australia

authorized the formation of a Technical Committee on Acoustics and C.A.L. ~'as

invited to join the first committee, This association has continued ever since.

Norman Murray was also invited to represent Australia at International tandards

Organisation Committee Meetings in Germany in 1962. Again, staff of the

Laboratories have served continuously on ISO Committees since that time.

The 1970s sa~' a rise in interest in the effects of noise exposure. Associated

with this was the development of a means of rating ear protector performance by

Dick Waugh. Known as Sound Le\'el Conversion. or SLCso (a guide for protection

for 80% of ~'earers) this formed the basi of the Australian Standard A 1270 ­

Hearing Protectors and is still used in the acoustical measurement of the attenuation

of hearing protectors. Also arising from the intere t in the effects of noise. John

l-.Iacrae developed procedures for assessment of hearing loss as a percentage loss

of hearing and. with modifications made in the 1980s, these procedures are still

used in all hearing loss compensation claims throughout Australia. "Criteria for

assessing hearing conservation audiograms..9 (\X1augh and Macrae, 1980) are also

incorporated in the Australian Hearing Conservation Standard.

With the increased awareness of the effects of leisure as well as occupational

noise on people, Jorman Carter and associates. from 1975 through to 1982

conducted a series of surveys and audiometric testing of young people ranging

in age from 10 to 33 years lO Carter also began studying non-auditory health

effects of occupational noise I
I, and the effect of noise on cardiac arrhythmias

d · 1 J?unng seep -.

Occupational hearing loss still engaged the attention of researchers during

the 1980s ~'ith research by N.M. Murray and R. Waugh on ambient noise levels

for audiometric testing for hearing conser\'ation purposes outside a sound booth.

Their recommendation ~'ere accepted into the Australian Hearing ConselTation

tandard 13
. A national strategy for the pre\'ention of noise-induced hearing loss,

prepared by Dick Waugh. had its basis ultimately accepted by the ),'"ational

Occupational Health and afety Commi sion as it National Standard.

There ~'as some continuation of interest in hearing protection for hearing

conservation purposes during the 1990s. ~'ith studies carried out on the effect of

hearing protectors on localisation of sound (Noble, Murray and Waugh)l~. and

the development of an aural reflex eliciting earmuff for use in impulse noise by

CarterI5 .

The inu'oduction by Eric LePage in 1989 of oroacoustic emissions has resulted in

a dramatic shift from hearing conservation based solely on sound exposure, to

include studies of prevention of hearing loss based on cochlear physiologyl6 This

recognised the impact of many factors which result in ear damage and/or early

detelioration of hearing capabilities including tinnitus; influences such as noise (both

occupational and leisure), antibiotics, head injuries, and ageing have now also been

taken into consideration. In 1995 LePage published a model for cochlear origin of
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subjecti\'e tinnitus 1
-. A model forecasting the prevalence of hearing loss in the

Australian population based on trends in the decline of otoacoustic emission

strength 18 was also published by LePage together ,Yith rates of ageing and ageing

characteristics of the Au tralian population (Murray et al)19 and compari ons of

otoacoustic emissions and pure tone audiometry (LePage and .\IurrayiO

Granted that noise is still pas ibly the most ,Yideh' ackno\\'ledged of these

factors impinging on the auditory sy tem. studies llsing otoacoustic emission

testing techniques have been undertaken in \'arious sub-populations such as coal

miners, orchestras. prisons. and primaly and high schools. An interest in leisure

noise has again urfaced from ob elTations emerging from questionnaire applied

to these groups. particularly in relation to exposure to loud amplified music (barh

]iye and through personal tereo cassettes).
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Hearing Loss Prevention

Arepeople aware that loud noise can damage heating? Do they
believe it can happen to them? Do they care? Is leisu1'e noise a
problem? Can we measure ear damage before hearing loss occurs?
Are extended, noisy workshifts a specialproblem? How can we
1'educe ((noiseJJfor orchestral musicians? How do we prevent
telephone headsetsfrom emitting damaging noises? These are
some ofthe many) diverse questions being addressed by NAL's
hearing loss prevention research. The prevention ofheal'ing loss
raises a host ofattitudinal) social, technical, legal and economic
issues. NAL:S- innovative l'eseat'ch program addresses these issues
and thereby continues to serve the Australian community and
contributes to scientific knowledge.

Survey: Awareness of hearing issues among the
Australian population
Investigators: Eric LePage, Sheralyn Shacknofsky (AHS NSW), Narelle Murray

Background: A survey \\'as conducted because it was felt that people,

particularly young people, are loath to take \\'arnings about loud noise and

hearing loss seriously, We hypothesised firstly that loud sound, particularly loud

music, represents an attractive vibrant lifestyle and secondly that while young

people hear warnings that loud sound damages their hearing, this is not borne

out by their own experience. They can repeatedly expose themselves to very

loud sounds or music for years and they judge that it has no effect. The survey

was designed to find out what thoughts, if any, young people had about the

causes of hearing loss and what having a hearing loss might be like.

Methods: Questionnaires were designed to ask a series of multiple choice

questions which could be fitted on a single page. Fifteen hundred copies were

distributed to as many places as could be managed in two \\·eeks. They were

designed to be folded in three and included a reply-paid address. Responses

were returned from approximately 300 people, predominantly students and

young adults. but all ages and many occupations were represented.

Results: People were asked to rate in importance how bad it would be to have

one of ten kinds of disability, Loss of vision was regarded as the worst kind,

followed in order by loss of mobility (paraplegia), loss of memOlY, hearing,

speech, touch/feeling, writing hand, appearance, smell/taste, other hand. Hearing

was thus perceived to be important, but overall rated fourth in the list.

People were asked to rate how likely they thought that they would ever have

a hearing loss. Only 6 percent thought it likely whereas the actual incidence is

about double that. Forty percent allowed that they might, while the rest rated

the chance velY low, or had never thought about it.

38 National Acoustic Laboratories
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Does normal hearing mean no ear damage? Onl)' one tenrh allmyed that

damage may prelude actual hearing loss: one third said "yes", one third didn't

knmv and one quarrer didn't ans~'er the question, This outcome generally

reflecred the traditional norion that hearing is fine until a mild hearing 10 s

occurs, The approximately equal number of re ponses in the negati\'e indicate

that fe~' people ha\'e e\'er thought that the common term "hearing damage" can

be clearly distinguished inro cau e, "ear damage", and effecr. "hearing disability"

or that the effect may be a much-delayed outcome,

The next question ~'as designed to assess ho~' much empath\' people feel

for others who have a hearing los since hearing 10 has long been described

a a hidden disability, Only ten percenr thought that omeone they kne~' ~a

seriously disabled by their disabili[\', [\YO thirds ensed some disability, ~'hile one

fifth ~'ere not a~'are of a problem or didn't ans~'er the que tion, This outcome

rather suggests that people with hearing problems are considered to cope quite

~'ell. so the disability cannot be too serious,

To the question, "\\'hich best de cribe hearing loss?" The ans~'er ~'ere

almost equally di\'ided be[\\'een the follo~'ing diverse manifestations each of

~'hich ha some factual basis: volume conrrol up: \'olume conrrol do~'n, no

escape from noise, loss of focus, indistinct sounds, loss of clarity, mumbled

speech, Two percenr ans~'ered with loss of direction, Again these ans~'ers

suggest that the average person really has only a very vague idea of ~'hat it i

like to ha\'e a hearing loss, The re ponses highlight the facr that hearing loss

pre\'enrion education programs can be con iderably more specific in highlighting

loss of the normal ability to selecr. locate or sort sounds a being re ponsible for

most of the frustration in hearing loss,

The next question was designed to assess the extenr to ~'hich people are

a~'are ho~' much their ears ha\'e been traumatised if the\' experienced tinnitu

subsequenr to a loud sound exposure, or ho~' much they ~'ere able to ignore

the trauma the moment it ceased, Only one fifth thought uch trauma might ha\'e

a permanenr effect. nearly half thought the problem ~'as temporalT and nearly

forty percenr gave it no further thought. O\'erall the responses indicate that

people do take their hearing for granred and can readily ignore symptoms since

they are nor generally associated ~'ith pain,

ome years back it ~'a regarded a unma culine for men to ~'ear ear

protection, so the que tion ~'as de igned to obtain currenr arrirude. to the

~'earing of hearing protection de\'ice : ear muff or ear plug , "If you ~'ere in a

very noisy workshop for just 5 minutes and hearing protectors ~'ere pro\'ided

would you use them?" The results ~'ere approximately equally chided, Of the

46 percenr who ~'ould nor. t~'o fifths ~'ould not because of their need to

COl1\'erse, [\\'0 fifths ~'ouldn't bother ~'hile a fifth still regarded the ugge tion a

unmasculine,

To gauge ~'hat people regard as uncomfortably loud, people ~'ere asked to

rate a series of public evenrs according to discomforr, There ~'as a clear

distinction be[\\'een the too loud categolY Crock concerts, discos, motor races and

starring guns) compared ~'ith fe~'er people regarding fire~'orks, cinemas,

orchestra concerrs, football matches, supermarket and tenni matches a

uncomfortably loud,

Peer pressure is an important factor in fLxing and assessing people's response

to loud sound, The next three questions ~'ere designed to test the level of

embarrassment people feel in displaying signs of 'weakness", Forty-three percent

actually indicated they ~'ould ask a par[\' ho t to turn the mu ic do~'n, thirty

percent ,vould do nothing, [\\'ent\' percent ~'ould mO\'e a~'av and four percent

~'ould use ear plugs,
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Much ofthe problem
in mounting effective
hearing loss prevention
strategies stemsfrom the
non-impact ofhearing issues
on general thinking until
disability strikes.
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At a noisy sports \'enue nearly (\\'0 thirds ""ould wear no ear protection. but

""ould use their hands ""hen necessary: one third ""ould buy earplugs if available,

Three percent ""ould try to use paper tissue as earplugs. These responses clearly

indicate that people prefer the discomfort of ear trauma rather than not being

able to conver e, Tho e ",'ho ",'ould use paper tissue admit the need. but ho",'

no kno",'ledge that paper tissue prO\'ide little attenuation.

1\10 t people o",'n sunglasses to protect their eye against O\'erstimulation or

glare. so the next que tion ""as de igned to determine ",'hether ears are regarded

similarly ",'ith caution. Only just over a quarter of respondents indicated they had

ever bought a pair of foam earplugs. Thi may indicate that possessing optical

acce sories is almost as much a fashion statement as a desire to reduce

discomfort. It may also reflect the fact that people are much more reluctant a) to

insert objects into their ears and b) to suffer the additional difficulties in verbal

communication which result from the wearing of plugs. Certainly those who

frequently do wear foam earplugs tend to wear them not fully inserted to trade

off protection \'ersus continued ease of communication.

Much attention has been dra",'n to noise as a cause of hearing loss O\'er the

past 100 years. The next question ",'as designed to test people's awareness of

other factors. Of the factors suggested. (loud noise. infections. head injury. birth

trauma. drugs. cap guns) all scored highly as expected. It ",'as re\'ealing. ho""ever.

that many fe",'er people rated their hearing at risk due to soh'ents and toxins.

antibiotic and aerobics,

The second last que tion ",'as designed to check people' impressions about

",'hether loud music is less damaging o\'erall than noi e. One fifth of re pondent

thought music ",'as less damaging than noise. The que tion might ",'ell ha\'e been

plit to gauge responses to the relative effects of different kinds of music. Our

otoacoustic emission e\'idence is that the ",'ay most people use music it can be

as damaging as noise.

The last question ""as designed to te t the penetration of the 5250.000 AHS

publiCity campaign ":'\Toise is murder on your ears" conducted just prior to this

survey. One fifth of the respondents said that they had heard of the campaign.

Conclusions: The survey revealed that much of the problem in mounting

effective hearing loss prevention strategies stems from the non-impact of hearing

issues on general thinking until disability strikes. There appears to be a high

le\'el of ignorance ",'hich the a\'erage person posses es in respect of ho"" their

hearing ",'orks and that education based upon actual risk may be an important

prelude to achie\'ing changes in attitudes and beha\'iour.

Significance: This il1\'estigation is a part of an ongoing evaluation of the reasons

for engaging in hearing loss pre\'ention research. the cost to our society for

ignoring an apparent rise in lei ure-related noise trauma and the strategies for

making research and clinical programs more effecti\'e.

Repeatability of click-evoked otoacoustic emission measures
Investigators: Narelle Murray, Eric LePage and Khanh Tran

Background: E\'oked Otoacoustic Emissions (EOAEs) have been re\'ealed to be

a useful. nonim'asive method of examining cochlear function ",'hich are

reproducible. However. for any procedure to be accepted, particularly for clinical

us-:, it is important that the outcome of any test result can be generalised across

time. Therefore, to determine whether changes in test re ults are actual functional

changes in the cochlea rather than measurement error. it is necessarv to

determine the test/retest reliability of the procedure itself.
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Research Questions: Apart from the que tion of the test retest reliability of the

procedure itself. the question remains a to its ensiti,-ity_ That is. ~-hat changes

over time constitute a real change in cochlear acti,-ity and not purely

measurement error? Does the empirically calculated Coherent Emission Strength

constitute a viable alternative for assessing changes in cochlear function?

Research Procedures: 12 subjects (6 males and 6 females aged between 28 and

47 years) ~-ere tested daily for six consecutiye ("-ork) days. An Otodynamics

Otoacou tic IL088 Analyser set at peak stimulu le,-e! of 80 (±15) dB SPL ~-ith

300 repetitions of the pulsed click train "-as used (LePage & :'IIurray. 1993). This

repetition number re ulted from the particular test procedure used_ This rate gi,-es

a maximal signal to noise imprO\'ement of 25dB "'hich is 1 dB better than that

obtained ~'ith the standard ILO default settings of 260 repetitions. commonly

used as a screening method. Statistical analyses ~'ere undertaken for both the

calculated Coherent Emission Strength and the cross po~"er spectra for each

indi'"idual.

Findings: Results indicate that otoaocoustic emis ions are strongly reproducible.

,"iz. there "'ere no statistically ignificant intra-subject differences (p<O.Ol) either

for the pectra analysed as a rotal spectrum or for most of the 1 kHz-~-ide

frequency bands analysed. A 5% change in emission strength "'as found to indicate

a real change in cochlear function.

Significance: Our re earch has confirmed that otoacoustic emission are highly

reproducible and set a limit on the "ariation aboye ,,-hich further testing is

recommended.

Accelerated Ear Damage in Listeners to Headset Exposure
Investigators: Eric LePage and Narelle Murray

Background: This study is the classic case of the need to repeat earlier studies

because of de,"elopments in under tanding or technology. Otoacoustic emissions

provide such a fundamentally ne,,- insight into the processes of hearing in

humans that preyious models of phenomena such as presbycusis (the loss of

hearing with advancing age) require re-e,"aluation. Until the advent of otoacoustic

emis ions presbycusi was defined in terms of the numbers of people whose

hearing ~"as presenting them ~-ith problems in later life and the extent to ~"hich

each person's hearing threshold had ri en. :'\0"- it i not nece sary to ~"ait until

later life to ob erye the aging process in operation - ~"e can redefine pre bycusis

as the process of accumulating damage due to all causes. \X1e haye sho~"n that

transient-e'-oked otoacoustic emis ions have a strength ,,"hich declines ~"ith age

at something normally bet,,-een 2 and 3 dB/decade. At that rate. peoples'

otoacoustic emission strength. on average, reaches a critically low value between

50 and 60 years of age ,,-hen the first symptoms of hearing loss appear. The

decline in emission strengths ~"ith age can no,,· be monitored from birth. ince

emi sion trengths in babies are typically the highest seen it is very easy ro

identify babies ,,"ho are beginning life ,,-ith cochlear damage. Indeed. not

infrequently. cochlear emission trengths are 10'" in ne~"borns due ro genetic

problems. maternal health or behaviour during pregnancy or birth trauma.

Screening these children allo"-s parenr and communities to undertake earlier

interyenrion.

In an early otoacoustic emission study ,,-e examined otoacoustic emissions

in a team of coal miners in the :\Tewcastle area and found that on average their

emission strength ~"ere significantly belo"" the emission strengths not just for

the ~"hole Australian population. but significantly belo'" other males. Only a fe'"

had ob"iou hearing problems_ If it ~"ere po ible therefore to ob en"e preclinical

ear damage in a group ~-ith a marked exposure to loud noise. it may be possible Annual Report 1996/97 41
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to ObSelye early damage in other groups ~'ho are subjected to high

leyels of sound. Accordingly. it was decided to be more svstematic in

obtaining client histories for correlation of hereditary and em'ironmental

factor ~'ith the emission picture. Of particular interest has been

concern expressed since the \\'alkman radio ~'as introduced in 1980

that personal stereo (PS) headsets may more rapidly lead to hearing

loss since users commonly ha\'e them loud enough for others to hear

the headphone. from a di tance, Se\'eral earlier studies. including some

conducted at :\AL (Carter et al. 1982: 198-t: 1985) failed to show any

effect.

Methods: This present report is the byproduct of se\'eral other studies

~'hich ha\'e contributed to our normati\'e database from approximately

2500 people. The data are exclusi\'ely transient e\'oked otoacou tic

emission data obtained ~'ith the Otodynamics Analyser (IL088), Many

incliYiduals in the database ha\'e pro\'ided multiple records so this

dataset of 13.500 record ~'as effecti\'ely reduced to a single record for

each ear ~'hich repre ented the mean yalues of the extracted

parameters. The pruned database is from 2453 persons. It comprises

-t250 records from individual ears, 2587 male and 1663 female ears.

Ans~'er to detailed questionnaires ~'ere obtained from 1325 people.

On the ba i of the e an ~'ers and any other comments offered, each

re pon e ~'as recla sified as 0, 1 or 2 respecti\'e1y according to ~'hether

their PS exposure ~'as negligible (near>=2227). moderate «6 hours per

~'eek, n,,,,,,=693) or hea\'y (>6 hours per ~'eek. nea" =405). Likewise each

ubject ~'a classified a 0 or 1 according to ~'hether they ~'orked in

noi y indu tIT.

Results: The left panel of the figure for males and females combined

sho~'s that there are significant differences in emission strength bem'een

the three group : (none. moderate and heavy), in all but the first age

range, It indicates that there is a marked im'erse dependence of emission

correlation coefficient upon estimated P exposure, The effect exists for

both males and females beyond the lowest age range. The rapid decline

in the second age range indicate that accumulation is marked in the

teenage males ~'ho use these deyice relatiye to those ~'ho do not. PS

exposure, ho~'e\'er. ~'i1l only account for some of this rapid decline.

The database ~'as alternately partitioned into four mutually

exclusi\'e groups based upon questionnaire ans~'ers: (1) no noise risk

factors (near,=6-t9). (2) P exposure alone (ne3fS=4-0, group moderate

and hea\'y from left panel), (3) Industrial noise exposure alone

(n~ar,=233), and (-t) PS plus industrial exposure of the same people

(nears=365). The right half of the figure shows for males only that the

industrial noise-exposed group exhibit a similar decline in correlation

coefficient but in the case of the P exposure it i tending to occur a

decade earlier. i.e. the PS exposure has eVidently produced similar

damage but earlier in life. For the PS plus industrial exposed group the

mean \'alues are significantly belo~' all other group and also

ignificantly belo~' the other noise groups up until the fifth decade (>40years),

Discussion: The effect of protracted use of personal stereos is more marked for

males. but other factors paired in lifestyle may have influenced the data. It was

expected that PS u ers ~'ould have accumulated less damage than workers in
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heavy industry yet the right panel shows that both groups produced similar

emission strength '·alues across the young adult age range. These findings imply

that indeed typical use of personal stereo headsets causes latent ear damage

comparable with occupational noise damage. Moreover, the lowest curve points

to a significantly higher rate of damage accumulation in young males exposed to

both types of noise. All three exposure groups showed value significantly below

the mean values for the non-exposed population. Personal stereos have been

around for less than 20 years and the fact that the differences are significant up

to about age 40 is remarkably consistent "'·ith the popularity of these devices

with young people.

Significance: We have previously shown there is eVidently a velY long lead time

required for ufficient cochlear damage to accumulate to become evident as a

hearing disability. Twenty years is e'·idently not enough time for the accelerated

aging effects to become manifest as a marked increase in the number of young

adults seeking help. On the other hand these data pro'·ide velY clear evidence

that these de,·ices (and any other paired factors) do result in significantly

increased cochlear damage. The results tend to support the cautionary advice

offered based upon existing guidelines for limits to sound level exposure for

occupational noise laid do",·n by Statutory Regulations of the various Australian

tates and Territories (85 dBA, h) since ",·ith the high yolume le'·els used these

limits are, in some cases greatly exceeded.

Remarkably only 39 questionnaires from PS users reported any hearing

difficulties. The primary significance of this research program is that click-evoked

otoacoustic emissions may detect the precursor of observable hearing loss, and

that many young people are exceeding rates of damage accumulation greater

than 2 dB/decade. In some instances "'·e have tracked young people with

emission strengths declining at greater than 15 dB/decade (LePage and Murray.

1993). These people may expect to suffer hearing loss significantly earlier in their

lives without modification of their habits.

In summary, our OAE estimate of risk are not based upon sound levels. but

upon a physical measurement used to estimate permanent cochlear damage.

They indicate that personal stereos produce rapid aging of the cochlea

comparable to industrial noise trauma. Secondly, general guidelines based only

upon recommended yolume leyels may be applicable for one person bur

irrelevant for another. Thirdly, otoacoustic emissions potentially offer new

precision in individual risk determination in adults.
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Noise and Hearing Loss Prevention Research

A major objective ofNAL research is to ina'ease understanding ofthe harmful effects ofnoise on
people and to contribute to the prevention ofhearing loss. NAL resea1'ch that add1'esses these
objectives is described in the following two sections.
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Eric LePage and Narelle Murray, scientists

responsible for hearing loss prevention research.

. e econd ection pro\'ide a brief update

:'\AL' panicipation in the Sydney airpon

calth tudy. This multifaceted rudy ha

'de implications for a large proportion of

.'dney's population and, through its

mributions to scientific kno\\·ledge. to

naging the noise problems that occur

ereyer bu y airpon are sited near

pulation centres. Other item describe a

. erion for predicting community

~ O\'ance caused by impulsive noise and

- e de\'elopment of noise protection shields

~ musicians.

T
he fir t t,yO items question the

ju tification for currently accepted

recommendations that compensation

for hearing los should begin at 10%

percentage loss of hearing (PHL) and that

noi e levels should be limited to 85 dBA. It

i agreed that a ignificant proponion of

people \\'ith PHLs of 5-10% require hearing

aids and that the 85 dBA noise limit \\'ill do

little more than hah'e the problem of

industrial deafness. A funher item describes

a longitudinal study of ear damage in

orchestral musicians. Thi \\'ork has

implications for de igning and managing a

more comfonable and safer em'ironment for

musicians who. of necessity. are frequently

exposed to high sound levels.

Hearing loss pre\'ention research has been

ing otoacoustic emi ion testing O\'er

.::e\'eral years. The fir t item in the follo\\'ing

.::ection presents one outcome of that line of

re earch. Analyses of repeated tests of

~ople followed for up to nine years

'uoge t particular \\'ays in \\'hich the

- nctioning of the ear change a damage

_ccrues. It is expected that further data

'~eatment \\'ill permit the identification of

'pecific indicators of risk of hearing loss for

:1di\'iduals.
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Hearing Loss Prevention

Workers Compensation for
Industrial Deafness

Investigator: John Macrae

Background: Throughout Australia. hearing

disability is assessed for compensation

purposes in terms of percentage loss of

hearing (PLH), determined from the hearing

threshold levels of the compensation

claimant (Macrae, 1988). In 1994. the

Industry Commission Report on \'V'orkers

Compensation in Australia (Industry

Commission. 1994) recommended that a

common Table of Injuries be developed to

apply across all Australian jurisdictions. As a

result, the Heads of \'{10rkers Compensation

Authorities included this as a part of the

national harmonisation process. A revie'" of

PLH thresholds formed part of the review

under the Standardised Measurement of

Impairment Project. In 1997, the final report

of the Heads of Workers Compensation

Authorities (Heads of Workers

Compensation Authorities. 1997)

recommended that:

• a PLH threshold of 10% apply for

compensability: but

• a PLH of 5% or greater will trigger

rehabilitation for the worker and

workplace assessment as a preventive

initiative;

• where the threshold for compensability

is attained, the full PLH is compensated;

and

• subsequent claims must demonstrate at

least a further 5% deterioration from the

previous PLH.

The following work was carried out in order

to obtain information that could be used to

assess these proposals.

Research Questions: Two relevant matters

were investigated: first, the relationship

between PLH and requirement for hearing

aids: second. the retest variability of PLH

24 National Acoustic Laboratories

Procedures: The relationship between PLH

and requirement for hearing aids was

investigated in two ways. In the first

approach. a sample of the hearing

thresholds of 436 child and age pensioner

clients pro\'ided with hearing aids by

Australian Hearing "'as drawn at random

from files and the PLHs of the clients "'ere

calculated from their thresholds. In the

second approach. the associated PLH ,,'as

calculated from the hearing thresholds of

282 "'ar \'eterans whose threshold

impairments were mainly due to noise

exposure and whose requirements for

hearing aids were kno,,'n.

The retest variability of PLH "'as

im'estigated in the following manner. Since

there is retest \'ariability associated vvith

hearing thresholds and PLH is derived from

hearing thresholds, the retest variability of

PLH was derived from the known retest

variability of hearing thresholds. It is well

known that. in the absence of a real change

in threshold sensitivity, hearing thresholds

valY on retest in accordance with the la'" of

random error and the change are,

therefore, normally distributed and that

there are no correlations beffi'een the

random variations of the thresholds at the

various test frequencies. The audiograms of

684 war veteran. child and age pensioner

clients who had been provided "'ith hearing

aids by Australian Hearing Sen'ices "'ere

obtained from files and the associated PLH

"'as calculated. The thresholds were then

varied randomly by computer, the associated

PLH was re-calculated and the differences

beffireen the PLH before and after the

random changes "'ere determined.

Findings: The PLHs of the 436 child and

age pensioner clients provided ,,'ith hearing

aids by Australian Hearing Services are

shown in the Table. opposite. far right. The

one client in the category 0-4.9% had a PLH

of 4.9%. This result indicates that some

clients with a PLH of about 5% require

hearing aids.
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elationship between Percentage Loss of Hearing and Requirement for Hearing Aids for War Veterans

expected to require hearing aids.

Requirement for hearing aids begins at a

PLH of about 5% for ome clients and

approximately 16% of claimants \\'ith a PLH

berween 5 and 9.9% will require hearing

aids. If a 5% threshold i adopted then there

is no need for a trigger for rehabilitation but

a trigger for \\'orkplace assessment a a

preventive initiative should be set at a PLH

of 0.1% or greater. since a considerable

amount of threshold impairment occur

before the onset of hearing disability,

Monitoring audiometry in industry should

detect this threshold impairment and trigger

pre\'enri\'e action but an extra trigger in

term of PLH may be useful in

circumstances \\'here monitoring audiometry

is not carried out. If. instead of a threshold

of 5%, a threshold of 10% is adopted, the

PLH trigger of 5% for rehabilitation and

\\'orkplace a se ment a a pre\'entiye

BINAURAL PERCENTAGE LOSS OF HEARING

Relationship between percentage loss of hearing

and requirement for hearing aids,

The relationship ber~veen PLH and

requirement for hearing aids of the 282

\\'ar \'eteran is ho\\'n in the Table belo\\',

:'\0 \'eterans with a PLH in the range

0-4,9% required hearing aids, All of the

yeterans with a PLH of 20% or greater

reqUired hearing aids. In the intermediate

range, the percentage of yeteran

requiring hearing aid gradually increased.

A graph of the findings with a straight line

fitted to the data i given in the Figure.

right. The re ults of this approach al 0

indicate that the requirement for hearing

aids begins at a PLH of about 5%. Gi\'en

the illustrated linear relationship. it \\'as

calculated that approximately 16% of

claimants \\'ith a PLH bet\\'een 5 and 9.9%

\\'ill require hearing aids.

The standard deviation of the distribution of

difference bem'een PLH before and after

the random changes in thre hold of the

audiograms of the 684 \\'ar veterans.

children and age pensioners was found to

be 1.942%. Thi mean that a change in PLH

of 3.2 % i ignificant at the 5% le\'el or.

adopting a more stringent criterion of

statistical significance, a change in PLH of

4.5% is significant at the 1% le\'el.

Significance: The Heads of \'....orkers

Compensation Aurhoritie recommend that

PLH threshold of 10% apply for

compensability and that a PLH of 5% \\'ill

trigger rehabilitation for the \\'orker and

\\'orkplace assessment as a pre\'enti\'e

initiative. In the light of the information

presented in this article. it \\'ould seem more

rea onable to set a PLH threshold of 5% for

compensation, The Figure ho\\'s that about

33% of those \\'ith a PLH of 10% can be

Percentage Loss of

Hearing of Children

and Age Pensioners

with Hearing Aids

% Loss of No. of

Hearing Clients

0-4,9 1

5-99 10

10-149 22

15-19.9 39

20-249 33

25-29.9 31

30-34.9 48

35-39.9 47

40-44.9 28

45-49.9 36

50-54.9 17

55-59.9 26

60-64.9 23

65-69.9 15

70-749 14

75-79,9 9

80-849 8

85-89.9 7

90-94,9 5

95-99,9 16
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initiative becomes especially important. The

approved rehabilitative measures should

include the pro\'ision of hearing aids, where

appropriate.

The Heads of Workers Compensation

Authorities also recommend that an increase

in PLH of 5% must occur before any

subsequent claim can be made. This seems

to be a reasonable proposal in view of the

results presented in this article. If the more

stringent 1% criterion of statistical

significance is adopted, then a change in

PLH of 4.5% is required before a real change

in PLH can be considered to have occurred.

This becomes 5% when rounded to the

nearest whole percentage point. The error

rate for a significance level of 1% is 1 in 100.

i.e., for lout of every 100 claimants with an

increase in PLH of 5%. the increase will not

be real. However, for the remaining 99

claimants, a real increase in PLH has

occurred. This is a suitably low rate of error.

The recommendation that an increase in

PLH of 5% must occur before any

subsequent claim can be made therefore

seems appropriate.
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An Evaluation of the Australian
National Standard for
Occupational Noise

Investigator: John Macrae

Background: In response to its concern

about the high prevalence of occupational

noise-induced hearing loss in Australia, the

National Occupational Health and Safety

Commission (NOHSC) formally declared. in

1992, the current Australian National

Standard for Occupational Noise (National

Occupational Health and Safety

Commission, 1993). The standard is an

L of 85 dB(A) and an unweighted
Aeq.8h

(linear) peak sound pressure level, Lpeak '

of 140 dB. The National Standard is an

advisory document but has affected

regulations in the various Australian

jurisdictions. By the end of 1996. the

Commonwealth and most State and Territory

governments had incorporated the National

Standard in regulations and had either

adopted the National Code of Practice

verbatim or incorporated its principles in

their own codes of practice (\Xfaugh. 1997).

Research Question: Does this National

Standard for Occupational Noise go far

enough in limiting the permissible noise

exposure of workers?

Procedure: The relative effectiveness of

different noise exposure leyels in preyenting

the adverse effects of industrial noise

exposure on the hearing of workers can be

evaluated in terms of hearing disability

exceedance. The concept of hearing

disability exceedance is illustrated in the

figures. The two curves presented in the first

figure were derived from values given in a

published table of the estimated prevalence

of hearing disability in otologically screened,

noise-exposed male populWhgons (Macrae,

1986), ",'here otologically screened means

free from all signs and symptoms of ear

disease other than the effect of occupational

noise exposure. The values in the table

were calculated by means of equations
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Hearing disability exceedance (as defined in the

previous Figure) for a population of otologically

screened males exposed to an LAeQ.8h of 90 dB(A), as a

function of duration of noise exposure, in years.

Estimated proportion of a population of otologically

screened males with hearing disability, when the

population is not exposed to harmful noise (effects of

aging alone) and when the population is exposed to

occupational noise with an LAeQ.8h of 90 dB(A), as a

function of duration of noise exposure, in years. The

difference between the two curves at any noise

exposure duration is described as hearing disability

exceedance. For the purposes of this graph,

occupational noise exposure is assumed to begin at

the age of 20 years

given in Inrernational Standard IS01999

(1990) and the National Acoustic

Laboratories (NAL) procedure for

determining percenrage loss of hearing

(Macrae, 1988).

In Australia, hearing disability for

compensation purposes is quantified in

terms of percentage loss of hearing (PLH),

as determined by the NAL procedure.

Hearing disability exists if the PLH is

greater than zero. Some disability can be

expected to occur in some ,yorkers not

exposed to harmful levels of noise. as a

result of the process of aging. This is

represenred by the lower of the two curves

in the graph, above right. For the purposes

of the table and the graph, occupational

noise exposure is assumed to begin at the

age of 20 years. Thus. at the age of 50

years. about one-third of workers not

exposed to harmful noise can be expected

to have some hearing disability.

The higher of the two curves in the figure

shO\ys the proportion of workers who can

be expected to have some hearing disability

when they are exposed to noise with an

L-\eq.8h of 90 dB(A). The difference between
the t,yO CLllTes can be described as

exceedance. ""here exceedance refers, in

this conrext, to the amounr by ",-hich the

proportion of noise-exposed workers with

hearing disability exceeds the proportion of

""orkers who have hearing disability purely

as a result of aging. Subtracting the CUl"\"e for

aging from the curve for 90 dB(A), the

exceedance curve shown in the second

figure (right) is obtained Reading this

graph. after 25 years of exposure to noise

",-ith an LA 81 of 90 dB(A), 34% of theeq. 1

exposed workers will have a hearing

disability who would othelwise not have

had any hearing disability, In ,-iew of the

exceedance associated ",-ith an LA 81 of 90,eq. 1

dB(A). it is not surprising that occupational

noise-induced hearing loss has conrinued to

be a highly preYalent industrial disease in

Australia (Macrae, 1997).

Annual Report 1997/98 2
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Hearing disability exceedance for a population of

otologically screened males exposed to

occupational noise with LAeQ.8h values of 80, 85
and 90 dB(A), as a function of duration of noise

exposure, in years.

It is apparent tbat a noise exposure limit of85 dB(A) will do
little better tban balve tbe problem oftbe bigb prevalence of
industrial deafness in Australia.

exceedances associated with noise exposure

leyels of 90 dB(A), 85 dB(A) and 80 dB(A)

are about 34%, 14% and 3%, respectively.

Significance: It is apparent that a noise

exposure limit of 85 dB(A) will do little

better than halve the problem of the high

prevalence of industrial deafness in

Australia. Given the current magnitude of

the problem, a strieter limit seems

appropriate. A standard of 80 dB(A) "'ould

come much closer to an acceptable solution

to the problem of occupational noise­

induced hearing loss. Industries would be

well advised to aim for a noise exposure

limit, LAeq.8h' of 80 dB(A) rather than the

National Standard value of 85 dB(A) and

serious consideration should be given to

reducing the :-iational Standard noise

exposure limit to an LA 81 of 80 dB(A)eq. 1
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In order to assess the relati\'e effectiveness

of the noise exposure limit of the National

Standard in pre\'enting the adverse effects of

industrial noise exposure on the hearing of

\yorkers, the predicted hearing disability

exceedance associated \yith noise exposure

levels of 80. 85 and 90 dB(A) as a function

of noise exposure duration ,,'as determined.

Findings: The third figure (above) shows

the hearing disability exceedance for noise

exposure levels of 80. 85 and 90 dB(A). At a

noise exposure duration of 25 years. the
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Average Waverepro% for all players occupying each desk over the five

years. The darker circles represent the left ears, the lighter circles the right

ears.

Sound levels recorded at the six microphone positions in the orchestra during

performances over one season relative to player positions. The inner circles

reresent an average of 75 dB(A), while the middle circles are 85 dB (A) and

the outer circles 95 dB (A) on average. The instruments are abbreviated as

follows: Perc.=Percussion; Tymp.=Tympani; Brass - includes Trumpet,

Trombone, Tuba; FHorn=French Horn; H=Harp; W/wind=Woodwind and

includes Flute, Piccolo, Clarinet, Oboe, Bassoon; V1 and V2= 1st and 2nd

Violins; Va=Viola; Vc=Violincello; db=Double Bass;, while Cond.=Conductor.

The dark horizontal line represents the edge of the stage.

IPerc••
STAGE
RIGHT

... '"-_ .. .-,.
•

••

STAGE
LEFT

Investigators: Narelle Murray, Eric LePage

with Ken Mikl (WorkCover NSW)

Background: Since lare 1992 :\AL has been

conducring a longirudinal srudy of rhe

hearing of members of rhe Ausrralian Opera

and Baller Orche rra ~'ho play in rhe

orche rral pir ar rhe ydney Opera Hou e,

Research Question: By resring ~'irh click­

eyoked oroacousric emissions and

comparing rhe resulrs ~'irh subjecriye resring

of hearing rhresholds wirh pure rone

audiomerry, can ~'e esrablish u able

paramerer ro derermine ho~- ~'ell rhe

hearing of rhese orche rral mu icians

UITi"es oyer a period of fi"e year?

Research Procedures: \X'e ha"e re red 119

members ro rhis poinr ~'irh 74 haying been

resred on more rhan one occasion by rhe

objecrive merhod of click-evoked

oroacousric emission resring. Pure rone

audiomeny has been carried our each year

b,' sraff of W'orkCO\'er (:\5\\/). Each year all

musicians complered a que rionnaire on

rheir aural healrh. lengrh of rime rhey had

been a musician. lengrh of rime in an

orche rra and rheir hour of music exposure

per ~'eek in performance. rehearsal. privare

pracrice and playing ar orher venues. The

quesrionnaire also assessed orher facrors

pre\'ious!y associared ~'irh hearing loss. e.g.

rinniru . anribioric and anriflammarory u e.

moking and recrearional noise expo ure.

Findings: From rhe fi\'e-year dara collecrion

resulr of click-e\'oked oraacousric emission

resring and pure rone audiomerry conrinue

ro be evaluared ra assess inner ear damage

in a moderately noise-exposed popularion.

One inreresring resulr rhus far is from a

comparison of sound le\-e!s (raken by

\YorkCO\'er) (figure. rap righr) ar ix

microphone posirions rhroughour rhe

orchesrra ~'irh \\iaYerepro% oraacousric

emission resulrs (figure. belo~' righr) and

also ~'irh pure rone audiomerric hearing

levels (figure, O\'erleaf). (These were raken

as rhe maximum of 4 and 6 kHz for each

de k and as represenrari"e of rhe mosr

longitudinal Study of inner ear
damage in an Orchestra
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Average hearing levels (maximum 4, 6 kHz) for all players at each desk over

the five years. The darker circles represent the left ears, the lighter circles the

right ears.

... it is believed that, with refinement ofsome ofthe
parameters, otoacoustic emissions will be an important
adjunct to hearing loss prevention programs, particularlyfor
individual counselling ofthose working even in moderate
levels ofnoise.

\
••

•• .. ..

sensitive frequencies indicating the

commencement of a noise induced hearing

loss.) By averaging the size of the emi iow:

for all players ~'ho sat at each desk it ha

been revealed that those individuals who at

in the "hot spots" of the pit, i.e. in the areas

which had recorded the loudest sound

levels such as in front of the brass and

percussion, appear to exhibit lower \'alues

of Wayerepro%. The range of values,

extending from 98 per cent down to 20 per

cent is indicated by the size of the circles. In

a similar manner there appears to be an

e\'en more significant effect of seating

position on pure tone hearing leyels. In this

case the larger the circle the better the

average hearing level at that desk. These

effects are evident despite that fact that

there is a considerable turnover in orchestral

membership from year to year and ~'ithin

any opera and ballet season the players tend

to play "musical chairs" .

Significance: Further investigation including

analysis of high and low frequency

components of both the emissions and pure

tone thresholds is being undertaken as it is

belieyed that. with refinement of some of

the parameters. otoacoustic emissions ~'ill

be an important adjunct to hearing loss

prevention programs, particularly for

individual counselling of those working

eyen in moderate levels of noise.
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The click-e\-oked method of obtaining

oroacoustic emissions ha\'e some relati'-e

ach'antages and di ad\'antages relati\-e to

distortion products. A key disadyantage i

The two primarv methods of carrying out

oroacoustic emission mea urement are borh

based upon looking at the nonlinear

behaviour of the emission due to the activity

of the outer hair cell in the cochlea_ The

distortion product method examines the

amplitude the primary cubic distortion tone

(2f1-f2) in response to m'O primaries f} and

f1' The pew'al information is generally

taken to be an indicator of OHC activity

local to the positions of maximum OHC

acti\-ity the m'O

primarie . \\--hile

some commercial
The working hypothesis is that the aging
process is one ofdegradation ofcochlear
mechanics - the normal maturation
process in reverse.

equipment is

inye tigating

delivering multiple

sets of primaries at

once. the resultant

distortion product

plot is taken to be a measure of local

acti\-ity ~'hich can be related to the

behayioural pure tone thre hold audiogram.

Like an audiogram the "dp-gram" is nor a

spectrum in the sense that the responses at

all frequencie ~-ould be continuously

emitted. The distortion product

methodology has the inherent disad\'antage

that the result is generally interpreted that

each point represents a particular unique

place in the cochlea determined by the

tonotopic map. In reality ~'e know from

physiological tudie that this is nor trictly

true. Since OHC change length as parr of

their primaly operation. all OHC from the

~'hole length of the cochlea generate lo~­

frequency component so lo~' frequency

emissions need to be interpreted ~-ith great

care. In practice lo~' frequency emissions

«1kHz) are nor ~-ell beha\-ed. consistent

~-ith the idea that their site of origin is nor

'-place-specific" in the way that high

frequency emissions are generally belie\'ed

to be.

Investigators: Eric LePage and Narelle Murray

Watching the ear age - an
examination of otoacoustic
emission cohort data

Background: During development the

cochlea attains its full frequency range by

maturation of the mechanical structure

(Pujol et al. 1991: .\Iorlet et al. 1993) and the

development of tension in the fibres of the

basilar membrane (LePage. 1990: LePage et

al. 199-: Allen. 199-) and <;',ith it high

frequency hearing. The ~'orking hypothesis

is that the aging process is one of

degradation of cochlear mechanics - the

normal maturation process in re\'er e. If so

this may be registered as a progressive rise

in the size and number of scattered Ie ions

in ~'hich the local ten ion of the basilar

membrane breaks dO~'n resulting in

dislocations in the ordering of the tonotopic

map of actiYity. The high frequency regions

(being regions of high ten ion) are expected

to be affected first and the end result is the

"ski-slope" characteristic in the pure tone

audiogram describing the 10 of high

frequency reception.

In the past the only ~'ay to obtain objecti\·e.

moderately precise mea urement of the e

kinds of processes ~'a by direct im-asion of

the cochlea in complex live animal

experiments using a yariety of probe or

canning laser microscopy. or alternately by

tedious studies of the morphology yia

microscopy in sacrificed noise-exposed

animals. With the ad\'ent of oroacou tic

emissions. ho~·e\·er. ~'e have a non-im'asi\'e

~'indo~' into the electro-mechanical

processes of the human cochlea (:,\orton et

al. 1991) so it follo~' ~'e hould be able to

track the accumulation of damage in the

preclinical phase. The object of this project

i to utilize ear emissions to track indiyidual

changes m-er time in a human cohort and in

-0 doing. discover ho~' the degradation

deyelops and spreads and ho~- much

human hearing is affected during this aging

process.
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that the input cannot be so tightly conrrolled

as for disrorrion products. The best one can

hope for is to try to ensure that the stimulus

spectrum has a flat frequency response

funerion by placemenr of the probe. On the

orher hand the click being a broad spectrum

stimulus means that the cochlea is receiving

all frequencie at once 0 that the emis ion

is a reflection of all inreractions taking place

in the cochlea. \,-e can ,-alidly speak of an

emission spectrum. Moreover. since the click

emission has a useful time ~Ya,"eform it

reflects dynamic beha,-iour of the acti'-e

process we examine this behaviour in great

detail. ~·hereas the temporal behaviour

a ociated ~"ith distorrion product is

normally ignored completely. It seems that

this temporal behayiour may ha,-e great

ignificance for using oroacoustic emi sions

for diagnostic purposes. \Vhereas the choice

of the rate of scanning the cochlea using

distortion products is ome~-hat arbitrary but

chosen to register a final settled \-alue of

distortion product amplitude. the click

evoked emission effecti\-ely scans the

cochlea at the rate determined inrernal ro

the cochlea by the tra\-elling ~·a'-e. Like ~-ith

distortion products, for screening

applications it suffice to consider only the

final averaged ignal at the end of the

sampling period. Ho~·ever. one of the real

acl\-anrages of beginning with a time

~-a\-eform i that the horr-Time Fourier

Transform can be used to obtain estimates

of the spectrum for different latencies

follo~"ing the click. A time-frequency display

can be produced to sho~- conrours of the

po~-er in the otoacoustic emission response

ro the click after the incidenr click itself has

decayed leaving only the response.

Research questions: If otoacoustic

emissions can provide some measure of

early ~-arning of the onset of hearing loss.

~-hat critical features of the

electromechanical process are the emis ions

detecting?
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Time-frequency representations of the ears of an orchestral player measured

two years apart. The above panels are for left ear, the opposite panels (far

right) for the right ear. The top two panels for each ear are for the raw data

and the bottom panel is for the difference showing that over the two years a

decrease in high frequency emissions (left ear) and a decrease in the ringing

time (right ear).

1. Ho~· en iti,"e are oroacou tic emission

to minute changes in the pattern of hair

cell activity over a period of time?

2. Con idering that emi ions provide a

"foreshorrened vie~-·· of the acti\-ity in
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The figure opposite left shows three panels representing the left
ear ofa male orcbestral musician, and three panels above
representing tbe right eat:

\\"hich the precise pOint of origin of any

cornponent is not known, ho\\" do the

changes due to aging present?

3. \,"hat accumulation and pattern of such

Ie ions are necessary for a change in

beha\"ioural hearing' .
Research procedures: This project has [\\"0

phases. The first is concerned with

analysing the results of t\\"O cohort series"

the fir t are a group of people \\"ho ha\"e

been readily a\"ailable to our re earch

group for repeated measures O\"er nine

years using the IL088 click-e\"oked

emission analyser. The second group is the

data obtained from the orchestral player

group in \\"hich players ha\"e been

monitored yearly for fh"e year 1992 to

1996. This group ha been subject to many

of the changes of other studies on the same

people such as highly variable attendance

at yearly asse ments. Ho\\"ever. there has

been more than enough data ro gain much

in ighr. The econd phase concerns

generation of ne\\" data ne\\" apparatu

developed in-house for the purpose.

Progress: The figure sho\\"s three panels on

the left representing the left ear of a male

orche tral mu ician" and three panel on the

right representing the right ear. In each case

the abscissae are frequency of the emission

component Coyer a subinten"al of 128 of the

-12. 40~s time bins) and the ordinate is the

time to onset of the time interyal tepped in

bin C320~s) teps. For each ear the t\\"O

top panels sho\\" emi sions from Ocrober

1994 and October 1996 respectively. Each

ear displays a response pattern \\"hich is

remarkably similar despite the intervening

~"O year period" In the e plot the contours

repre ent linear po\\"er 0 only the highest

xak are sho\\"n. Indeed the click-eyoked

emissions for any particular ear are normally

-ery reproducible and the upper [\\"0 plots

gge t a fingerprint for each ear exist in

" e time-frequency domain. The lo\\"est

nels in each ca e repre ent the difference

_~ he time frequency response. highlighting

_.3nges \\"hich may be \"ery subtle ro detect

~ he upper plots. Ylid grey represents zero

--Ference. \\"hile \\"hite represent regions of

- ea ed re pon e oyer the tWO \-ear span.
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Two features are
worthy ofmention
and illustrate the
objectives ofthe
study - to
characterise how
the ear is aging.

However. even m-er a two year period

during ,,-hich there are no significant

audiometric changes there are some

remarkable emission changes in this player

which are highlighted in the difference

plots. In the difference plot black regions

indicate a decrease in emission power at

any particular frequency and time. Two

features are worthy of mention and illustrate

the objectives of the study - to characterise

how the ear is aging. For the left ear it is

seen that there are moo prominent peaks at

3.4 and 4.3 kHz. In the middle panel these

peaks have declined in po,,-er and m;o

other peaks have gro,,-n to prominent at 2.9

and 4.2 kHz.

The difference display in the lowest panel

shows adjacent peaks and troughs in a

manner ,,-hich has suggested to us that these

peaks may have a common origin and that

they have moved to lower frequencies

consistent with our idea that the activity has

the same general characteristics, but that in

the intervening period, the basilar

membrane tension has declined. This kind

of behaviour is repeated for the right ear

and has been een throughout our database

frequently and this behaviour is being

modelled. In the low frequency region for

the right ear exhibits a strong decline in

emission at 11 and 15ms suggesting that the

emission has decreased in duration. We are

investigating whether these subtle changes

may be related to the kinds of noise

exposure which this subject has experienced

in the intervening period.

Significance: Considering that these

otoacoustic emission records are obtained

typically over 1 minute per each, it is seen

that they contain vastly more information

than an audiogram. Whereas an audiogram

is essentially an untimed test, this method of

displaying the ear"s response gives much

detail not just about which frequencies are

contained in the response, but indeed the

speed of reaction of the ear. In this sense

the otoacoustic emission test is providing

some of the kinds of information of a

speech discrimination test, but it does so by

objective measurement. In particular the

data so far analysed tend to support the

notion that ,,-ith aging, perhaps accelerated

by noise or music exposure_ the ear is

winding down in electromechanical po,,-er

and speed. High frequency activity is being

replaced by low frequency activity (left ear),

,,-hile the ringing time of the emission is

also deCl-easing (right ear). Various methods

are being employed in this study to

compress these complex data down to some

subset of information which will prow to be

specific indicators of risk for hearing loss for

indi'-iduals.
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Hearing Loss Prevention and Noise Research

A major objective ofNAL research

is to increase understanding of the

harmful effects of noise on people

and to contribute to the prevention

of hearing loss. NAL research that

addresses these objectives is

described in the following two

sections.

Hearing loss prevention research has

been using otoacoustic emission

testing over several years. The three

projects to be described concern

improving methodology for

measuring and interpreting

otoacoustic emissions and using

such data to assess the individual

risk of noise-induced hearing loss

and for modelling ear damage.

The second section reports four

noise measurement studies covering

the varied areas of traffic noise,

aircraft noise, and the occupational

"noise" exposure encountered by

orchestral musicians.

The Hearing Loss Prevention research team, Dan Zhou, Narelle Murray, John Seymour, Eric LePage
(left to right) with visiting scientist, Ake Olofsson (far right).
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Hearing Loss Prevention

Longitudinal Study of a
non-noise exposed cohort
comparing click-evoked
otoacoustic emission
techniques and pure tone
audiometry
Investigators: Narelle Murray
and Eric LePage

Background: Since the introduction of the

click-evoked otOtaoustic emission technique in

Hearing Loss Prevention in 1989, the

investigatOrs have been conducting two

longitudinal studies involving (a) an essentially

non-noise exposed population - staff members

of Australian Hearing, and, (b) a moderately

noise-exposed population - instrumentalists

from the Australian Opera and Ballet Orchestra

(AOBO). Reports have been made previously

into some aspects of the AOBO study (Murray,

LePage & Mikl, 1998). This report is an
assessment of some of the results from the

cohort study of non-noise exposed individuals.

Research Question: The research question

for both studies has remained the same. That is,

if by objectively assessing the hearing status of

individuals by click-evoked otOacoustic

emission testing, and comparing the results

with subjective testing of hearing thresholds

with pure tOne audiometry, can we establish

usable parameters to monitOr the hearing status

of this cohort over a period of up to 7 years.

Procedures: At approximately yearly intervals

subjects have been tested with both pure tOne

audiometry and click-evoked otOacoustic

emissions. Pure tOne audiometric thresholds

were established for each of the frequencies
0.5, 1,2,4,6 and 8 kHz. Click-evoked

otoacoustic emissions were measured using the

Otodynamics IL088 Analyser. Two hundred

and sixty responses from each ear were averaged

at a constant "nonlinear" stimulus level of 80

(±1.5 dB) peak SPL. The minimum acceptable

stability of recording was set at 80%. At each

visit subjects completed a detailed questionnaire

which assessed their past and present aural

health and other factors which have previously

been associated with hearing loss, e.g. tinnitus,

antibiotic and antiflammatory use, smoking and
recreational noise exposure. Because of the

nature of a longitudinal study, some subjects

dropped out because of change of employment,

while others were unavailable for testing in

certain years. Only those subjects who had a
minimum of two test sessions, and, if only two,
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Results are shown for each of Broadband - solid squares,

Hipass - open triangles and Lopass - open circles - CES
values. These are the Mean and ±1 SD for left and right

ears for each of the years testing was carried out.

PTA results are shown for the mean of 1,2,4 kHz - solid

squares, 6 kHz - open triangles and the mean of 0.5,1,2

kHz - open circles. These consist of the Mean and ±1SD for

left and right ears for each of the years testing was carried

out.
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those sessions at least two years apart, have been

selected in any analysis of the Cohort. This

accounts for the gaps in the data for some years.

Out of a total of 47 subjects tested over the

period of the study thus far, analysis has been

undertaken on 24 males and 8 females.

In considering the data statistical analysis was

undertaken on three parameters: Otoacoustic

emission (OAE) Waverepro%, OAE Coherent

Emission Strength (CES dB SPL) and Pure

Tone Audiometry (PTA). As the study is

longitudinal, interest has been focussed on

changes which have occurred in all parameters

during the life of the study. Results for each of

the OAE parameters were calculated on the

basis of (a) all frequency bands (referred to as

Broadband), (b) frequencies >2000 Hz (Hipass)

and, (c) frequencies <2000 Hz (Lopass). The

mos~ appropriate PTA comparisons with these

OAE frequency bands were felt to be rhe

mean of 1,2,4 kHz, 6 kHz and the mean of

0.5,1,2 kHz respectively.

Findings: The results ofANOVAE for each of

rhe three parameters of both Waverepro% and

CES showed no significant variations between

years for either left or righr ears (p<0.05).

Similaraly, ANOVAE for the three PTA

frequency bands selected showed no differences

Hearing Loss Prevention and 0 s" :;e:"c' -

either between ears or between years (p<0.05).

The two figures opposite left show results for

each ear and each year for CES and PTA

respectively. It does appear that, despite there

being so little change in any of the parameters

measured, CES does identifY more ears with

significant changes over time (figure below).

CES also appears to identifY many more ears
with low emissions which still have pure tone

thresholds within normal limits. (Murray,

LePage, L. & Tran.K, 1997; Murray, N., 1999)

CES would, therefore, seem to be a better early

warning indicator than PTA of those ears which

are more vulnerable to early ear damage.

Although there is little change over time in

overall group data, there are wide variations in

results, with "improvements" as well as declines

being observed in both OAE and PTA results.

While any "improvement" may be deemed a

learning process in the test-retest situation of

the subjective pure tone audiometric tesring,

this could not be applied to rhe results of

otoacoustic emission testing. However, it is

possible that these widely variant, almost

random, results may be consistent with a system

which is nonlinear and nor at all well ordered.

Gold (1989) first predicted this disorder and

indeed, Shera and Zweig (1993) and Wit et al

Cohort (1) Broadband CES vs PTA 1.2.4 kHz Cohort (1) Hipass CES (>2000 Hz) vs PTA 6 kHz Cohort (1) Lopass CES «2000 Hz) vs PTA 0.5.1.2 kHz

o CES declined PTA stable
~ CES declined PTA risen
mCES stable PTA declined
I!!l No change
o CES stable PTA risen
~ CES risen PTA stable

59.1%

3.0%
9.1%

1.5%
7.6%

45.5%

7.6%

9.1%

o CES declined PTA declined
o CES declined PTA stable
IS CES declined PTA risen
mCES stable PTA declined
~ No change
o CES stable PTA risen
• CES risen PTA declined
§ CES risen PTA stable
o CES risen PTA risen

o CES declined PTA stable
~ CES declined PTA risen
o CES stable PTA declined
~ No che.nge
o CES stable PTA risen
E3 CES risen PTA stable
o CES risen PTA risen

63.6%

Comparisons of signficant changes occurring over time between the three CES parameters (a. Broadband, b. Hipass and, c.
Lopass) and the corresponding PTA thresholds (mean 1,2,4 kHz, 6 kHz and 0.5,1,2 kHz). In all three comparisons there is
predominantly no change over time. However, it can also be seen that amongst the several other variations, the largest
percentage in each case is that of CES values declining while PTA remains stable indicating that CES may be of value as a
better early warning indicator of hearing changes over time.
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Significance: Analysis of high and low

frequency components of both emissions and

pure tone thresholds has enabled us to look

more closely at the suggestion of LePage (1992)

of the possibility of "permanent re-mapping of

the cochlear partition in the case of OHC loss,

thereby transfering the frequency representation
away from regions in which there is OHC loss

to regions where OHC remain". This is the

most likely explanation for the monaural 'see­

saw' effect. Otoacoustic emissions has allowed

non-invasive investigation of this phenomenon

in the human cochlea.
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....... CES (Broadband) .• CES (Hipass) -+- CES (Lopass)

An example of binaural 'see-saw' where the trend in the left ear is

downward for both hipass and lopass CES while the trend in the right

ear is upward for these parameters.

One ofthe most

interestingfeatures

ofthe otoacoustic

emission data is

what we term the
, ',.{hsee-saw t?JJect.

(1994) (both cited in Avan et al, 1996)

proposed 'that a certain amount of disorder,

either anatomical or functional, should be

assumed to exist in the cochlea for TEOAEs to

be detected with their characteristic temporal

and spectral patterns'.

One of the most interesting features of the

otoacoustic emission data is what we term the

'see-saw'effect. This has been observed both

binaurally and monaurally. Binaurally it occurs

when one ear declines over time and the other

appears to compensate for this decline by

'improving' over time. This trend is apparent,

although the differences are not statistically

significant, in the subject in the figure

above(sij02). Monaurally it can occur

particularly when the high frequencies appear to

decline while over the same period of time the
low frequencies appear to 'improve' (figure,

above) (wiw01).
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Hearing Status of
Aboriginal Prisoners
Investigators: Eric LePage, Narelle Murray,

Tony Butler*

* NSW Department of Health
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Background: The NSW Department of

Health extended an invitation to AL Hearing

Loss Ptevention Research to participate in their

very extensive health study of men and women

III SW Correctional Centres by way of

hearing assessment using click-evoked
otoacoustic emissions.

Research Question: To investigate whether

the hearing of prisoners differed in any way

from that of our predetermined normative

Australian population. Because of the quite

large population ofAboriginal and Torres Strait

Island (ATSI) prisoners it was of particular

interest to see if their hearing sratus differed a)

from other prisoners and b) from the normative

Australian population.

Procedures: Training was provided for the
nurses in the Department of Corrective Services

who were involved in the total study to carry

out our standard clinical procedures for

otoscopic examination and recording click­

evoked otoacoustic emissions. All subjects

complered a brief questionnaire which included

questions relating to hereditary hearing loss,

aural pathology, hearing aids, tinnitus,

occupational noise, listening to loud music and

head injury. Data were collected on 705 male

and 122 female ears. Of these, there were 251

male and 24 female Aboriginal ears. The

Analysis presented here was carried out on

prisoners aged berween 20 and 60 years which
resulted in 675 male ears (251 Aboriginal) and

114 female ears (24 Aboriginal). The NSW

Department of Health provided a breakdown of

the numbers ofAboriginal and non-Aboriginal

prisoners, together with other basic

demographic data. Comparisons were carried
out using the derived single number index

Coherent Emission Strength (CES dB SPL)

(LePage & Murray, 1993).

Findings: The first figure shows the result of a
Multiple Regression Analysis carried out on the

total data. For the age groups in question this
can be interpreted that Aboriginals are more at

risk of hearing impairment than non­

Aboriginals, prisoners more at risk than non-
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Our data shows

... that ear

functionality

as assessed by
otoacoustic

emissions in adult

Aboriginals is

poorer than that

ofthe rest ofthe

population.

prisoners and that males are more at risk than

females. The second and third figures show the

variations which occur between our

predetermined male and female normative

population for each of the four age decades

under discussion and male and female

Aboriginal and non-Aboriginal prisoners in

those same age groups. It is not possible to

determine from this study whether any hearing

loss in the Aboriginal prisoners is of a

sensorineural or conductive nature. Low

emission strength can be indicative of a

conductive hearing problem as well as a

sensorineural hearing problem and

tympanometry which would have elucidated

this was not carried our. However, with the

exception of the oldest age group where the

numbers in each case are not significant, it can

be seen there is a steady decline in ear damage

from the normative groups through the non­

Aboriginal prisoners to the Aboriginal prisoners.

From the questionnaires it also appears that

Aboriginals are more likely to suffer head

injuries and, although not of significant
difference, those with head injuries, in the

main, have lower emission levels than either

those Aboriginals or non-Aboriginals with no

head injuries. This may have an important

bearing on the lower emission levels in general

of Aboriginals in custody.

Significance: It has been well known for

some time that the hearing of Aboriginal

children is affected by chronic otitis media

leading to conductive hearing losses. It has been

assumed that there would be some legacy of this

childhood affliction into adulthood. Our data

shows that this is quite likely and that ear

functionality as assessed by otoacoustic

emissions in adult Aboriginals is poorer than

that of the rest of the population. It would

appear that hearing health care programs aimed

at helping Aboriginal children would need to be

continued into their adulthood.

Reference:
Murray, N.M. and LePage, E.L. 1993. Age
dependence of otoacoustic emissions and
apparent rates of ageing of the inner in an
Australian population. Aust. 1. Audiol.
15/2, 59-70.

Modelling transient
evoked otoacoustic
emissions in noise-induced
hearing loss
Investigators: Eric LePage and

Ake Olofsson*

*Unit of Technical Audiology, Department of Ear and

Skin, Karolinska Institute, Stockholm, Sweden.

Background: Evoked Otoacoustic Emissions

(EOAE) have opened up the field of audiology

to provide a significant increase in the amount
of diagnostic information. To limit its clinical

application to determinations of emissions
"present" or "absent", or test "pass" or "fail" for

any particular client is merely to utilise a tiny
fraction of the available information. The

technique instead has enormous potential in

evaluating firstly, the effects of noise exposure,

both in the workplace and that due to leisure

noise, and secondly, the state of function of the

binaural processing of sound and the role of

descending pathways. Many investigations have

sought to understand the relationship between

audiometric thresholds and emission spectra. At

AL we have shown that EOAEs complement

the audiogram, providing a measure of outer

hair cell motor performance which anticipates

changes in the audiogram (LePage and Murray,

1993). This means that EOAEs also have the

potential to offer new precision in the fitting of

hearing aids, particularly in cases of uncertainty.

There exist two main types of EOAE test,

transient evoked emissions (TEOAE) and
distortion product emissions (DPOAE).

Distortion products have the advantage that

they are generally carried out at audiometric

frequencies mostly only up to 8 kHz. The

transient approach delivers the information as a

spectrum across a range of frequencies. In

young individuals this range extends to above 4

kHz, but in adult males emissions are present

mostly only below 2 kHz. This presents a puzzle

for audiologists because such people may be

hearing frequencies which can still extend well

above 4 kHz. Evidently the transient method is

not so easily correlated with the audiogram.
This is no inherent disadvantage, however,

because the type and amount of information

which TEOAEs offer is much larger. Our

database contains around 13500 records and
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Transient otoacoustic

emissions and their

spectra for the right

ear of subject ALPO 1

over an 8 year period.

lIt would be very

useful in promoting

hearing loss

prevention to be

able to say, "lOu

may be 25years old,

butyour ears are

responding as ifthey

are 45years old'~
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heights of the main peaks are changing, while

other areas drop out completely and then

rerurn. The result illustrates the significant

problem of deciding how much are changes due

to measurement error or to the presence of

noise on the emission signal, and how much is

due to a real aging effect upon the ear.

Secondly, are the changes in the peaks of the

spectrum indicative of changes in the decline in

outer hair cells? If so, do the changes represent a

map of the degradation?

Whereas the early OAE literature reported how
click emission waveforms are like a "fingerprint"

for an ear, our data show that over time, as one

would expect with progressive loss of OHC

throughout life, the reproducibility over time

degrades. It is clear therefore that to make

better use of the OAE information we need to

understand what are the underlying changes

which bring about changes in the appearance of
the transient emission.

There are several approaches to this. One is

to collect data over a long period (see our

accompanying longitudinal study [Murray,

et a/J) and look for patterns which are common

to very many people e.g. those with similar

backgrounds or noise exposure profiles. The

subsequent recognition of patterns may,

however, provide little insight as to actual hair

cell pathology. Another is to obtain otoacoustic

emissions in live animal ears and correlate the

cochlear histology post-monem with previously

measured emissions such as in the second

many of these are from repeat measurements on

the same people, over a ten year period. From

observations of their emission spectra we have

concluded that, just as the frequency range of

normal sensitivities for the audiogram reduces

over years, the bandwidth of the emissions

steadily reduces, but earlier. This progressive

reduction in bandwidth is directly related to the

ski-slope feature in audiograms of aging ears

and it is clear that OAEs can tell us much about

the origin of the aging process in humans.

Australian Bureau of Statistics data shows that

our population is living to a greater age. Since

many of our youth are showing prematurely low

emissions, this suggests our ears can age

relatively much faster than the rest of the body.

Taken together, the differential between

chronological age and ear age would appear to

be increasing. Our research is therefore directed

at extending our declining lifetime of normal

hearing with all the attendant costs. Part of

effective hearing loss prevention must be tied to

education. The other major component has to

be the availability of early warning. Our

research suggests that OAEs have the potential

to provide early warning by utilizing the

concept of "ear age" thereby bypassing all the

complexities of communicating hearing

awareness for the average young person prone

to the damage due to noise exposure. It would

be very useful in promoting hearing loss
prevention to be able to say, "You may be

25 years old, but your ears are responding as if
they are 45 years old". However, as things stand

at present we have no simple error free way to

measure the lifetime of normal hearing but we

are making progress. We need to be able to

refine our measures of OAE response to take

into account normal aging (the process leading

to presbycusis), gender, and changes which take

place in the ear which are not immediately

transparent from observing audiograms.

The emission responses change with time which
are not a simple decline across all frequencies.

The first figure shows the right ear of a male

subject measured over an 8 year span. The series

of six records, shows not just a general decline

in the size of the emission. The size and shape

of the time waveform is systematically

changing, resulting in subtle changes in the

shape of the emission cross-power spectrum.

Examining the records shows that the relative
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Distance from stapes (mm)

Our research

monitoring

emissions in the

same people over

the past decade has

shone light on the

nature ofthe aging

process...

Rare insight into aging
in the human cochlea:

a postmortem
determination of hair
cell counts (inner hair
cells IHC and three
rows of OHC) in a
patient aged 72 years
who had had some
noise exposure during
his life (Re-drawn from
Hawkins et ai, 1976).

called from Matlab(tm). The result is a

computationally efficient, flexible modelling

environment which runs under Windows and

which offers advanced displays of model

properties.

For simplicity the first implementation models

the OHC interaction as a scalar variable (rohc)

which varies from 0 to 1 representing the

fraction of OHC functionality from a dead cell

to a fully active cell, so that lesions may be

modelled as changes in rohc from one segment

to the next, representing the long term effects of

cochlear aging or noise exposure which make it

applicable to the clinical research into prevention

through early warning. The model is described as

a wavefilter model made up of 350 segments,

representing a 35 mm long basilar membrane.

Each segment represents the combined activity of

0.1 mm or about 30 OHC. Sound "enters" the

cochlea model by simulating a pressure waveform

at segment 1. This progressively stimulates OHC

activity as waves pass down the whole length of

the cochlear and returning to the stapes, the

reverse waves interacting with the forward waves

at each point. The model is quite realistic in that

OHC activity boosts the BM at each segment.

While any stimulus type can be used, several

parameters of the model can be measured at each

segment (viz. displacement, velocity, pressure,

even neural excitation). Most importantly the

pressure wave applied to segment 1 is by

definition the sound stimulus passing through

the middle ear while the superimposed activity,

which results from the OHC response, is the

otoacoustic emission. If rwo tones are presented,

a family of distortion products are produced by

the model. Likewise by delivering a click sound

stimulus the result is a realistic looking transient

OAEs. (third figure). The beauty of the model is

that JUSt as a clinical otoacoustic emission is the

result of signal averaging, such signal averaging

can be applied to the model with the same

procedures used in the clinic and the results may

be analysed, complete with stimulus artifact

removed, and presented in exactly the same way.

Results: Not unexpectedly, the presence of

such lesions changes the frequency spectrum of

the emissions significantly. The prime object of

the current exercise is to observe what effect

changing the position and length of single point

lesions has upon the click emission spectrum.

In recent times we have been utilising the short­

term Fourier transform to produce time-

35302520

Procedures: There exist a variety of models

for cochlear mechanics upon which such

assumptions can be tested. The objective has

been to use a basic single delay line model,

which allows OHC activity to modify the

vibration of the basilar membrane primarily by

alterina its stiffness but with the possibility of
b

modifying mass and damping as well. For this

purpose it has been found advantageous to

adopt the discrete time domain model ( ilsson,

1977) which has been re-formulated using the

wave-filter approach (Fetrweiss, 1971), by

Olofsson (1982) and Strube (1985). This has

been reimplemented as a Mex (.dll) file which is

simple lesions and

vary their position

along the basilar

membrane juSt to

check that the frequency affected conforms to

the expected inverse linear map connecting

distance from the stapes to the log of frequency

and to observe the effect upon the emission of

size of lesion.

figure; this is beyond the scope of in-house

NAL research. A third way is to utilise

mathematical models of cochlear

micromechanics and, using a computer,

simulate rhe effecr of specific lesions of the

OHC popularion by modelling decline in

OHC motility and total loss of the cell bodies.

The model allows us to do that as a function of

their location by simply changing the size of the

variable and observe the effect upon the

emissions. The model does not necessarily allow

us to create a map of damage because there may

be an infinite number of configurations which

could result in a particular emission picture.

The model, does, however, allow us to simulate

how a particular type of damage (e.g. tonal or

impact noise) may affect the TEOAE. Hence

we can at least use the model to build up a

picture of classes of behaviour which occur with

damage. In pictures depicting ear damage in

animals exposed to loud noise, it is common to

observe scattered loss of OHC, but for larger

exposures significant patches of damage are seen

which may show complete loss ofOHC for

1 rom or more length

of the cochlear

epithelium containing

the hair cells. So the

first question posed of

the model is to

"create" small or
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Time-frequency representations showing the time course upward of
the frequency components of the emission. Two conditions of the
model are shown, one with a 20 segment lesion at segment 150 and
another instead at segment 200. The peak in the response is due to
the presence of the apical edge of the lesion. The lowest panel shows
the difference.

Simulated TEOAE for the standard non-linear stimulus paradigm for an
ear with noise-type damage in which a loud pure tone has damaged
the function of OHC over a short length (ca. 2 mm) of the cochlear
partition. Remarkably, even a tiny change in rohc 0.8 to 0.75 produces
a useful effect.

frequency plots of transient emissions. This

particular representation allows the appreciation

of both domains in the one figure. The output

of the model is shown in the fourth figure. The

three panels show the time-frequency

representations of two lesions - one longer than

the other by 50 segments, while the lowest

panel shows the difference. It has been found

that by changing the size of the lesions, there is

a peak in the frequency response which appears

to become accentuated and is actually tied in its

frequency to the apical end of the lesion not the
basal end (see fifth figure). The insight obtained

in this way suggests that peaks in the TEOAE

are due to sudden impedance changes in the

cochlear partition which occur at the far end

(distal to the stapes).

The computer model tesult seen in the fourth
figure has been seen frequently in human OAE

data without any definitive explanation. In the

light of the model it can be suggested that the

shifting peaks which are frequently seen and the

resulting "light-dark" pigeon pairs which result

in the difference plots, from one year to the

next, have their origins in an increase in the size

of damaged regions in their cochleas. It thus

appears that following the approach which pairs

real TEOAE data with model results may assist

us in defining how far the idea of this rype of

result can be interpreted as a measure of

physical damage which results from a particular

kind of noise exposure.

Conclusion: In this our first application of the

model artificial lesions of poorly functioning

OHC are simulated and it has been found that

for fixed length lesions, there is a peak in the

spectrum which follows the map built into the

model. In the case of variable length lesions the

spectrum of the emissions exhibits a peak whose

frequency varies systematically with the physical

location of the apical end of the lesion with a

small cumulative error. While such insight may
be subject to the assumptions of the model, it

was obtained with considerably less resources

and ethical considerations than required to run

a research program correlating hair cell

cyrocochleograms with OAEs.

Significance: Our research monitoring

emissions in the same people over the past

decade shone light on the nature of the aging

process and that has led to the need to confirm

our descriptive model using a computational

model. While such models are most rypically
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frequency place map (thin line) built into the model.

used to understand the normal cochlea, this is

an application to the damaged cochlea and has

provided insight as to how noise likely affects

the ear for the first set of assumptions made.

Such insight has never previously been available

from human data. An extension of the idea that

emission can help determine the rate of physical

degradation in the cochlea is that the approach

30 National Acoustic Laboratories

may be useful in defining the growth of

cochlear lesions due to noise or aging. Further

investigation of the model in conjunction with

our patient data may promote real effectiveness

in prevention strategies by definitive

descriptions of OHC degradation. Using the

model may thus lead to a strategy for defining
the effective age of any ear. In turn this may

lead to a better determination of the

effectiveness of hearing protection devices.
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NAL-OAE1: NAL Transient evoked
otoacoustic emission analysis
software

Investigators: Eric LePage, Dan Zhou, Narelle Murray,
John Seymour

Background: Over the last decade, NAL has developed
a large database of over 15,000 h'ansient evoked otoacoustic
emission (TEOAE) records using the Otodynamics Ltd. ILO
equipment. On the basis of these records a set of age/sex­
normative statistics has been delived in terms of the
parameters Waverepro% and the empirically derived
Coherent Emission Strength (CES dB SPL) (Murray &
LePage, 1993). By comparing any person's ear emission
levels with those matched for age and sex in the Australian
population it is possible to estimate a person's risk of
hearing loss due to outer hair cell damage. A previous
study (LePage & Murray, 1993) had also shown that values
of CES are normally distributed and also that a critically
low level of CES (N-2.5 dB SPL), not strongly dependent
upon age or sex, corresponds with the onset of a mild
hearing loss ( N 25 dB HL).

Results: The graph below shows the determination of
the probability of hearing loss (%) for each of the seven
CES bands. From the sample of the screen (next page),
it can be seen that the essential elements from the ILO
screen are retained (e.g. Response in terms of an FIT
display, Timewaveform, Waverepro%, A&B Mean
calculations). However, the main (or default screen) also
includes CES calculation, probability of hearing loss (%)
and a risk traffic light indicator, viz.: high (red), medium
(yellow) or low (green).
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The bell-shaped curves (upright and inverted triangles for left and right

ears respectively) represent, the distribution of the coherent emission

strength (CES dB SPL) for the Australian population expressed as the

number of cases within each of the 5dB groups (20 to 25, 15 to 20, ....,

<-10 dB) from records for which we have accompanying audiometry

(however, neonates have CES values extending upwards to +38 dB SPL).
For each group the number of cases with a 3FA (1,2 and 4kHz) hearing
loss exceeding 25 dB HL is presented as a probability of hearing loss,

again for left and right ears (open and filled circles respectively) together
with a weighted mean (stars and thick solid line). The chart shows that it

is possible to watch CES declining to a value near 0 dB SPL (critical value)

below which the chance of hearing loss rises sharply. Hence the CES
value for any record may be used as a measure of early warning, viz.

proximity to the critical value.

Objectives: On the basis of our available normative
Australian TEOAE data together with the associated pure
tone audiometric database, to produce a Microsoft®
Windowsn'-based software package to analyse this database
and provide: 1) outcomes which allow comparison of any
TEOAE record with these statistics, 2) an estimate of the
probability of hearing loss assessed on the current record
and, 3) an assessment of the risk of hearing loss expressed
in terms of the proximity of the value of CES to the critical
value.

Procedures: Using the 1 AL database of subjects tested with
both pure tone audiometry and TEOAEs (1396 ears)
probabilities of hearing loss in seven equally spaced non­
overlapping CES bands of 5 dB each were calculated.
Within any particular band of CES the calculation is made
for the probability of a hearing loss of 25 dB or greater
occurring with the mean thresholds of frequencies 500 Hz,
1, 2 and 4 kHz. A "traffic light" indicator was then based on
the broadband CES to give an indication of risk.

Significance: This approach to TEOAE analysis is the first
report of analysis showing the risk for hearing loss (an
early warning measure) and the probability of the
existence of an actual hearing loss. These dual measures of
all the important features of the ILO record, provide a clear
display of useful information for client education has been
incorporated into a Windows(tm)-based software package.
The reports from hundreds of subjects who have seen
their ear data displayed in this way suggests the possibility
of modification of attitude in those previously unaware of
the significant hazard associated with noise exposure.
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The figure 5hows the appearance of the main coloured display panel of

the NAL-OAEl analysis software, The program may open up an arbitrary

number of standard ILO TEOAE data files using standard Windows II(TM)

operations, Each file is indicated with a tab at the top of the display

panel which contains the file name, By selecting a particular file via its
tab, the data are displayed as time waveforms and their spectral
counterparts, The coherent part of the spectrum is displayed in blue and

the "noise" signal is displayed in red (or black and white), The left panel

shows the patient name entered at the time of recording, which ear, the

test date, the time the file was saved, the peak stimulus level (dB SPL),

the A&B mean value, the "WaveRepro" (Waveform Reproducibility %)

and the NAL derived value of CES (Coherent Emission Strength dB SPL),

The lower right panel displays the outcomes of the analysis, as the
probability of hearing loss compared with the Australian population, the

derived NAL risk indicator for people over 7 years of age (green, yellow
and red, see text) and the Rhode Island criteria indicator for neonates

and infants (green, yellow and red to indicate "pass';"partial pass" and

"refer"). The status bar at the bottom shows other key indicators of
record quality, the file source and display statistics. The program has

many added features such as the ability to compare files, the ability to

zoom parts of the time display and a direct comparison of the output
variables for the displayed record with Australian population statistics
for males and females, and for CES and Waveform ReprodUCibility. Any

particular record display may be printed and the statistics for all the files
on the NAL-OAEl desktop may be saved in a log file for importing into a

spreadsheet or database. Details of the availability of the software is

available in the order form at the back of this volume, and on the

Australian Hearing web page.
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Case 2: (1994) - 17 month old male with global brain damage. Outer hair cell
activity well below normal limits for Australian normative males for his age.
Hearing aids recommended.

Case 2: (1998) - same child now 4 years of age. Some low frequency outer hair
cell activity now present. Continued use of hearing aids recommended.

Case 2

History: This male child was first seen in 1994 at the age of
17 months. Subsequently he was tested in 1995 and 1998.
He presented with severe global brain damage, abnormal
control ofbody temperature, no corneal reflexes, unable to
cough; unable to cry, no gag reflex and unable to feed
orally. He had been diagnosed as unable to hear. He was
referred by the Spastic Centre for otoacoustic emission
testing.
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Test Results: TEOAE results indicated high levels of cochlear
outer hair cell activity within normal limits for her age. To
test the possibility of a retrococWear dysfunction,
contralateral stimulation of 90dB (HL) white noise was
applied to the left ear while testing the right ear with
TEOAEs. This procedure produced a marked change
(suppression) of the right ear response indicating normal
function of the medial efferent (crossed) system.

Recommendation: Fitting of hearing aid/s was
contraindicated.

Investigators: Narelle Murray, Eric Le Page (NAL). Greg Birtles
(Macquarie University, formerly of NAL),
Donna Smith, Annette Smith, Lindsay
Hamilton (Australian Hearing)

To fit or not to fit: Preliminary
Otoacoustic Emission assessment of
children with severe mental and
physical disabilities for consideration
of hearing aid fitting

Background: Apart from very small infants, there are many
children and adults in the community who, because of
disabilities, are unable to respond in a meaningful way to
behavioural tests of hearing acuity. These include those
suffering from cerebral palsy, epilepsy and autism as well
as developmentally delayed and multiply handicapped.
Clinical audiologists regularly spend many hours
behaviourally assessing the hearing requirements of these
people often without a definitive result.

Research Question: Is there value in obtaining click-evoked
otoacoustic emission records as a preliminary step in the
process of evaluating the amplification needs for the
physically and mentally handicapped?

Procedures: Over the past ten years Hearing Loss
Prevention Research have been approached by Australian
Hearing audiologists, the Deafness Center at the ew
Children's Hospital, Westmead, the Hearing Assessment
Centre, the Spastic Centre of SW and other organisations
caring for those with physical and mental disabilities to
assess the hearing of these people. We have now tested
approximately 100 patients with the objective
measurements of tyrnpanometry and transiently evoked
otoacoustic emissions (TEOAEs) in an endeavour to assess
outer hair cell functionality in the cochlea. All patients
were firstly given a visual otoscopic examination.

Case 1

Individual Case Results

History: Female aged 7 weeks whose parents were
concerned as a result of a comment by their GP and crude
"hearing" testing. She responded to noisemakers at levels of
55-75 dBA. Tyrnpanometry results suggested normal
middle ear mobility and pressure for both ears.

Case 1 • Unmasked Case 1 • Masked

Test Results: TEOAE testing in 1994 showed outer hair cell
activity well below our normallimitls for children of his
age. While emissions were absent, there was some activity
present and it was felt that sound stimulation should be
encouraged.

Recommendation: It was recommended that hearing aids be
fitted.

The subject was tested twice more, in 1995 and 1998. There
was little change in 1995, but activity was still detected. In
1998 the right ear now showed some low frequency activity
between 500 and 1500 Hz. However, since activity is absent
above 2 kHz hearing aid use was continued.

Case 1: 7 week old female with outer hair cell activity within normal
limits for her age; normal function of the medial efferent system.
Hearing aids contraindicated. Right ear unmasked and Right ear tested
with contralateral white noise of 90 dB.
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Case 3

History: 14 month old female twin with cerebral palsy.
There had been some parental concern re hearing. She
could not be conditioned sufficiently for full Visual
Response Orientation Audiometry (VROA) testing, but some
behavioural responses were obtained at 80 dB SPL.
Tympanometry showed normal middle ear pressure and
compliance in the left ear with reduced compliance in the
right.

Test Results: Results of TEOAE testing for both ears were
below the nornlallimits for her age. The right ear showed
lower emissions than the left, with sufficient outer hair cell
activity in the left ear for hearing within the upper speech
range.

20 National Acoustic Laboratories



HEARING ASSESSMENT
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Fig. 3 Frequency (kHz)

Recommendation: Since significant emission peaks existed
in the left ear, it was recommended that this child be
retested within 6 months prior to any decision regarding
fitting hearing aid/so

left ear was at 1 kHz and in the right ear at 2.5 kHz.
Contralateral stimulation was not carried om as the activity
was considered too low. On the other hand, there seemed
enough activity to suggest that the relatively high threshold
Wave V in the ABR may have been an underestimate of her
hearing acuity.

Recommendation: She may benefit from hearing aids set at
a gain low enough to maximise preservation of existing
outer hair cell activity and minimise discomfort. There
should be no gain below 1.5 kHz in the left ear.

History: 14 year old female with delayed development;
resident of a children's home. Tympanometry within
normal limits for both ears.
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Case 3: 14 month old female twin with cerebral palsy, Some outer hair
cell activity in both ears· more in left than right, Recommendation for
retesting within 6 months prior to hearing aid fitting.

Case 4: other 14 month old female twin with cerebral palsy, poor vision,
asthmatic and developmentally delayed. Sufficient outer cell activity in
both ears for high frequency hearing, Recommendation for retesting.

Case 4

History: 14 month old female twin of Case 3,
developmentally delayed, with cerebral palsy and poor
vision; asthmatic. There had been no parental concern
re hearing and when tested she had exhibited some
headturn responses to noisemakers.

Test Results: Results ofTEOAE testing for both ears are
below the average for her age. In this case, although the left
ear shows more outer hair cell damage than the right, there
appears to be sufficient outer hair cell activity in both ears
for hearing in the speech range.

Recommendation: It was recommended that this child also
be retested within 6 months when it is hoped that less noisy
recordings (possibly due to asthmatic wheezing) could be
obtained. Since partial passes were obtained for both ears
the recommendation was made to wait six months and
retest before considering fitting of hearing aids.
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Case 6: 14 year old female with delayed development. OAE results for her
right ear within normative limits for Australian females of her age.
Recommendation that hearing aids not be fitted.

Test Results: TEOAE results were well above average for her
age for the right ear, with the left being below normal limits.
That is, the ear performance suggested norn1al hearing
should exist in the right ear, with the high risk of a mild
hearing loss in the left ear.

Recommendation: Because of the unilateral nature of this
lack of cochlear function, and because of the nature of this
child's disability (constant movement of head as well as
delayed development) it was recommended that a hearing
aid not be fitted.

Test Results: TEOAE results for both ears were significantly
below the average for neonates. However, both ears did
show scattered activity up to 5 kHz. The main peak in the

Case 5: Left and Right ears of a 7 week old female who had had
Gentamycin and possibly Vancomycin administered shortly after birth.
Although results for both ears are significantly below normative limits
there is scattered activity up to 5 kHz. Hearing aids recommended.

Significance: The key advantage of evoked otoacoustic
emissions (EOAEs) in these clinical situations is a speedy
means of ruling out the need for hearing aids if a partial
pass is obtained. If emissions are low or absent in both ears
trial fitting of hearing aids is suggested. However, if one ear
is within normal limits or there are other difficulties, a
further evaluation is suggested after a delay. Ifhearing aids
are subsequently found to be ineffective the EOAE picture,
particularly with contralateral testing may explain why.

However, each case is considered on an individual basis. In
cases where there is unilateral, or even bilateral, low
cochlear function, the patient may be suitable for fitting of
a hearing aid. But the performance of daily tasks are
complex and problematical for many of these children
(particularly in a children's home) and the added burden of
managing a hearing aid by both the children and their
carers may be reason enough for not fitting hearing aids.

Gorga, 1.P., Stover, L., Bergman, B.M., Beauchaine, K.L., Kaminski, J.R.
(1995). The application of oroacoustic emissions in the assessment of
developmentally delayed patients. Scand. Audio!. 24, Supp!. 41.

Reference:
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Transforming hearing conservation
into hearing loss prevention: Testing
measures of early warning for cochlear
hearing loss

Investigators: Eric LePage, Narelle Murray, John Seymour
and Dan Zhou

Background: The hearing loss prevention group at NAL
has been working for the last decade or so on the
possibility that hearing loss in young people and adults can
be anticipated in time to provide the possibility of
postponing the onset of hearing loss, at least due to noise
exposure, based upon estimates of redundant outer hair
cell activity. Widespread research including our own
(Murray and LePage, 1993; LePage and Murray, 1993) has
shown that the onset of mild hearing loss is associated with
a low net level of outer hair cell activity and that by the
time emissions are considered "absent" the hearina level is
between 30-50 dB, but there is some uncertainty a~ to this
figure and to the frequencies or frequency ranges for
which this applies. Two independent variables are
supplied when click-evoked otoacoustic emissions data are
collected in standard "nonlinear" mode at 80 dB pk
stimulus level. These are the waveform reproducibility
("Waverepro%") and the emission sound level ("ABmeann

).

When the Waverepro is high, this is generally accompanied
by high emission sound levels, but the reverse is not
generally true, viz. the presence of external noise or
significant spontaneous emission activity can result in a
high emission level, composed primarily of noise. either
of these variables can therefore be used as a single figure
estimate of net residual outer hair cell activity and
accordingly we defined a variable Coherent Emission
Strength (CES dB SPL) which is a combination of the two
raw variables' with the key advantages of each. In
particular it is normally di tributed for the NAL database
population. The results of that research have been
incorporated into the AL software package known as
NAL-OAEI (LePage; Zhou; Murray, and Seymour, 2000).
It has previously been established that when the
Waverepro declines below about 30% and when the CES
declines below about -2 to 0 dB SPL, the excess or
redundant outer hair cell activity (LePage and Murray,
1993; LePage and Murray, 1996) is largely depleted
resulting in a rising in hearing threshold. As the levels
decline below these values there is a steep increase in the
probability of there existing at least a mild hearing loss.

14 National Acoustic Laboratories

Research Question: The hypothesis that otoacoustic
emissions provide early warning before hearing loss
becomes evident is based upon the notion that significant
changes in emission levels can be detected before
significant changes in hearing levels can be measured.
While we have clearly shown that normally hearing people
in groups with differing noise-exposure profiles can be
distinguished from each other purely on the basis of the
click-evoked otoacoustic emissions (LePage and Murray,
1998) this is not the same as demonstrating by how much
the emission decline preludes the onset of hearing loss, or
by what fraction the two ranges overlap.

Research Procedures: The issue is whether the test-retest
variability of one measure relative to its total ranae of
variation is less than that of the other for its totat'range.
Thst-retest variability of pure tone thresholds is taken as
± 8 dB for all audiometric frequencies with the exception
of 4 and 6 kHz where the variability is ±15 dB. For click
evoked otoacoustic emissions, test-retest variability is taken
as ± 28% for Waverepro and ± 5.5 dB for the CES (Murray;
LePage, and Tran, 1997). The fir t step has been to
determine what ranges are relevant to the comparison
being carried out. Secondly, since the earliest warning for
hearing loss is sometimes taken as the onset of a noise
notch at around 4 - 6 kHz (McBride and Williams 2001), it
is clearly necessary to compare the best otoacoustic
emission measures with the best audiometric measure
even if it in fact represents the onset of a hearing 10 s ~nd
therefore the tail end of the subclinical period.
Accordingly, from the NAL database we remove all
individuals with known pathologies of the ear, but not
individuals who are noise exposed (same criteria as used in
LePage and Murray, 1998). One complication of dealing
with Waverepro is that it is, itself, a measure of its own
variability; if the Waverepro is high (> 90%) then the test­
retest variability also tends to have high values.
Conversely, as the Waverepro for any ear is found to be
lower (ca 50%) then the repeat measure is likely to vary
still more. And so, in order to compare CEOAE Waverepro
for its early warning potential it is necessary to show the
distribution of values seen in the population. When this is
done (see again Figure 1) it is seen that whereas the sound
level measures of the emissions are nearly normally
distributed, the Waverepro (a correlation coefficient
between two rapidly repeated recordings) is highly non­
normal.

In order to carry out the comparison therefore it was
necessary to arrive at a measure of the reproducibility
which better represented its non-normal distribution. For
this purpose the Waverepro measure used to compare with
the audiometry was re-expressed in terms of the partitions
containing equal numbers ofrecordings. The Waverepro
values were ranked and equal numbers formed the graded
categories used. The resulting decile categories 1 to 10
were found to have the following upper boundaries
(+ 27.7, 50.7, 61.7, 70.7, 79.4, 85.2, 90.1, 93.9, 96.4, 99.9)%
respectively. For the CES values, since this distribution
was closely normal (see Figure 1) the categories 1 to 8 used
are simply 5 dB wide ranges with upper values
(-10, -5, 0, +5, 10, 15, 20, 25) dB SPL.
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Figure 2 Four measures of pure tone thresholds are chosen to plot
against the two useful OAE variables. Only left ears are shown. It is clear
that for the subpopulation for which we have both OAE and audiometric
results, there is not a huge number of individuals with raising hearing
thresholds. However, it may be seen that those who do have hearing
losses tend to group in the lowest category of Waverepro <27.7 % (see
text for category descriptions). The variable max(4,6) kHz threshold is
clearly the most sensitive to early hearing changes. In the case of
plotting the data versus CES it is seen that an early trend exists in both
types of data, but that statistical variability is higher in the audiometric
thresholds so that the CES registers a decline in redundancy before it
would be registered by audiometry.
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Figure 1 Statistical distributions for the three click-evoked otoacoustic
emission variables for the NAL population. While the Waverepro (upper
panels) has clear advantages for specifically indicating outer hair cell
activity, its distribution is highly skewed as indicated by the shape of the
normal distribution in the left panel and the deviation from normal in
the right panel. The emission sound level (A8mean ) is nearly normal but
has the disadvantage that it is strongly influenced by noise. The best
features are combined (CES dB SPLj yielding a variable which has
practical value for estimating net levels of outer hair cell activity while
possessing a normal distribution.

The audiometric values on 900 subjects were grouped in
various frequency ranges or combinations to see which
frequency best represents the onset of hearing loss.
Accordingly, five curves are plotted, the linear averages
(0.5,1,2) kHz, (0.5, 1,2,4) kHz, (1, 2, 4) kHz, (3, 4, 6, 8)
kHz and max(4, 6) kHz respectively, the last being the
maximum threshold observed at either 4 or 6 kHz. Figure
2 shows the results for these various measures of hearing
level at the various frequencies, versus the non-frequency
dependent measure of Waverepro and CES. The reasons
for not carrying out filtering upon the CEOAE results are
that a) we had previously shown early warning properties
for the unfiltered CEOAE measures being tested here and
hence we are really checking this against the audiometry,
b) the issue of what frequency bands to use for such an
exercise becomes highly complex when one considers that
frequencies emitted in anyone band can, and do, have
many locations of origin along the cochlear partition
(many schemes were tried and have led to new projects
including the cochlear modelling project reported
previously (LePage and Olofsson 1999). The upper panel
of Figure 2 is for the audiometry versus Waverepro
category left ears, the lower panel is for the audiometry
versus CES category. The central points are the mean
pure tone values while the bars represent 95% confidence
limits for all four charts.

Annual Report 2000/2001 15



Figure 3 Schematic summarising the effective overlap between the

objective and subjective data. As shown previously the highest 80% of

the emission range is useful for early warning while the lowest 20% of

the emission range is useful for estimating the risk for mild hearing loss.

Significance: Hearing conservation programs in the past
have been based, as the name implies, upon conserving
residual hearing. Such programs have been instigated by
virtue of the number of workers in noisy occupations
suffering a hearing loss. This study suggests that for such
people the warning came only at the very end of the long­
term damage process, at the end of the subclinical period.
By contrast these results show that a very clear distinction
can be made between a young person with normal hearing
and with a high emission strength and a young person with
normal hearing but a low emission strength. The higher
the value of emission strength or Waverepro, the more
confident we are that (aside from known exceptions) the
ear has considerable redundancy and this means (barring
accidents or disease processes) a person can look forward
to a long lifetime of normal hearing. By contrast, a person
with normal hearing who is identified through a screening
or other program to have emission values much lower than
is normal for their age may be at significantly greater risk
for imminent hearing loss - in the range of 1 to 10 years
rather than 40 to 60 years. Because of the property of
emissions to exhibit higher variability as they decline in
strength, there is less confidence in the low reSUlt,
indicating that any low result should be repeated
immediately, and probably again in a month's time. For
these reasons, we feel confident to pursue the notion that
otoacoustic emissions offers a new era of "hearing loss
prevention" rather than conservation, because the
subclinical condition may be recognised in plenty of time
for preventive measures to slow the damage process. Our
software package AL-OAEI was developed to graphically
display the risk for hearing loss, extending the clinical
usefulness of otoacoustic emissions considerably beyond
the early detection of hearing loss in newborns.

HEARING LOSS PREVENTION

Findings: The upper panels of Figure 2 show that the
various audiometric combinations all decline only by small
amounts for most of the Waverepro values. Indeed a
hearing threshold greater than 25 dB is only seen for two
points in both the upper panels. Both of those mean
values are for frequencies higher than 3 kHz. These tw·o
panels are consistent with the criteria chosen by Kemp of
50% representing the borderline between emission present
and emission absent; in this case the value of 50.7%
coincides with the onset of a mild hearing loss.

The finding of 50% reproducibility and the onset of a mild
hearing loss (generally taken as 25 dB HL) coincidentally
supports the notion that hearing 10 s starts to affect the
upper speech frequencies by the time any person's ear
reaches this value. The fact that the Waverepro has only
reached this stage as part of the aging or damage process
suggests that it is a very good measure of redundancy or
excess capacity of outer hair cell activity. The fact that any
coherent emission (Waverepro > 50%) is enough to allow
retention of normal hearing levels suggests that there must
be considerable flexibility in respect of coding at places
where residual activity remains. The upper panel also
suggests that the maximum threshold for 4 and 6 kHz is a
considerably more sensitive measure than any other
frequency combination. However, it still only begins to
register a hearing loss in the very lowest Waverepro
category, implying that Waverepro has considerable early
warning potential by itself, i.e. it carries much more useful
graded information than merely regarding an emission as
present.

The lower panel of Figure 2 is for the same set of
audiometric measures plotted versus our derived measure,
the CES. Note that whereas the enor bars are
approximately the same height in the upper panels (each
category having the same number of individuals), here
they vary in height with the number of individuals in each
category. Again clearly the best audiometric measure for
early warning is the maximum value of the thresholds at 4
and 6 kHz. Considering that test-retest variability for these
frequencies is up to 15 dB there will still be considerably
uncertainty as to the actual value to assign to any
particular test so that a notch at 4 or 6 kHz would need to
stand out from frequencies either side to constitute a clear
warning, but the CES value for this condition would be
already lower than the previous critical value of 0
(category 3). For this number of subjects, however, the
mean value greater than 25 dB HL coincides with the third
category of 0 dB again confirming that this value of CES
does indeed represent a critically low value of outer hair
cell activity. Considering test-retest for CES is 5 dB this
means that the CES declines well over half of its range by
the time it is registered by regular audiometry. The degree
of overlap between the emission and pure tone threshold
ranges is therefore approximately 20 to 25 percent for each
range (Figure 3).
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I CES (dB SPL) is the emission sound pressure (ABmean),
weighted by the Waverepro (rescaled to the inteval [0,1]) squared.

The scope of non-noise factors
influencing research aimed at the
effects of noise: one example - blood
cholesterol level.

Investigators: Eric LePage, Narelle Murray, Tony Butler'

I NSW Corrections Health Service

Background: The prevention of hearing loss shares many
aspects in common with·other areas of preventive
medicine and science - its success depends on individual
behaviour up to the point where the condition starts to cost
society in a significant way so that (l) we cannot fail to
ignore it and (2) we seek means of reducing its effect. The
disease may cost that individual significantly, and be seen
to be very costly to society, but until the time onset of any
disability is shown to be not just age-related but specifically
related to any particular cause or set of causes, it is
practically uneconomic to treat it otherwise than by
rehabilitation, even if the number of cases with the
condition approaches a third of the population.

Conditions which in the past have flagged hearing loss as
being tied to occupational noise have demanded attention
(see Figure 1) because clearly over a period of a working
life, those working with average daily doses of 85 dB(A) or
less suffer little hearing loss, whereas those working in 95
dB or 105 dB stand to suffer much more hearing loss. The
figure shows three sets of curves. The heavy lines
represent the mean loss over 25 years for 85, 95 and
105 dB(A) average daily doses. The thinner lines
descending downwards show the standard deviation (16th
percentile) and the 10th and 5th percentiles, respectively,
indicating the varying susceptibility of individuals in terms
of the hearing loss produced by the same exposure levels.
These measures of susceptibility are determined after the
hearing loss is already incurred. The most important fact
contained in this plot, and the basis of the 1501999 (1990)
standard is that the best strategy to avoid noise-induced
hearing loss is for the worker to avoid sound levels over 85
dB, because, according to the model, it doesn't matter how
susceptible one turns out to be, only incidental increase in
noise-induced permanent threshold shift (N1PTS) will
occur. On the other hand if avoidance of loud sound levels
is not possible, then the degree ofloss depends hugely on
whether one is more or less susceptible to noise exposure.
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Figure 1 Projected hearing losses from 150-1999 for occupational noise
exposure for 25 years. The three sets of curves represent the hearing
levels as a function of frequency for three increasing levels of noise
Lex,8hr of 85, 95 and 105 dB respectively. Each set consists of four curves,
the thick line is the mean hearing loss, the next below is the mean minus
one standard deviation, the 10th percentile and the 5th percentile
respectively, representing post-hoc measures of hearing susceptibility.

Traditionally, we have not known which people are most
susceptible to noise induced loss until after they have
received a healing loss. An object of any modern
prevention program therefore is to try to determine in
advance who is more susceptible to suffering any
particular condition to target the most efficient use of
funds. Our approach is to obtain early warning measures
of risk for noise-induced hearing loss, i.e. to work out who
is more or less susceptible to noise before hearing loss
occurs. This has been the topic of intense interest over
recent years. However, it hlrns out there are very many
causes ofhearing loss.

There are now well-charactelised genetic factors
particularly associated with the Connexin and Pendrin
genes. It does not make much sense to regard children
identified as having genetic deafness as merely "being at
lisk" for hearing loss. The research into genetics of
hearing loss is progressing to identify risk factors for
parents who may be carrying such genetic risk factors.
Figure 2 contains a schematic summary of the "not­
obviously-genetic" causes of hearing loss, anyone of which
may increase risk for permanent healing loss at some
stage during life and in combination may pose increased
risk. An area of intense interest is the combination of
toxins and noise which may produce more rapid onset of
healing loss because of mutually potentiating factors
(Henderson, 1999; Willott et aI, 2001). For example, a
worker in a noisy plant exposed to solvents or their volatile
fumes may be far more at risk for healing loss than the
noise without the solvent. Into the general category of
ototoxicity is also included prescription drugs which have
hearing loss as major side effects, e.g. certain antibiotics

Figure 2 This schematic represents the main non-genetic, non-syndromic
factors which may result in damage to the cochlea (infection, physical
injury, hypoxia, acoustic overload and ototoxic substances) and some of
the external factors which feed into these main factors. The result is an
accumulation of damage to the inner ear for many years which is the
result of temporary effects which are internally repaired and permanent
damage for factors which are beyond repair. When the damage is
extensive this results in the first signs of hearing impairment, initially
tinnitus (temporary or permanent) and the inability to select speech
particularly in noisy-background situations. Dynamic range is finally
affected as sensitivity declines but this is often the last symptom to be
exhibited. Sometimes the vestibular system is also affected. Note that
age is not considered an explicit factor, but rather a net effect of the
many other factors.

such as the aminoglycosides, and heavy-metal cancer
treating drugs such as cisplatinum. There are others
which appear to have lesser ototoxicity in that they do not
show rapid losses of hearing, but when taken over a
moderate term may still result in healing losses or may
accelerate the normal aging processes by a reduction of the
excess capacity of the outer hair cell system (LePage,
1998). Into this category come loop diuretics (such as
furosemide and ethacrynic acid), while aspilin and quinine
are regarded as only mildly toxic. Then there are the
biochemical constituents of the body itself which when
excessive may result in toxic reactions and secondary risk
factors. Another example is the mutually potentiating
factors of excessive noise and high blood cholesterol levels
(Preyer et aI, 2000).
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Research question: A significant part ofNAL prevention
research has been the employment of otoacoustic
emissions in addition to pure tone audiometry to serve as a
more immediate gauge oflevels of accumulated damage as
a function of age and noise exposure. As we show
elsewhere in this report, a ten-year study of a Sydney
orchestra has failed to produce evidence that the
population of orchestra players as a whole suffers any
hearing loss or even shows any significant trend towards
obtaining a hearing loss. Hearing losses are, however,
found for some orchestra members. The click evoked
otoacoustic emission data are characteristically highly
variable from one year to the next, much more variable
than shown in our test-retest study canied out over a ten
day period (Murray et aI, 1997), or is generally believed to
be the case for otoacoustic emissions based upon limited
studies. Our research for the past few years has been
endeavouring to discover the source of variation, describe
it, control it and/or be able to correct for it. 1b capitalise
on the early-warning potential of otoacoustic emissions
reported previously we need a better method of deciding
how much of the variation we see from one record to the
next is due to measurement noise and how much is due to
inherent biological variation. Of the latter, how much of
the variation reflects individual susceptibility (tougher ears
appear more stable), how much of it amounts to a
permanent decrease in emissions, how much is temporary
and how much is due to dynamic mapping variation?

Findings: Figure 3 shows the result of relating total blood
cholesterol levels to emission Waveform reproducibility(%)
in a one-way ANOVA. The upper panel in the figure shows
the distribution of cholesterol levels found in the inmate
population. Two vertical dashed lines are added to show
the mean cholesterol values of two groups taken to
represent normal and raised in the Preyer et al study.
The effect has been explained by Oghalai et al (1999) in
terms of the cholesterol level modifying the lipid levels in
the walls of the outer hair cells, modifYing their stiffness
and the level of emissions they produce. A person (in this
group) with total blood cholesterol of8 (mMol/L) has a
Waverepro of about 42 % which is about ten percentage
points below a person with a more acceptable value of 5.
The lower panel shows that this difference is significant
(p=0.0014). In terms of the distribution of Waverepro
(elsewhere this report) this also represents a significant
decrease in functional terms. In terms of our study
comparing industrial exposure with personal stereos
(LePage and Murray, 1998), this is an equivalent aging
effect of more than ten years of industrial exposure, so that
the risk for hearing loss can be expressed in terms of
a reduction of the normal aging period before the onset
of hearing loss.

58r----------------------,

O~~~N~M~~~~~~~~~oo~m~~~~~~~
~ ~ "0

Choleslerollevel (mMollL) g

Research Procedures: At JAL we have two basic
approaches to the problem. The first concerns changes
over time in a cohort of individuals using click-evoked
otoacoustic emissions looking for features which are
common across the set for any person (each ear's
"fingerprint") and looking at the types of variation which
are seen on top of the common feature. Secondly, we are
looking at the rapid variations that are seen in the process
of collecting otoacoustic emission data.

The causes of permanent hearing loss shown in the figure
are obviously also sources of variability in the data. Over a
ten-year period our questionnaires revealed numerous
individuals on drug therapies, which may have a
temporary effect. Some individuals could have varying
levels ofblood cholesterol which may masquerade as an
aging effect or be influenced by statin therapy to reduce
blood cholesterol levels. 1b gauge whether for example,
cholesterol level could be affecting variability in any
longitudinal data, we participated in one study collecting
otoacoustic emissions in which blood cholesterol level was
collected.
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Figure 3 One of the non-noise factors affecting research into the effects

of noise trauma upon hearing using otoacoustic emissions. Otoacoustic

emission strength is seen to be dependent upon blood cholesterol level

in a population of 682 inmates in N5W prisons. Error bars indicate the

95% confidence interval. The prevention message comes in many forms

- one may be able to reduce risk for early hearing loss by usual measures

of controlling blood cholesterol.

This was the study run by the SW Department of Health,
on the general health of inmates in 26 NSW prisons. Some
850 inmates had a large number of health variables
assessed either by questionnaire or other physical
assessment including sensory testing and blood sampling.
The total set of health variables was extensive. NAL staff
were invited to participate in the study carried out in 1996
to obtain hearing data. Due to the size and nature and
location of the population sample, pure tone audiometry
was impractical, and click-evoked otoacoustic emissions
were chosen to assess the ear performance.
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The figure therefore demonstrates that whether or not
cholesterol level directly affects hearing, or susceptibility
to hearing loss, it definitely affects the variable which is
being used to gauge outer hair cell performance in such a
way as to render difficult making conclusions from any
longitudinal study that is trying to relate susceptibility to
emissions.

Significance: Cholesterol level was not anticipated as a
factor when the longitudinal study was established, but this
outcome is used to underline the fact that many factors
may have adverse affects on research into prevention of
noise-induced hearing loss. It has been almost axiomatic
in hearing conservation programs that the objective is to
lower noise levels in line with equal energy considerations,
so this result is an example of why such a strategy may in
reality be effective, but not be seen to be so because other
factors are not being controlled in the experimental design.
The level of interest in biological factors affecting cochlear
emissions is exemplified by the likely relevance ofblood
cholesterol to susceptibility to hearing loss. If
susceptibility is tied to the way the ear ages (LePage, in
preparation), and in tum this is tied to changes in mapping
of sounds, which is in tum tied to outer hair cell stiffness,
then it seems likely that, quite apart from affecting the
otoacoustic emission measures of determining
susceptibility, variation in cholesterol level could be an
important factor underlying how the ear responds to noise
exposure.
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Nine years' progress report of study of
inner ear damage in an Orchestra.

Investigators: Narelle Murray and Eric LePage

Background: In 1992 WorkCover (NSW) invited NAL
to be part of the Australian Opera and Ballet Orchestra
Occupational Health and Safety Program as it related to the
hearing of the orchestra. In particular it was felt important
to measure any ear damage occurring in the orchestra with
click-evoked otoacoustic emission testing as well as pure
tone audiometry. This initial examination developed into
the longest known ongoing longitudinal study of an
orchestra employing click-evoked otoacoustic emissions.

Research Question: Can useful, definable parameters
be derived from testing with either or both click-evoked
otoacoustic emissions and pure tone audiometry to
establish the basis of an early warning system for
prevention of hearing loss, particularly for those
working in noise?

Research Procedures: Thus far 140 members of the
Australian Opera and Ballet Orchestra (78 males, 62
females) have been tested. Twenty four musicians have
been in the study since 1992 and although not tested every
year have been tested both in 1992 and 2001. Eleven of
these have been in the program every year since its
inception; a further 8 entered the program in 1992 and
were last tested in 2000. Seven began in the program in
1993, 3 of whom were tested in 2001 and 4 in 2000. A total
of 39 musicians have, therefore, effectively been involved
in the whole study to this point. All Sections of the
Orchestra and every instrument are represented with 11
members of the Brass section, 2 Percussion, 16 String
players and 10 Wind instrumentalists participating. Each
year musicians voluntarily have their ear damage assessed
by the objective method of click-evoked otoacoustic
emissions (OAEs). Pure tone audiometric thresholds (PTA)
are also obtained. Every musician also completes a
questionnaire on their aural health, length of time they
have been a musician, length of time they have been in an
orchestra and their average hours of music exposure per
week including performance, rehearsal and private
practice. Other factors associated with hearing loss, such as
tinnitus, antibiotic and antiflammatory use, smoking and
recreational noise exposure are also assessed.
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Findings:

For the group of 39 musicians' pure tone audiometric results for the maximum
values of either of the frequencies 4 and 6 kHz (deemed to be the established
frequencies for noise induced hearing loss) there are no significant group
differences from year to year between 1992 and 1999 for either left or right ears
(Fig. 1A). The same applies for the calculated otoacoustic emission parameter of
Coherent Emission Strength (CES) (Fig. 1B).
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Fig.l. A. Mean, standard deviation and standard error of hearing
threshold levels, taken as the maximum obtained at either 4 or 6 kHz in
the left ears (open rectangles) and right ears (closed rectangles) for each
of the years tested from 1992 to 2001. Only the results for those 39
musicians who entered the program in 1992 or 1993 and were still being
tested in 2000 or 2001 are shown.

B. Mean, standard deviation and standard error of CES values for the
same ears as in Fig. 1A. Left ears are open rectangles and right ears
closed rectangles for each of the years tested from 1992 to 2001.

Individual results indicate a wide variation as evidenced by the large standard
deviations in Figs. 1A and 1B. Group results for both parameters for the years 2000
and 2001 have shown an "improvement" particularly for CES values. Fig. 2 also
demonstrates the "improvement" with the individual CES results for 2001 being
above those for 1992, while the majority of PTA results for both years are within
normal hearing limits (=/ < 25 dB HL).

Right ear CES vs
Hearing Threshold (Max. 4,6 kHz)
39 Subjects tested 1992 and 2001
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39 SUbjects tested 1992 and 2001
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Fig.2. Individual results in rank order of CES values (left ear shown in the left panel, right ear in the
right panel) plotted against the hearing threshold values, again taken as the maximum values
obtained at either 4 or 6 kHz. It can be seen that for both left and right ears the CES values for 2001
(open squares) appear above the 1992 values (closed squares) indicating an overall "improvement"
in OAE results. It can also be seen that the majority of hearing thresholds have remained <25 dB HL
(1992 values, closed diamonds; 2001 values open triangles).
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Figs. 3 and 4 show some of the variations exhibited by individuals when their results
from 1992 are compared with their latest results in 2001.

A Coherent Emission Strength B Coherent Emission Strength
HUE01 - Left ear: 1992·2001 WER01 • Right ear: 1992-2001
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C Coherent Emission Strength D Coherent Emission Strength
SCA03 • Left ear: 1992·2001 SCA03 - Right ear: 1992·2001
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E Coherent Emission Strength F Coherent Emission Strength
STS02 • Right ear: 1992·2001 BLJ02 - Left ear: 1992-2001
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Fig.3. Six panels demonstrate individual variations when results are compared between 1992 and 2001. In all panels, PTA is depicted by open circles read
on the right hand axis. CES (closed squares) has been analysed as being the total value over all frequencies, LoPass (open diamonds) as being the CES
value below 2 kHz and HiPass (closed triangles) as the value above 2 kHz. Panel A, HUE01's left ear, shows a marked decline in PTA (from 0 to 40 dB HL)
and a lesser decline in OAE results. Panel B, WER01 's right ear demonstrates PTA remaining at the same level, while the OAE results show a significant
improvement. Panel C, SCA03, left ear shows a significant improvement in PTA, while the HiPass CES declines and the LoPass CES "improves': Panels D
(SCA03, right ear), E(STS02, right ear) and F (BU02, left ear) all exhibit declining PTA and HiPass CES with LoPass CES "improvement':
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Fig.4. TIme-frequency plots depicting outer hair cell activity. The x-axis of each panel shows the frequencies from 0 to 6 kHz and the y-axis the latency
of the response from 2 to 16 ms. The darker the area of the response the more intense the activity in that area. The top half of each panel represents
the result from 1992, the lower half the result from 2001.The six panels in this figure show the same subjects as in Fig. 3 and should be read in
conjunction with that figure by comparing them by codes (e.g. HUE01, WER01, etc.). HUE01 shows a general decline in activity over all frequencies from
1992 to 2001 - in line with PTA results also. WER01 shows a general intensifying of activity in areas from 1 to 4 kHz and at points of lower latency.
SCA03, left and right ears, both show somewhat less intensity of activity in high frequency areas with a corresponding increase in activity at lower
frequencies. Similar patterns of activity also occur for STS02 and BU02. It is surmised that these last four panels are indicative of some cochlear
remapping whereby high frequency activity declines at the same time as lower frequency activity increases.

Significance: In previous studies (LePage & Murray, 1993,
LePage & Murray, 1994) it has been demonstrated that
there is a critical value of CES (N 0 dB) at which point a
mild hearing loss may be incurred. As in the previous
studies, there are a number of individuals whose PTA
results are within normal hearing ( = / < 25 dB HL) limits

while their CES values are < 0 dB (SPL) (Fig. 2). This may
be because OAEs are more immediately sensitive to both
temporary and/or permanent cochlear change. If this is so
then OAEs and in particular the CES parameter may be
appropriate for use in hearing conservation programs as an
early indicator of hearing loss. There are some ears for
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which PTA results indicate a hearing loss while CES values
are >0 dB (SPL). The explanation may lie in another
project in which we are investigating the possibility that
these ears exhibit a cochlear mapping change whereby
decreased high frequency activity is exhibited as increased
low frequency activity. This would present more clearly
and rapidly in OAE testing than in PTA (see Figs.3 and 4).
OAEs may very well prove to be a very helpful adjunct to
all hearing conservation programs.

The Australian/ Jew Zealand Standard AS/NZ1269.4 show
projected pure tone hearing losses, on a population basis,
for noise exposures between 70 and 100 dB(A) (LAeq,8h)
for frequencies 0.5 to 6 kHz. These are based on equations
set out in ISO 1999. The recommended daily limit for
occupational noise exposure is set at 85 dB(A). In 1995, in
an endeavour to lower the noise exposure to members of
the orchestra, a perspex "cage" for the trumpet, trombone
and tuba members of the Brass section was erected to
restrict their effect on other members of the orchestra.
Since 1998 orchestra management have also had a hearing
conservation program in place which limits the noise
exposure of all players to 85 dB(A)(LAeq8h). This would
mean, according to the Standard, that 95% of players would
only incur a 1 dB permanent threshold shift over 10 years.
At most, 5% of the group would incur a 5 dB loss. At worst,
had the orchestra been exposed to 95 dB(A)(LAeq8h) prior
to 1995 the greatest permanent threshold shift would have
been 20 dB for 5% of the musicians. As well, on the basis
of a study on the repeatability of otoacoustic emissions
(Murray et aI, 1997), a significant change in Coherent
Emission Strength (CES) values would need to be 5.5 dB or
greater. On a group basis, this has not happened; neither of
the aforementioned has occurred (see Figs. 1 and 2). This
may indicate a) the orchestra, as a whole, have very tough
ears, b) every player conscientiously cares for their
hearing, or, c) the two implementations put into effect by
Orchestra management have had a positive effect on the
hearing of members of the orchestra. The last seems the
most likely.

References:

Standards Australia and Standards 1 ew Zealandl998. Australianil ew
Zealand Standard. Occupational noise management. Part 4: Auditory
Assessment.

LePage E. L., and Murray, N.M., 1993. Click-evoked otoacoustic emissions:
comparing emission strength with pure tone audiometric thresholds.
Aust. J. Audio!. 15: 1, 9-22.

LePage, LL., and Murray, 1 .M. 1994. Comparison ofotoacoustic emission
measures of cochlear damage in the Australian population with hearing
loss in the Australian and British populations. Proceedings of the Better
Hearing Australia Conference, Adelaide, Aug 7-11,1994.

Murray, N.M., LePage, E.L., and Tran, K. 1997. Repeatability of click­
evoked otoacoustic emissions. Aust. J. Audio!. 19(2), 109-118.
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Effective training methods for workplace
noise reduction

Investigators: Suzanne Purdy and Warwick Williams

Background: This project is a direct result of the 'Local
Government Occupational Noise Management Strategy' project
carried out by AL under a grant from the WorkCover ew
South Wales Injury Prevention, Education and Research Grants
Scheme (see _ AL Annual report 1999/2000, p 5). That
project indicated a need to more fully examine the methods
used to train individuals in OHS issues.

Individuals are more involved with OHS in the workplace if
they feel that they had some effect on the outcomes that
affected them. It is hypothesised that this process of
developing self-efficacy can be developed through a
workshop learning process as opposed to the standard
"chalk-and-talk" approach to OHS instruction.

Research has been carried out for many years with the
object of improving OHS performance in the work place.
Early work such as that by Zohar, Cohen and Azar (1980)
showed questionable improvements in performance by
providing feedback on the use of hearing protectors. More
recently research has questioned the "hearing conservation
paradigm" itself (Hetu, 1994) while contemporary
approaches examine the effects of work place culture
(Feyer and Williamson, 1998).

The self-efficacy approach to risk taking behaviour has
been discussed extensively by Schwarzer and Reinhart
(1995) and the possibility of developing this approach
through the use of OHS workshops was demonstrated
during the "Local Government Occupational oise
Management Strategy" project.

A significant influence on work-place safety culture is the
'safety climate' that can be measured through the use of a
questionnaire such as that as developed by Williamson,
Feyer, Cairn and Biancotti (1997). As safety culture has a
direct relation to work place OHS, some of the parameters
to be measured in the current project will relate to work­
place safety climate.

Research questions: The three research questions that are
addressed in this project are-

1) That training in hearing loss prevention that uses a
workshop format, involves workers in generating their
own solutions for hazard reduction, and discusses noise
in the context of other workplace hazards will be
effective in redUCing workers' noise exposure levels;

2) That the effectiveness of hearing loss prevention
training is affected by personal factors such as worker's
perceived self-efficacy, noise annoyance, barriers,
benefits and susceptibility to hearing loss; and

3) That the effectiveness of hearing loss prevention
training is affected by the safety culture in the
workplace.
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RESEARCH DIRECTOR'S OVERVIEW

Secretary 0 the Departmen of Health and Ageing, Jane Halton, having her
o·oaco stlC emissions ested and compared to the normative data generated
rom he L-O El analysis software, with Dr Narelle Murray (left) operating
he software and Dr Eric LePage (standing) explaining the results

Dr Harvey Dillon explains to Minister Andrews the process of measuring cortical
potentials (electrical brain activity) in infants and children to evaluate and fine­
tune hearing aids.

4 National Acoustic Laboratories

Minister Andrews (right) is looking at how
Dr Teresa Ching (left) fine-tunes the hearing aid of
a child who also uses a cochlear implant in the
opposite ear

Visitors

As alway . '.\1. was \isited by many local and
oyerseas researche and other professionals
working in the area of hearing assessment,
hearina 10 preyention, and hearing
rehabilitation loss (listed on page 51). This year
we were also honoured by the Yisits of Ms Jane
Halton, Secretary of the Department of Health
and Ageing, and The Hon Kevin Andre\\'s, MP
Minister for Ageing, on 15 March and 18 April
2002 respectively. They toured the test facilities
and witnessed some of the research activities
carried out at NAL.

New direction

One new direction for NAL this year was the
commencement of a project proposed,
commissioned, and funded by a hearing aid
company. The results of any such research
projects (there are now several more under
discussion with other companies) are provided as
a confidential report to the company
commissioning the research. Projects of this type
have many advantages. From NAL's perspecti\'e,
the increased funding enables additional research
to be done, and the knowledge generated allows
us to more appropriately formulate successive
projects (subject always to protecting
information confidential to particular
companies.) Some results will, by mutual
agreement, also be published and be widely
available. From the sponsoring company's
perspective, NAL provides an efficient means to
obtain independent research results as it has an
established infrastructure of equipment, facilities,
technical and audiological research expertise, and
test subjects.

Harvey Dillon



NAL-OAE analysis software - philosophy and a potted history

Eric LePage

O toacoustic emissions became generally
accepted at a scientific conference in
London in 1980. At that stage two

primary methods of generating otoacoustic
emissions were being explored - distortion
products (DPOAE) and transient- or click­
evoked otoacoustic emissions (CEOAE).
The advantages of either approach were
recognized to have use in early detection of
hearing loss. In the eighties research showed
how they could be classified as "present"or
"absent". This is particularly the case in neonatal
emissions which are considered normally large.
It was easy to develop an application for
otoacoustic emissions for early detection of
hearing loss in neonates and infants. These
determinations had h.igh values of sensitivity and
specificitv (->90%) indicating that emissions
could be used reliably to decide which children
should be referred for early intervention. By the
early nineties, these considerations led to the
development of the Rhode Island criteria (pass/
partial-pass/refer), based on the strength of
otoacoustic emissions at low frequencies.

The NAL experimental program on CEOAEs
began when I arrived at NAL in 1989. My
background was in cocWear mechanical
measurements, particularly using transient
methods, and I wished to apply this knowledge
to better understand the changes in cocWear
mechanics that underlie hearing loss, and to
better prevent hearing loss. It was fully
appreciated that although DPOAEs had the edge
\\'hen it carne to clinical acceptance, by \'irrue of
plotting frequency responses as "DP-grams",
the click method had other advantages for
understanding cocWear function, particularly in
respect of timing information. The sounds
("echoes") emitted from the cochlea have all but
died away in 20 ms - the blink of an eye. This
property means they have huge advantages in
revealing fine changes in cocWear timing which
occur due to aging or noise effects. Together
with audiologist Narelle Murray, CEOAE and
pure tone threshold data were accumulated and
compared. Over the next decade it became
apparent that CEOAEs had advantages for
providing early-warning of gradual-onset hearing
loss, which had not been shown for DPOAEs.

Australian population statistics for CEOAE
emission strength and audiometry were
generated, particularly paying attention to the
frequency range ofl-4 kHz in both variables.
It was clear that emission strengths declined by
about 80% of their range before there was a
significant risk for hearing loss. This is not to

assert, that the demonstration of audiometric
notches are not also an early-warning sign, of
sorts - because hearing disability does not
necessarily accompany such notches when they
first appear. Audiometric notches, however,
indicate existing impairment, rather than
predicted future impairment. Further, it was
soon realised that the CEOAE test was faster
than an audiometric test, and provided
information that could not be obtained from a
threshold test alone. CEOAEs may not provide
inherently more information than DPOAEs, but
for most applications so far, the latter has been
constrained to producing audiometric-type
information only for ready assimilation and
comparison with audiograms.

In early 1999 Dan Zhou joined the NAL team
to begin to develop software to make the

AL research results, particularly the population
statistics, generally available and to develop the
potential of the approach for early warning for
hearing conservation application. Following the
success ofNAL-NL1 software for nonlinear
hearing aid fitting, the NAL-OAE concept was
developed, initially for streamlining analysis of
transient otoacoustic emission records produc~d

by the Otodvnamics ILO-88/92 series data
collection equipment. The important new
feature ofNAL-OAE was the ability to compare
individual records with Australian population
statistics we had built up over the decade for the
variables (Waveform reproducibility and
Coherent Emission Strength) we had used. Most
important was the ability to compare any
individual record with the emission strength
versus age characteristics (see front cover), full
knowing there is a 5 dB uncertainty associated
\Vith any particular result.

It is fair to say that the adoption of otoacoustic
emissions by clinicians has been a slow process,
possibly because the information was unfamiliar
at first, to clinicians. To facilitate the fast
acceptable of the AL-OAE software, its
capability was expanded to provide the most
commonly accepted criteria for early detection
- the Rhode Island criteria. In addition, just as
hearing thresholds are usually categorised as
"normal" or "raised", so too has it been
common to regard CEOAE emissions as
"absent" or "present". The essential progress
that is incorporated within NAL-OAE has been
to escape from tl1is binary classification and
recognise tl1at CEOAE emissions vary over a
continuum, and that "normal" emission strength
varies smoothly with age. The NAL-OAE
software thus indicates normal limits for CEOAE

((The important
new feature of
NAL-OAEwas
the ability to
compare
individual
records with
Australian
population

.. ))statzsttcs...
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a NOAH module, and issues associated with
HIMSA certification of the NAL-OAE module.

In parallel with the technical developments,
leo-al and commercial issues associated witl1

'"GN Otometrics marketing NAL-OAE Version 2
were considered and the resulting agreement was
signed by GN Otometrics president Michael
Brock on August 23rd , 2002 and Australian
Hearing Acting Managing Director Neville
Tomkins a week later.

Tllis achievement has brought marketing
activities, headed by Mr. Paul Morrison of G
Otometrics into full swing, drawing upon the
expertise of all members of the combined team,
including the graphics skills oOohn Seymour.
October 10'\ 2002 saw the official launch of
NAL-OAE into the European market with
other markets being planned. The desirability of
catering for languages other than English has
been the most recent activity at 1 AL, with
Dan Zhou adapting his software for most
European languages and GN Otometrics
supplying the translations.

A bright future is anticipated for NAL-OAE, as
new research results are incorporated. In general,
NAL-OAE extends the previous scope ofNAL
research into noise-induced hearing loss and
hearing conservation, by defining the new area
of prevention of hearing loss based on the notion
that, detected early enough, many of the widely­
recognised toxic influences on the cochlear outer
hair cells which generate the otoacoustic
emissions may be more knowledgeably
quantified and countered. The next few years
should see NAL-OAE extended to include some
promising developments in the area of brain­
stem processing. It is hoped eventually to be able
to distinguish between differences in CEOAEs
due to environmental factors (noise, toxins) and
those due to neuronal and genetic factors.

at any age. By making
this complexity of data
available within an
easy-to-use package,
we hoped to accelerate
the take-up of acoustic
emission testing.

\
i

((A bright future
is anticipated
for NAL-OAE)
as new research
results are
incorporated. ))

Flyer for promoting
the NAL-OAE analysis
software overseas.
Courtesy of GN
Otometrics.

As a result of a visit to
NAL byGN­
Otometrics (then
Madsen Electronics) in
1999, and
subsequently one by
Eric LePage to
Denmark, preliminary
discussions took place
establishing a joint­
venture with the view
to developing and
marketing the concept
of early-warning of

'1 adventitous hearing
~ MADSEN ' loss, using the MadsenL==- ~ platform - firstly using

the Celesta OAE equipment, and subsequently
the Capella equipment. A strong incentive to
move in this direction was the audiometric
database system (NOAH) integrated into the
GN Otometrics system which the ILO
equipment lacked.

The next two years resulted in more visits
between Denmark and Australia, of Peter
Johannessen and Dan Zhou with the view to
resolving differences between the two primary
commercial equipment models so that the
Australian population statistics could also be
applied to data obtained with the Capella. These
visits also had the objective of preparing for the
introduction of the new NOAH3 database
system and to develop and provide TAL-OAE as

-
Signing of the licence agreement for marketing and
distribution of the NAL OAE software for analysing
otoacoustic emissions developed by Dr LePage and
his team. Left: Mr Neville Tomkins, Managing
Director, Australian Hearing. Above: Mr Michael
Brock, President, GN Otometrics.
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Effects of static ear pressure on click-evoked otoacoustic emissions
(The research is the experimental work required for completion of a Masters project of a student from Lund University)

Investigators: Johannes Lantz and Eric LePage

(( much effort
has been
put into
determining
whether
otoacoustic

..
emzsswns
should be
measured on
people with
deviant
middle
ear pressure))

Background: Ever since the otoacoustic
emission measurement technique was developed,
attempts have been made to describe how
different mjddle ear configurations affect the
otoacoustic emission measurements. Clinically,
middle ear pressures different from zero are
often encountered, and it is now well known that
even relatively small tympanic pressure gradients
alter the results from otoacoustic measurements
in different ways. Since the signal pass through
the middle ear system twice when measuring
evoked otoacoustic enussions, once for the
stimulus to reach the cocWea, and once for the
response to return to the meatus, the
accumulated mjddle ear effects may be
substantial. Therefore, much effort has been put
into determining whether otoacoustic emissions
should be measured on people with deviant
middle ear pressure, and what criteria to use for
not doing so. Experiments have also been
conducted to find ways of getting around the
problem. Such "compliance marimisation"
approaches are based on the theory that applying
an ear canal pressure corresponding to the
middle ear pressure achieves cancellation of
middle ear stiffness offset.

Research Questions:

1. How much are click-evoked otoacoustic
emissions (CEOAE) influenced by

- variations of pressures within the nuddle
ear?

- variations of pressures within the external
ear?

- attempts to return compliance of the
tympanic membrane to maximum to
counteract its reduction by middle ear
pressure?

2. Which CEOAE parameters are most
influenced by these perturbations

- waveform reproducibility, emission
strength and enussion latency?

- wmch frequencies are most affected?

3. How completely is the perturbation
produced by raised or lowered middle ear
pressure removed by applying an equal
(balancing) pressure in the external canal?

4. How much are the perturbations influenced
by the middle ear and how much by cocWear
processes?

Methods: Three non-invasive approaches have
typically been used in otoacoustic enussion
research to manipulate the tympanic pressure
gradients, pressure chamber, manual middle ear

pressure equalisation techniques - the middle ear
pressure is manipulated by having the subject
perform the standard Valsalva-, Frenzel- or
Toynbee manoeuvres; and local application of
external ear canal pressure - pressure gradients
are achieved by locally inducing air pressure in
the external ear canal. This is done by connecting
the pressure vent of the probe to an air-pump
and manometer. A huge benefit with this
method is the high flexibility in pre-determining
pressure levels. In terms of displacements and
stiffness alterations of the tympanic membrane,
positive middle ear pressure is considered
satisfactorily simulated by applying negative ear
canal pressure and vice versa. Maintaining a
stable tympanic pressure gradient without
leakage through the Eustacman tube is crucial
since the collection of otoacoustic emissions does
not allow for simultaneous middle ear pressure
morntoring. Due to the anatomical
characteristics of the Eustacluan tube, relative
middle ear over-pressure is particularly difficult
to maintain and so carefully instructing the
subject to avoid head movements and swallowing
is advantageous.

For the experiments, thirteen healthy normal
hearing volunteers, 22 to 38 years of age
attended for testing. The included data was
collected from a total of sLxteen ears after a few
exclusions of su bjects. All ears included in the
study had an overall otoacoustic emission
waveform reproducibility exceeding 70 %. No
subject included in this study had any known
mstory of ear pathology. Five subjects were
excluded due to (1) overall emission
reproducibility being below 70 %, (2) inability to
maintain the Eustacman tube closed or (3)
mghly compliant tympanic membranes.

The G Otometrics™ Capella™ urnt was used
with the Hortmann™ OAE-probe to collect the
emission data using the standard "nonlinear"
recording mode at 80 dB pk clicks. The Grason­
Stadler™ TympStarHI Version 2 was used for
tympanometry, as well as for pressurising the
external ear canal. For the latter purpose, the
tympanometer pressure tube was connected to
the pressure vent of the Hortmann probe.
The pressure was then applied using the manual
mode of the tympanometer. Latency analysis was
carried out in the PC-based otoacoustic emission
analysis software NAL-OAEH1 specially tailored
by D. Zhou for this project. Tympanometry and
occasionally equalisation of the middle ear
pressure was carried out. A tympanometric peak
pressure of±10 daPa was taken to be ambient.
Two consecutive click-evoked otoacoustic
enussion measurements were made in ambient

12 National Acoustic Laboratories
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pressure to serve as reference measurements.
Then a sequence of click-evoked otoacoustic
emission measurements was carried out with
different positive and negative static ear canal
pressures. The static ear canal pressure was varied
positively or negatively in 30 daPa steps ranging
from 0 daPa to a maximum of 180 daPa.
Half the subjects were tested with negative
pressure first and then positive pressure, and the
other half were tested with positive pressure first
and then negative pressure. The subjects "'ere
instructed to avoid any head-movements or
swallowing in order to keep the Eustachian tube
closed. The middle ear pressure was assessed with
tympanometry at some points during the test
sequence to minimise the risk of additional
influence of unknown middle ear pressure.
Finally, a post-sequence otoacoustic emission
reference measurement was made at ambient
ear canal pressure. The recordings made with
compliance maximisation were cross-correlated
with the recordings made with net tympanic
membrane pressure. For each of several
frequency regions, latency shift was defined as
the latency corresponding to the peak of the
cross-correlation function.

Findings: The figure shows some
representative CEOAE latency data. Increase in
pressure, either negative or positive above
ambient pressure has a marked effect upon
CEOAE latency, particularly for the lowest
frequency (1 kHz) band, the effect decreasing
for the 2 kHz and 3 kHz bands. The change in
latency (!Js) is in the direction of lead, the
higher the pressure, the earlier the frequency
component appears in the emission. The amount
of latency lead decreases markedly with
application of an external ear pressure set to be
the same pressure (positive or negative) as
indicated at the peak in the compliance curve
obtained by tympanometry while the middle ear
pressure is maintained.

An explanation of the latency shift phenomenon
may be conceivable out of basic band-pass filter
characteristics. When the stiffness of the middle
ear system is increased by stretching the
membranes with the appliance of static air
pressure, the resonance frequency of this filter is
shifted toward higher frequencies. Consequently,
tl1e phase shift associated with the resonance also
shifts to a higher frequency. This means that the
signal will pass through the system with less
delav, and come out shifted in the time domain.
A simple model shows that increasing the
resonant frequency causes a time lead broadly
centred on the original resonance, but extending
down to low frequencies as well.

Significance: Audiometric measurements
typically exhibit considerable variability and tl1at
variability often interferes with making clear
conclusions as to cause and effect. An important
feature of the CEOAE research carried out at
NAL is the determination oflatencies in

otoacoustic emissions, such as the latency
changes registered with aging. Test-retest
variability of otoacoustic emissions is up to
approximately 5 dB on a day-to-day basis,
however, much higher b'els of variability have
been seen in the longitudinal studies, including
the orchestra project. The variability is greatest
in the lowest frequency bands. Some of this
variability could be due to variation of middle
ear pressures in one measurement to tl1e next
influencing emission levels, even if tl1e changes
in latency due to middle ear pressures are
relatively small compared with the latency
changes due to aging (LePage and Murray,
2002). The recommendation which follows is at
least the mandatory recording of tympanograms
associated with each clinical otoacoustic emission
measurement, and at most, the desireabilitv of
always carrying out a compliance maximisation
procedure as part of the otoacoustic emission
measurement, particularly when longitudinal
data are obtained.

References:
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The upper panels show
the effect, upon CEOAE
latency, for three
frequency bands, of
varying middle ear
pressure using Valsalva
or other manoeuvres.
The ordinate is the
difference in latency
from a pre-perturbation
measurement and
computed using
modified NAL-OAE
software. The lower
panels show the partial
success of cancelling the
perturbation by
application of an equal
pressure in the external
canal. Measurements
from individual ears are
joined by lines.
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Figure lA shows the general "banana" shape
relating latency (ms) to frequency (kHz) in the
cochlear emission. Depicted are three curves
which have been derived from time-frequency

emission distributions averaged over 150 female
subjects used as our estimate of the "least aged"
set of data for establishing our map estimate.
Figure 1B shows the effect of replacing the
frequency abcissa with the human place­
frequency map in terms of distance from the
stapes. The human map extends for 35 mm
which means that it extends both basally and
apically from the frequency region which
CEOAEs access (the three curves from Fig lA in
tl1e centre region). Fig. IB shows how CEOAEs
provide a good measure of place estimation for
the centre region of the cochlea. The curve in
the centre extends beyond the mid-cochlear
region, in both directions, since the human
frequency-place map is defined for the whole 35
mm. If continuity is assumed the curve says that
human CEOAEs mainly register activity in the
centre regions of the cochlea, since the emissions
with latencies less than 2.5ms are removed with
the stimulus artifact. 1 ote that the range of
latencies is t\vo orders of magnitude larger than
the latency perturbations due to pressures in the
middle ear (Lantz & LePage, 2002, this report).

Research questions: There is considerable
interest in determining how much each of the
linear and nonlinear components influence the
emission. In a previous NAL annual report
(1998/99) we investigated introducing artificial
ORC lesions into this model. Continuing the
exploration, we ask:

1. It is possible to reconcile the model with
human responses?

2. What is the likely balance bet\veen passive
and active contributions to explain the ageing
curves previously shown to affect emission
strength and latency?

3. What is the effect of varying the passive
tapering properties of the model)

4. What procedure is necessary to systematically
adjust the parameters of the model in order
to find a set which most closely mimics the
range of latencies observed in human
CEOAE?

Procedures: Mathematical models of the
cochlea are available in a impressive array of
configurations from those which represent just
the one-dimensional features of the cochlear
partition, mass stiffness and damping, to three­
dimensional finite element models which attempt
to cope with the complex structure of the arches
and cells taking into account mechanical strains
created in other planes as the basilar membrane
moves transversely. Since ORC activity was
generally accepted in 1980, mathematical models
have sought to describe, and been more

Cochlear model for emissions

Background:
Click-evoked

Investigators: Eric LePage, Ake Olofsson 1

1 Dept. Technical Audiology, Karolinska Institute, Stockholm, Sweden

6

otoacoustic emissions
(CEOAE) provide an
important insight into
the timing of cochlear
mechanical activity and
that timing is related
to the place of origin
of any frequency
component in
the emission.
The mechanical
performance of the
cochlea is necessarily
split up into a passive
component and an
active component.
Otoacoustic emissions
were the first

unambiguous evidence of active behaviour in the
cochlea and, except at very high sound levels, the
passive mechanical action is regarded as linear.
The "nonlinear test paradigm" most frequently
used to obtain CEOAEs largely eliminates linear
components of the response.

The otoacoustic emission is therefore thought to
be the result of any nonlinear process of
generation - and the only nonlinear process
working at low levels is that due to outer hair cell
(ORC) electromechanical activity and
adaptation. This doesn't mean that the
otoacoustic emission is not strongly influenced
by passive properties of the cochlear partition.
The speed of propagation of the travelling wave
set up by incoming sound to the place(s) of
nonlinear interaction, and propagation of the
reverse wave back to the ear canal is believed
largely determined by the passive parameters.
The timing primarily sets the latency of cochlear
emissions which is thought to comprise equal
times for forward and reverse propagation from
each point. If it is true that the latency is largely
controlled by the passive tapered properties of
mass, stiffness and damping, then it is possible to
think of the otoacoustic emission as some
representation of the map of cochlear activity.
This being the case, our longitudinal CEOAE
data from our cohorts may potentially be used to
derive a picture of how the cochlea ages in terms
of changes to the distribution of activity as seen
in our time-frequency plots (LePage and Murray,
2002).
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Figure 1. Panels A and B
summarises how latency
varies with age
according to time­
frequency plots
prepared from human
click-evoked otoacoustic
emissions. In Panel A
the centre curve joins
the "peaks in the
mountain range of
activity" while the lines
either side show where
the mountain sides
reach the plains. The
inset numbers show the
equation and the values
of the coefficients b1
and b2 fit to the three
curves. The lower panel
Bshows the same
information plotted
versus place along the
cochlear partition,
integrated with the
human frequency-place
map, providing an idea
where different
frequencies in the
emission are generated.
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Figure 2. The basic configuration of the 1-dimensional delay line model- the
passive components. The equivalent circuit of each segment contains two masses
(L), one stiffness component (C) and one damping component (R). The second
panel shows the wavefilter approach to the implementation of the model.
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Figure 3. The model also
contains an active component
to mimic the response of the
outer hair cells. This is
depicted schematically as a
vibratory displacement being
forward-transduced, then the
cell actively responds
mechanically with a U kick u,

the net result being to change
the stiffness of the basilar
membrane. The end result is
cochlear amplification (not
shown here).
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the stapes, the reverse waves interacting \vith the
forward waves at each point. The model is quite
realistic in that OHC activity boosts the BM
displacement at each segment. While any
stimulus type can be used, several parameters of
the model can be measured at each segment (viz.
displacement, velocity, pressure, even neural
excitation). If two tones are presented, a family
of distortion products are produced by nonlinear
interactions in the model. Likewise, by delivering
a click sound stimulus the result is "transient
OAE" strongly reminiscent of human CEOAEs.
The beauty of the model is that just as a clinical
otoacoustic emission is the result of signal
averaging, such signal averaging can be applied
to the model with the same procedures used in
the clinic and the results may be analysed,
complete \vith stimulus artifact removal, and
presented in exactly the same way with the same
Matlab software.

The active response functions (not unlike
nonlinear processing in hearing aids) use
different charging and release times (ms).
The active response is typically given a fast
attack (charging) time and a slow release time,
there is also a time constant for "dc-shift", a
limit "c" in [0,1] (=Clim) for controlling the
amount of stiffness shift allowable, and a factor
"Rohc" in [0,1] which controls the amount of
active kick supplied by the OHC. In addition
the model has very considerable flexibility in
the kinds of tapering of the passive properties,
e.g. how much the resistance R is tapered
across segments.

The approach taken has been to explore the
parameter space by systematically varying each of
the key variables in nested loops for attack time,
release time, dc-time constant, the limit "c" and
of course the value of "Rohc". Each of these five
parameters, respectively, was varied over three
values according to the follmving sets:
Tchg = [.11 10] ms; Trel = [100 50 10] ms;
Tdcdisp = [10 5 1] ms; Clim = [.25 .5 .707];
Rohc = [0.7 0.8 0.9]. In addition these batch

generally successful at describing, the
displacement and velocity of the vibrating
structures and how the level of activity modifies
the vibration patterns, the neural excitation
patterns, and of course otoacoustic emissions.
Remarkably, the introduction ofOHC activity
into models, has resulted in significant
improvement in the accuracy of simulating
measured dynamic characteristics, particularly the
timing and phase characteristics. The objective
has been to use a basic single delay line model,
with special prevision made for OHC activity to
modify the vibration of the basilar membrane.

For this purpose it has been found advantageous
to adopt the discrete time domain model
~ilsson, 1977) which has been re-formulated

using the wave-filter approach (Fettweiss, 1971),
by Olofsson (1982) and subsequently by Strube
1982). This has been reimplemented as a Mex
.d.ll) file which is compiled by and called from

Matlab™. The result is a computationally
efficient, flexible modelling environment which
runs under Windows and which offers advanced
displays of model properties. The single­
dimensioned delay-line model is made up of 350
segments, of the passive structure shown in
Figure 2. Panel A shows the basic delay-line
configuration for each segment. The values of R,
L and C are all tapered with length along the
cocWea, so as to provide tuning over audio­
frequencies. Panel B shows the wave-filter
representation of the same segment, using serial
and parallel adaptors. The parallel adaptor
contains branches for the reactive components,
Land C. at shown are the active elements in
the model which are schematised in Figure 3.
The output in Figure 3 is used as a local scaling
of the stiffuess constant which acts on the signal
coming out of the Rc-port in Figure 2B. Each
egment represents the combined activity of

0.1 mm or about 30 OHC. Segment 1 is located
at the stapes and the pressure signals derived
from this segment constitute sound signals
(those arising from higher segments being taken
as otoacoustic emissions). The complete model
contains extra segments for middle and external
ear, but these are omitted here.

In bare essentials, Figure 3 shows that the
vibratory displacement of the basilar membrane,
high-pass filtered to mimic the relative
movements of the basilar and tectorial
membranes, causing mechano-electric (forward)
transduction in which the OHC depolarises
(represented by the sigmoid shaped curve).
This is a normal hair cell response. What makes
the OHC unique is that they respond \vith
electro-mechanical (reverse) transduction.
Figure 3 indicates how this OHC "kick" is fed
back to the motion in such a way that the net
stiffuess of the whole structure is slightly reduced.

Sound entering at segment 1 progressively
stimulates OHC activity as waves pass down the
whole length of the cocWear and, returning to
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best possible result from adjusting the multiple
dimensions of the parameter space cannot
produce a greater spread of latencies from low
frequency to high than the live case.

Conclusion: A simple one-dimensional delay
line model for cochlear mechanics, to which is
added a component designed to mimic outer
hair cell activity with differing charge and release
times is found to also mimic quite well the
latency versus frequency curves applying to
human click-evoked otoacoustic emissions.
The bulk of solutions of the model are poor
(i.e. tl1ey produce low latencies) at low
frequencies. Indeed the verv best performance
which could be co<Lxed out of the model could
not produce longer latencies than seen in human
emissions at low frequencies. The result supports
a recent assertion that the spatial layout of
frequencies in tl1e mammalian cochlea confirms
to some form of stronger constraint (LePage,
2002).

Significance: The analysis of data as complex
as click-evoked otoacoustic emissions can be
performed in a host of ways, each of which may
provide some insight. However, experimental
work tends to find considerably better
understanding in terms of mathematical models.
The use of tl1is simple model to mimic a \'ery
important characteristic of CEOAEs, its latency
versus frequency, may also pro nde a very
important insight in respect of the effect of aging
upon latency and the result here fits in witl1 the
overall decline in latency with age (LePage and
Murray, 2002).
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procedures were executed for differing values
of tapering cochlear resistance, but only one
value of tapering is shown here. For each of
these sets of parameters, the model was run for
long enough (five repetitions of the "nonlinear"
stimulus requiring billions of floating-point
operations) for the initial transient response
to settle down. The averaged CEOAE response
(output from Segment 1) was analysed using our
time-frequency analysis methods (LePage and
Murray, 2002) to record the resulting latency
vs frequency characteristics. The data were
fitted to the equation
latency (ms) = bl.frequency(kHz)'b2

Results: The results were sorted in order of
the nested loop parameters which give the
latency versus frequency characteristics most like
that of tl1e "pristine" cochlea (Figure lA) - i.e.

-1a;:::::::::;;;:;:::;:::==::;=========;:,==::::;I1I the most positive
: : values obtained of bl
j-----------------,--------,--------'--""b7---

Latency = b1 • Frequel1cy and the most
negati\'e values of b2.
The first eight rows
in the table are
shown in Table 1.
Figure 4 shows the
resulting curves for
the latency specified
by these near-optimal
values ofbl and b2
superimposed over
top of the central

curve taken from Fig.lA. In respect of Table 1
all the resulting curves provide some similarity to
the curves of Fig. lA. However, what is quite
remarkable, is that after long-term exploration of
tl1e parameters of the model, the optimal results
in the top eight rows are the only ones which
approach similarity to the latency curve for what
we believe is close to the pristine human cochlea.
These top rows tend to have very short charging
times (O.lms) and very long release times
(lOOms). The model outcomes do not appear to
be particularly sensitive to Rohc, or
Tdcdisplacement, but appeared to coincide
with allowing more flexible conditions of "c"
allowing sU'etching of the map. Evidently the

Figure 4. The curves for
latency versus frequency
which are the optimal
result of the cochlear
model. Only these
eight best curves,
corresponding to short
attack and long release
times can mimic the
latency behaviour of
the human otoacoustic
emission, shown
superimposed upon
the central curve from
Fig 1A.

Tables 1. This shows the eight best solutions (respectively) of the model after
searching the whole parameter space (31\5=243 times the model was
executed). Only the optimal value of these (b1 = 13.6 and b2 = -1.1)
comes close to the latency-frequency curve of the "pristine" human cochlea
(b1 = 14.4 and b2 =-1.04).

Tdc_disp Trelease Tcharge Clim Rohc b1 b2
1 100 0.1 0.5 0.7 13.649 -1.1

10 10 10 0.25 0.8 13.215 -1.169
10 100 0.1 0.5 0.7 13.171 -0.675
1 100 0.1 0.25 0.9 12.256 -0.83
5 100 0.1 0.5 0.7 11.994 -0.603
5 100 1 0.25 0.8 11.823 -0.426

10 10 1 0.5 0.7 11.563 -0.717
1 10 10 0.25 0.7 11.457 -0.852
1 50 1 0.25 0.8 11.452 ·0.577
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Causes and prevention of hearing loss: global trends in industrial
and leisure noise, interactions, definitions and strategies
a one day colloquium

Dr Henrik Dahl

Dr Donald Henderson

Dr Ramesh Rajan

A one-day colloquium on the causes and
prevention of hearing loss was held at
NAL on 23 October, 2001. The

Colloquium, which was organised by Dr Eric
LePage, Senior Research Scientist in Hearing
Loss Prevention Research, highlighted the
complexity of hearing loss mechanisms in
general, and noise-induced loss in particular.
The colloquium was divided into four Sessions:
1. Causes of Hearing Loss; 2. EfferentjOHC­
Mediated Protection Mechanisms; 3. Preventive
Medicine Issues in Dealing with Noise- Induced
Hearing Loss; and 4. A Panel Discussion
between speakers and the audience. The
following summary of the major points discussed
is provided by Dr LePage and Dr Narelle Murray.

Session 1, entitled Causes ofHearing Loss,
was moderated by Dr Pat Mutton of the
Deafuess Unit, the New Children's Hospital,
Westmead. The first paper was by Dr Henrik
Dahl, Principal NH&MRC Research Fellow at
the Murdoch Children's Research Institute and
Associate Professor in the Department of
Paediatrics at Melbourne University. Dr Dahl's
topic was Genetic predisposition to hearing loss and
covered the underlying causes of deafness with
special emphasis on the genetic aspects.

Of special interest is the recently identified
connexin 26 gene which codes for a protein
involved in communication between cells.
Dr Dahl showed that research has demonstrated
tlut connexin 26 mutations are the cause of
deafness in nearly one-fifth of all children with
prelingual hearing loss. He discussed the
potential benefits and problems of work in
genetics, including ethical aspects.

Dr Donald Henderson, Professor of
Communication Disorders and Sciences and the
Co-Director of the Center for Hearing and
Deafness at the State University of ew York at
Buffalo was the second speaker, presenting two
papers. The first was titled Do OU1' Noise
Standards Reflect What lve knOlv about Noise? and
firstly, reviewed key scientific findings that have
implications for noise standards. Specificallv, he
reviewed the validity of the A-weighting practice;
the limitation of a simple energy metric that
ignores the temporal variations during a noise
exposure, and, tlle development of the concept
of kurtosis as a factor when assessing the
potential hazards associated with an exposure.
Secondly Dr Henderson reviewed a series of
noise interactions including the worker's use of
therapeutic drugs such as aminoglycosides or

cancer drugs while they are exposed to noise as
well as the positive interaction of some industrial
solvents with noise.

Dr Henderson's second paper was titled
The Inner Ea1'}s Response to Traumatic Noise:
Ne1v Opportunities for Protection. He stated
that it has been known for many years that
noise-induced hearing loss (NIHL) is associated
with a constellation of pathological changes in
the inner ear. However, while the outer hair celli
appear to be the most \ullerable, noise also
causes damage to the inner hair cells, VIII nerve
fibers, supporting cells and blood supply.
Dr Henderson reviewed new research showing
that a major factor in tllese cochlear pathologies
is the reactive Q},.'ygen and nitrogen species
generated by high-level noise exposures. He alsc
explained that the reactive o:\)'gen species are
associated with a process of active cell death ­
necrosis and apoptosis - and that the continued
growth of hair cell lesions after an exposure are
mediated by progressive apoptotic changes
moving towards the base of the cochlea.
This knowledge of hair cell death has opened
the exciting possibility of preventing cochlear
damage by antioxidants or intervention with
anti-apoptotic drugs. A series of experiments w,
reviewed showing that bolstering the cochlea's
level of glutathione reduces the effects of a nois
exposure. Earlier research on protection used tJ­
round window as a point of treatment. New
research with certain antioxidant drugs tllat are
safe and easily tolerated when given systemicall)
can also reduce the effects of noise. Since the
period of cell death continues for days after the
exposure, there are possible anti-apoptotic druf
that can be used to limit the cochlear lesion.
Dr Henderson discussed the results of this
research in terms of their clinical implications.

Session 2 was moderated by Dr Suzanne
Purdy, Senior Research Scientist at the Nationa
Acoustic Laboratories and was entitled Effe10en
ORC-Mediated Protection Mechanisms.

The first paper in tlus Session was presented by
Dr Ramesh Rajan of the Department of
Physiology, Monash Uluversity, Monash,
Victoria. Its title was Protective functions ofth,
efferent pathways to outer hair cells. Dr Rajan
firstly reviewed the evidence that, in aIumal
experiments at least, the olivocochlear efferent
pathways from the brainstem to cochlear outer
hair cells can protect hearing sensitivity from
desensitizing effects of loud sounds and
discussed the pathways and characteristics of tJ-
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protection. He presented data from experiments
where loud pure tones were used to produce
temporary threshold shifts (TIS). When
presented by themselves, only the crossed
om'ocochlear bundle (consisting almost totally of
that component known as the crossed medial
olivocochlear system [CMOCS] and running to
the outer hair cells) is im'olved in protection
which is evoked by binaural but not monaural
loud sound. Dr Rajan demonstrated that such
C.\10CS protection is graded to the amount of
ITS that would otherwise occur, both at any
one cochlear region at which hearing sensitivity
is measured as well as across all affected cochlear
regions. Such protection appears to be targeted
to the most sensitive regions of the cochlea, and
is most easily evoked by the tones most likely to
ause TIS, but can be evoked by tones at all

frequencies. This protection acts solely through
lower brainstem pathways, but there are also
possible modulatory influences from higher brain
entres. Secondly, Dr Rajan discussed extensions

of this protection to other more common
onditions, when loud sounds occur in noisy

backgrounds or when the loud sound is
pectrally complex and demonstrated that both
rossed and uncrossed olivocochlear pathways act

under such conditions to protect hearing
ensitivity. He also noted the variety of other

types of trauma and conditions under which the
oliyocochlear pathways haye now been shown to
also protect hearing sensitivity. Thirdly, he
presented recent data from other experimenters
howing a functional way to measure the
trength of olivocochlear effects on OHCs and

how this appears to provide a mechanism that
allows prediction of the vulnerability of an
individual's ear to traumatic loud sound.

The second paper in this Session was presented
by Dr Eric LePage, Senior Research Scientist,
:'\ational Acoustic Laboratories and was titled
Protection ofcochlea at the mechanical level,
temporary and permanent shifts in evoked
otoacoustic emissions. Low hearing thresholds
occur when the basilar membrane frequency
response is sharply tuned: the nature of this
nonlinear mechanical response may, in spatial
terms, be regarded as the focussing of low level
acoustic energy down to a few ilmer hair cells for
ma.ximum effect. The effect ofloud sound is to
cause the vibrations of the structures to approach
the dimensions of the cells themselves, resulting
in catastrophic shear forces. To internally protect
the structures, the efferent/OHC response to

loud sound brings about a rapid defocussing of
the energy so that it is effectively distributed over
a long length of the basilar membrane. In the
same process the mapping from frequency to
place is shifted - dubbed the "half-octave shift".
Dr LePage showed that by direct mechanical
measurements in guinea pigs tlle way the ear
responds to loud sound is quite chaotic and
highly dependent upon the history of the
exposure. He stated that evoked otoacoustic
emission measurements in humans have some
advantages over animal models because they
allow a better gauge of how rapidly the OHC
respond to a tone burst. By looking at the
latency of click-evoked emissions an overview the
mapping changes can be gauged as they occur,
using movies made of time-frequency displays.

ot unsurprisingly the "Temporary Emission
Shifts" (TES) vary widely in different individuals,
some displaying a "tough" response little
affected by the burst, others displaying a much
more fragile response. Since iliese differences can
be measured for much smaller doses than are
required to produce a TIS, it can be shown how
CEOAEs may become useful clinically to assist in
the rapid identification of susceptible people.

Session 3 entitled Preventive Medicine
Issues in Dealing with Noise-Induced Hearing
Loss, was moderated Dr Jenny Rosen Head,
Audiology, Hornsby Kuring-gai Hospital.

The first paper in this Session was presented by
Dr Ross Dineen, a clinical Audiologist for
23 years and partner in Milhinch & Dineen
Audiology, Melbourne, Vic. He presented
Noise And Hearing In The Building And
Construction Ind1tstry: A Study Of Workers) Views
On Noise And Risk.

Dr Dineen discussed the fact that there is ample
evidence that noise constitutes a significant risk
to the hearing health of workers in the building
and construction industry, with demographic
studies having shown the incidence of noise­
induced hearing loss is as high as 60% in noisy
workplaces. However, hearing conservation as
currently practised appears to be having little
impact on the level of hearing injury to workers.
Studies of the construction industry in Australia
have indicated that there is a low awareness of
the risks posed by noise, with consequent
minimal self-protective behaviours (Milhinch,
Dineen & Doyle, 1997). Investigations into the
extent of use of personal hearing protection
indicate that workers' perceptions of risk, and

Dr Eric LePage

Dr Ross Dineen
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Dr Narelle Murray

((Much ofwhat
provides incentive
and excitement
to life is loud
sound -from
racing cars) to
boom boxes) to
pop concerts. ))

their need for communication are important
aspects of the decision to use or not to use
hearing protection (Lusk & Keleman, 1993;
Lusk et al., 1994).

Dr Dineen described research he had undertaken
to identify some of the reasons why noise injury
in the building and construction industry
persists despite the existence of Hearing
Conservation Regulations in Victoria since 1978.
More than 150 workers on Australia's largest
construction site, the Crown Casino in
Melbourne, participated in the study.
Data were obtained in rNO ways: quantitative
measures were recorded of sound levels in the
work environment and the average daily noise
dose to which workers were exposed; qualitative
data were obtained from focus group discussions.
In particular, workers' views of the relationship
between noise, hearing and their own hearing
safety behaviour were sought, as a means of
gaining a better appreciation of their behaviour
in the workplace.

The knowledge and experience of workers from
within the construction industry was sought to
help develop new practical noise management
strategies, which might be willingly used, by
both workers and management. An education
program designed to address problems relating
to workers' identification and management of
noise hazards prevalent on large building and
construction sites was developed (Dineen & Reid
1999). A subsequent study evaluating the
efficacy of the education program in influencing
workers' perception of noise hazards and their
propensity to take protective behaviour wa
carried out.

The second paper ofSession 3 was on
The effects ofleisure noise in young people and a
nine year longitudinal study oforchestral
musicians presented by Dr Narelle Murray,
Research Scientist from the National Acoustic
Laboratories

When examining the IS01999 (1990) and the
more recent ASNZ-1269 (1998) model it is clear
that the primary components determining
hearing threshold level over time are Noise­
Induced Permanent Threshold Shift (1 IPTS)
and Hearing Threshold Level associated with
Age (HTLA). Overwhelmingly, occupational
noise is treated as the primary cause of IPTS,
while the aging component is determined to be
due to other mostly non-noise-specific aging
factors. Dr Murray showed the results of
exploring the properties and possibilities of using

transient evoked otoacoustic emissions (TEOAE)
to examine both decline in hearing acuity with
age and noise. One of the chief findings is that
otoacoustic emissions appear to be more sensitive
to early stages of ear damage due, not just to
noise, but all contributory factors leading to loss
of outer hair cell acti\·ity. On a percentile
population basis otoacoustic emissions are seen
to decline in strength long before the pure tone
thresholds (three-frequency-average 1,2 and
4kHz) enter the critical region deemed to
correspond to a mild hearing impairment.
Data were shown that indicated that leisure noise
in young people was already having a significant
impact on the distribution of emissions as a
function of age. The implication of this is that
leisure noise constitutes a modern complication
in the assumption that NIPTS is primarily
occupational. Dr Murray also presented data
which showed that TEOAE clearly identif)T
significant differences between young people
witl1 no hearing impairment but with differing
noise profiles. These data indicate in particular
that the damaging effect of typical usage of
personal stereos by young people, was as least as
marked as that due to working in industry. On
the basis of just this one component ofleisure
noise exposure it is predicted there would be a
steady increase in the number of young adults
with 1 IPTS, a prediction which has now been
confirmed. This added sensitivity ofTEOAE to
ear damage has been utilised in a longitudinal
study of moderately noise-exposed individuals ­
players in the Australian Opera and Ballet
Orchestra to look for evidence which might
serve as the basis of a hearing conservation
program based not just upon sound leyels in mat
workplace, but by monitoring wim TEOAE to
provide early warning of ear damage before
emissions decline to criticalle\'els.

The final paper of me Colloquium was presente
by Dr Eric LePage, Senior Research Scientist
at me 1 ational Acoustic Laboratories and was
entitled Non-behaviout'al solutions to
behavioural problems: holV soon can lVe expect
them? Limitations ofcurrent definitions and
testing procedures: application ofprinciples of
preventive medicine.

This talk was about me key factors impeding
progress in promoting hearing loss prevention,
Reports suggesting a rise hearing loss in youna

people were considered, together wim a
computer model developed in 1994 which
predicted mat me disu'ibution of hearing loss as
a function of age would change to a peak aroun
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the damaging effect of typical
usage ofpersonal stereos by young
people) was as least as marked as
that due to working in industry.))
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realising tI1at this measure will still do very little
to save tI1e hearing of t11e most susceptible or
genetically pre-disposed individuals. Secondly,
an advocacy of t11e early-warning properties of
otoacoustic emissions as having potential
behaviour modification properties. Dr LePage
proceeded to demonstrate an interpretation of
TEOAES in terms of an effective fuel gauge
measuring tI1e decline in outer hair cell activity
with age and long-term noise exposure.
He also discussed work in progress to refine
measures of susceptibility based upon measuring
tI1e effectiveness of efferent response.

A Panel Discussion between the audience and all
the speakers followed. This was moderated by Dr
Harvey Dillon, Research Director of tI1e
National Acoustic Laboratories.

Questions discussed were:

1. What should clinicians and hearing
conservationists being doing in tI1e light of
recent developments>

2. What should society be doing to better
prevent HL? How to stimulate behavioural
change?

3. What research is needed to close tI1e gap
between knowledge of cochlear processes and
tI1e prevention of hearing loss?

ages 30 to 40 rather than past age 60.
The consequences that this redistribution have
for occupational noise standards and issues of
compensation for hearing loss were discussed.

Much of what provides incentive and excitement
to life is loud sound - from racing cars, to boom
boxes, to pop concerts. Dr LePage posed the
questions: How realistic is it therefore to get
young males in particular, the segment of the
community most at risk, to change their
behaviour' Is introducing the kind of awareness
education program lately used to limit in the
incidence of skin cancer going to be effective to
stem any epidemic of hearing loss? If not, why
not? Is there any evidence that the situation
regarding the growth of leisure noise exposure
is not static? Do we have a run-away situation
where the now documented growth of hearing
loss in young people is leading them to require
higher sound levels still for comprehension?
What should be our response to the apparent
need to re-establish norms for normal hearing
levels at 4 or 6 kHz? What would be the first
manifestation of an epidemic of hearing
problems? Can non-occupational behavioural
issues be addressed by legislation, unless
educational achievement is affected?

To make headway leads full circle to consider the
nature of hearing impairment. Why is the onset
so subtle? Does the answer have anything to do
with physiological correlates of t11e equal-energy
principle, e.g. the accumulation of cellular stress
oyer an 8 hour day followed by recovery once
exposure ceases? A group of potential drugs has
been presented which may lessen the
accumulation of cellular stress and the long-term
conversion of TIS to PTS.

"e live in an age where ready-fix
pharmacological solutions to human health
problems are highly accepted. It would be
amazing if tI1e issue turned out to be as simple
as tI1e introduction of glutathione or a precursor
of glutathione into tI1e diet or t11e water supply!
Yet it may be decades before hearing can be
• roteeted by taking a drug without major
side-effects. In tI1e meantime we are obliged to
-onsider why hearing conservation programs
which are based upon monitoring of hearing
~eshold levels are not seen as strongly effective
- we submit tI1e reason is that the warning is not
rargeted at tI1e individual, and t11e warning
comes too late. Dr LePage advocated a two-
• ronged interim solution. Firstly, a continuation
of urging tI1e lessening of noise exposures
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Research Director's
Overview

Once again I am pleased to present the Annual

Report of the National Acoustic Laboratories. As in

previous years, the report includes a representative

sample of current projects, each report giving enough

detail to be of interest to clinicians and researchers in

our field, but hopefully expressed in a manner that is

accessible to the interested lay reader. At the current

time we have a total of 40 projects either just starting,

in progress, or just completed. Each of these projects

is helping to progress our central mission of either

finding ways to prevent hearing loss, or improving

the methods used to habilitate hearing in children or

rehabilitate hearing in adults. Underpinning both of

these goals is the need for informative and efficient

methods to assess all aspects of hearing.

Hearing Assessment

There is a long and successful tradition of AL

procedures and findings being adopted by clinicians

world-wide. The routes by which research outcomes

are adopted can, however, be tortuous, slow, and

uncertain, so an exciting development over the past

year has been the development of the general

purpose audiological test system currently referred to

as HearLab. This apparatus consists of a general

interface unit into which any of the usual

audiological transducers can be connected, plus a

high-speed connection to a personal computer.

Progressively over the next decade, research projects

leading to clinical procedures will go through a final

software implementation phase in which the

procedure is implemented in a software package that

works in conjunction with HearLab. AL would also

be open to implementing the results of other research

groups into software modules that work with

HearLab. We anticipate that HearLab will be

distributed by a major supplier of audiological test

equipment. The first module will be a cortical evoked

response test unit, specifically optimised to evaluate

the effectiveness of hearing aids fitted to infants.

Research Director's Overview

Hearing loss prevention

In most countries, the effectiveness of hearing

protective devices is measured after the experimenter

carefully places the device on the head or in the ear of

the subject. The object is to ensure that the device is

"properly" fitted. In Australia, the practice has been

to have subjects fit the device themselves. The object

of this is to have the device adjusted in the most

realistic manner possible. An interesting analysis in

this report shows that some subjects receive far less

attenuation than the average attenuation, though

none receive far more attenuation than average.

Presumably this result reflects either poor placement

of the device by some people on some occasions, or a

design that is incompatible with achieving a

reasonable attenuation on all people. Future work in

this area will attempt to delineate what characteristics

of hearing protectors are associated with reliable or

unreliable protection when hearing protectors are

used in their usual manner.

Of course, it does not matter how well hearing

protectors are designed if they are not worn. One

research study completed during the year investigated

whether receiving an audiometric assessment and

associated information about hearing status would

cause people to take greater steps to protect their

hearing. On the basis of self-report, there was a

significant change in their willingness to protect their
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hearing, which was sustained for the full 12 months

of the study period. The two different methods of

assessing hearing loss, and displaying this information

to the subjects did not, however, have any differential

effect on the extent to which subjects sought to

protect their hearing in daily life.

It is common-place to hear music emerging from the

headsets worn by people in public places and on

public transport. It is reasonable to wonder whether

such people are causing themselves to acquire a

noise-induced hearing loss. A brief report in this

Annual Report indicates that for many of these

people, the daily noise dose received is sufficient to

eventually cause permanent hearing damage.

Hearing rehabilitation procedures and devices

Our work on the benefits of sound-field FM

amplification in classrooms concluded during the

year. A paper in last year's report showed a marked

and highly significant increase in the attainment of

educational goals during periods when the system

was installed in classrooms compared to periods

when it was not installed. The companion paper in

this report shows the effects of the system on

classroom behaviour, as reported by the teachers, and

the opinions of the children themselves about the

system. Given the very positive results and opinions,

it is a worthwhile goal to have sound-field amplification

installed in every classroom.

A long-term study investigating how amplification

should be altered in different background noises also

concluded this past year. The study showed the

clear need for different amplification characteristics

in different environments, and showed how the

amplification characteristics should vary with the

sound spectrum of the noise, the overall level of the

signal and the noise, and the goals of the hearing aid

user. The results are relevant both to hearing aids

with automatic adaptive noise reduction systems and

to multi-memory hearing aids controlled by the

aid wearer.

4 National Acoustic Laboratories

An intense effort was put into collecting data on the

effects of hearing loss on the ability to extract useful

information from audible speech. This very large

experiment is collecting data from 80 subjects using

speech filtered in a variety of ways, at different

presentation levels, and in quiet and in noise. In

addition, measures of frequency selectivity are being

obtained to help interpret the findings. These results

will be used to modify the Speech Intelligibility Index

so that it can better predict intelligibility. Such

modification is especially needed when hearing loss

gets into the severe range at any frequency. This

modification, when combined with the results of

other recent experiments at AL, will provide the

data needed to derive the AL- L2 update of the

current AL-NLl prescription procedure. Papers in

this report give the background to the large

experiment and indicate what other factors will be

taken into account in the forthcoming revision.

Two other papers in this report reflect our approach

of continuous (or at least cyclic) improvement. In one

paper, our earlier procedure for assessing candidacy

for multi-memory hearing aids is critically assessed

by comparing predicted candidacy with actual

candidacy experienced when the procedure was used

in routine clinical practice. In the second paper, we

investigate whether the amount of gain prescribed by

AL-NLl matches the preferences of subjects. This is

accomplished by noting the manner in which hearing

aids are routinely fined-tuned by clinicians in

response to comments by clients. These projects, like

many before them, would not have been possible

without access to practicing clinicians and their

clients. We are grateful to Australian Hearing for

kindly providing access to its clinical staff within its

network of hearing centres for these two projects.

The special needs of children continued as a focus of

our work. One paper in this report reviews the fitting

and subjective evaluation methods we recommend

when applying the NAL-NLl prescription formula to

children. Although the methods for achieving a desired
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real-ear target in children of any age are now clear,

there remains some uncertainty in what those real­

ear targets should be. Research into this issue will

therefore remain a priority for us for the next several

years. Although not included in this report, our work

continued on using evoked cortical responses to

evaluate the effectiveness of hearing aid fitting in

infants. Good progress has been made and we have

finalised the statistical procedures behind the

automatic interpretation of the results. This project

will feature in next year's Annual Report.

Recognition

Dr Teresa Ching was guest of honour/keynote speaker

at the Triennial Swedish Combined Audiological

conference. This is a double honour for AL as their

last keynote speaker was also from NAL. Dr Ching

also presented her research results on the combined

use of hearing aids and cocWear implants in children

and adults to clinicians in Japan. This Bimodal

Hearing Seminar, which attracted participants from

all four islands in Japan, was unusual in that Dr Ching

was the only speaker. Various other NAL scientists

were invited, expense-paid speakers at other overseas

conferences during the year.

Recognition also occurred in the form that we value

the most. A recent survey of clinical practice in the

USA revealed that NAL prescription procedures are

now so extensively adopted that they were the first and

second most widely used procedures for prescribing

hearing aids. Another clinician survey, also in the USA,

revealed that the cosr procedure, devised by NAL in

conjunction with Australian Hearing clinicians, was

the most-used method for evaluating the outcomes of

hearing aid fittings. These findings are particularly

satisfying because NAL procedures are usually the

practical culmination of a number of research projects.

Many NAL researchers therefore find their work being

used each time a hearing aid is prescribed or evaluated

using a NAL procedure.

Research Director's Overview

Contract research

As foreshadowed last year, several contract research

projects were commenced or completed during the

year. These projects all lead to a useful advance in

knowledge, but as the research was paid for by a

sponsor, the results were provided to the sponsor in

confidence. Some of this work has, however,

subsequently been put into the public domain

through publication with the full agreement of the

sponsor. Reports on two contract research projects

also appear in this Annual Report, again with the

agreement of the sponsors.

Overview of NAL work

The Research Committee and the Human Research

Ethics Committee continued to give great service to

NAL through their expertise and diligence. r am

grateful to them for their generously donated time.

r am particularly grateful to Dr Keith Joseph who

chairs the Ethics Committee and to Professor Field

Rickards who chairs the Research Committee and

also serves on the Ethics Committee.

HARVEY DILLON

Annual Report 2002-2003 5



h

h
11

n

:n

n,

es
:S.

is

ld

ry

An examination of the
apparent poor performance
of some hearing protectors

Investigator: Warwick Williams

Introduction: Occasionally it happens that when

hearing protectors are tested in accordance with the

requirements of combined Australian/New Zealand

Standard AS/NZS 1270:2002 Acoustics - Hearing

protectors and its precursors, that in the view of the

manufacturer/distributor/supplier, unexpected

results are obtained.

Occasionally test results produce an unexpected high

performance figure. However, the most common

difficulty is low performance. Frequently this will be

for a 'new' or innovative device on which great hopes

and expectations were placed for competitive entry

into a new market segment. The company who

requested (and paid for) the testing wants an

explanation from the testing laboratory as to why the

device has not performed up to their expectations.

This 'low' performance is not limited to any

particular device type or style. It occurs across the

board with ear plugs, ear muffs, canal caps and

helmet-mounted muffs. The precise reason for this

'underperformance' is currently unclear.

Background: In a recent paper Murphy and Franks

(2002) suggested that modeling hearing protector

attenuation test results assuming a normal distribution

may be flawed and the traditional method of

'processing' the experimental results may be

inappropriate.

Murphy and Franks analysed the A SI (1997) and

ISO (2002) test results from several sets of ear plugs

Hearing Loss Prevention

and one set of earmuffs using statistics for normal

Gaussian distribution and for bimodal distribution.

They found that in many cases bimodal data fit was

much more appropriate than a normal distribution.

Their conclusion was that "standards could be based on

empirical quantiles which do not assume any particular

attenuation distribution" (pg 2115) rather than

specific assumptions and that perhaps a bimodal fit

would be most appropriate.

In Australia and New Zealand, acoustic testing of

hearing protectors utilises a"subject fit" methodology.

The test subject is allowed to fit the hearing protector

using only the instructions supplied by the

manufacturer and the tester is not allowed to interfere

in this fitting process l
. To assist the test subject to

produce the maximum attenuation 'fitting noise' is

supplied with an instruction from the tester to the

subject "so that you can adjust the protectors for good

noise reduction" (AS/ ZS; 2002, p. 26).

The argument has been made (Berg 1996) that

without the experimenter (tester) being directly

involved in the hearing protector fitting, the results may

be sub-maximal. Conversely others argue that the

subject-fit method more realistically approaches what

can be expected in the workplace when individuals are

provided hearing protectors as part ofan occupational

noise management program. At the present time in

Australia and ew Zealand the second argument holds

sway. The subject-fit procedure is gaining credence

internationally with discussions underway for an

International Standard (ISO; 2002) utilising a subject­

fit protocol very similar to that of AS/ ZS 1270.

Theory: Currently the suggestion of Murphy and Franks

to use a bimodal model appears to fit the available

data. Very simply, this model assumes that the measured

test data arises from two separate and distinct causes

that are indistinguishable during the course of testing.

, Contrary to some popular discussion 'na"ive' test subjects are not used. The requirements of AS/NZS 1270 are for test subjects
who have "not had significant previous experience with hearing protectors" (ref 1, P 21).
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performs poorly in one particular test ban

necessarily perform poorly over all

However, poor performance in one te

markedly effect the overall rating of a de\i

However, if the data is regarded as being distri.:-}:::::=­

bimodally the result is two independent, n

distributions, N j and N z, with means and stan

deviations of 4.2, ±3.1 dB and 26.1, ±4.7

respectively, and k = 0.30. For this ear plug, a ­

attenuation of 4.2 dB would be regarded as a 'p

while 26.1 dB would be seen as an 'acceptable

For these results it is clearly demonstrated

results from the 'poor fit' subjects draw do -=.

results of the 'acceptable fit' subjects.

Consider the test results from ear pi

attenuation of this particular device in the _

band for each test subject is shown in Table

In the example cited there are approximately .

results that could be interpreted as being due to'

It would be tempting to put forward an argum

under the guidance of some declared criteria test

with a"low" and "high" attenuation results be respeG:'

These data have a mean of 19.5 dB and a .,,-.-=---...-.
deviation of 11.1 dB. This distribution 0'= ­

illustrated in Figure 1 along with the 'norm2:

with the same mean and standard d

However, as can be seen from the supeffi::::=

normal Gaussian curve the distribution of the -

far from normal showing two distinct pea.,,-­

bimodal curve is illustrated by the double pe::~::tI

curve in the figure.

The data on which the statistical analysis is normally

carried out is the attenuation and standard deviation

at each one-third octave band. It is with this data that

the test for bimodality is applied here. Several

examples of octave band data have been chosen from

tests recently carried out at NAL.

Analysis of some specific data: When a hearing

protector is acoustically tested, attenuation is

determined for each of seven test signals. These test

signals consist of one-third octave bands of noise,

filtered from a pink noise source and centered on

octave band center frequencies. The seven separate

attenuations, along with their respective standard

deviations, are combined as described in AS/NZSI270,

Appendix A, to give the SLCso rating and subsequent

Class of the hearing protector.

It should be noted that a hearing protector that

The two sets of data can be described by normal

Gaussian distributions, N1 and N z, respectively. Thus

the overall distribution of test data can be described

using a distribution function that is simply a linear

combination of the two normal distributions. This

combined distribution function NI+Z can be written as,

The constant k is is directly related to the number of

sample points from each cluster, ranging between 0

and 1. The more the two distributions overlap, i.e. the

closer the two means and more similar the standard

deviations, the more the combined distribution

resembles a single normal distribution.

Hearing Loss Prevention

No
dB

1
24

2
5

3 4
10 27

5 6 7 8 9 10
28 36 24 18 25 25

11 12
19 30

13
2

14 15 16
29 26 23

17
2

18
3

19
3

Table 1: Individual attenuation in dB obtained by 20 test subjects for ear plug A at 125 Hz.

No
dB

1 2 3
18 24 10

4 5
19 35

6
16

7

19
8
7

9
16

10 11 12
19 30 25

13 14 15
30 18 13

16
35

17 18
17 35

19
26

Table 2: Individual attenuation in dB, 20 test subjects, for ear plug Bat 125 Hz.
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Figure 1: Attenuation results (dB) at 125 Hz for ear plug A,
superimposed with possible normal and bimodal distribution.

Figure 3: Probability - Probability plot for the attenuation
of earplug A at 125 Hz

l.

10,..---------------------,

o

o

o

o

1.0,..---------------------,.,

0.0 IL- ----,J
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Theoretical cumulative distribution

403520 25 30

Attenuation (dB)

IIIc: 8
.~
... 7g
~ 6
III

"8 5....
o 4
~

.Q 3
E
~ 2

s

e

d

:i

n

d

il

d

B

l' Figure 2: Attenuation results (dB) at 125 Hz for ear plug B,
with superimposed normal distribution

Figure 4: Probability - Probability plot for the attenuation
of earplug Bat 125 Hz
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divided into two groups and the data processed separately.

However, it must be remembered that attenuation is tested

at seven one-third octave bands and subjects that record

a low attenuation in one particular one-third octave band

do not necessarily record low attenuation results in other

one-third octave bands.

Compare the above results for ear plug A with those for

ear plug B tested at 125 Hz (Table 2).

curve. Hence normal statistics can adequately describe

the characteristics of this device.

The tendency to normal distribution is better

described through the use of a probability - probability

plot where, by definition, a normal Gaussian

distribution is defined by a straight line. This is shown

in Figures 3 and 4 for earplugs A and B respectively

where ear plug B conforms to the straight-line fit of a

normal distribution as compared to ear plug A.

)

)

Here the mean attenuation is 21.9 dB with a standard

deviation of 8.1 dB. The distribution of the data is

illustrated in Figure 2 with the accompanying expected

normal curve. It can be seen that this distribution is

much better approximated by a normal Gaussian

Consider now difficulties exhibited with the another

hearing protector, a helmet-mounted ear muff, at adjacent

test frequencies. The protector has not been removed or

in anyway adjusted between these two test frequencies
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An example of an incorrectly-worn hearing protector
likely resulting in less than optimal attenuation.

Discussion: As can be seen from the above analysis, th

assumption that hearing protector test data is normally

distributed may lead to conclusions that do not accurateI'..

represent the true performance of the device in question.

Although analysis is only demonstrated on a limitec

number of data sets, the general principle of differen;:

possible distributions is clearly illustrated.

What statistics to apply may not be known until the

mechanism of low attenuation is fully understood. LO\ •

attenuation caused by 'poor' fit could be caused b,

behavioural or educational difficulties such as individuals

not following the fitting instructions; unclear fittinc

instructions; or intentional poor fitting for whatever reason.

However, the poor fit could also be caused by physica.

constraints. These could include poor design, or anatomical

features of the head, ear or ear canal yet to be considered.
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and the resulting attenuation is an average of three

measured thresholds out of five, the first two being

discarded as they are considered to be practice runs at the

particular one-third octave band.

Figure 6: Attenuation results (dB) at 250 Hz for a helmet
mounted ear muff, with superimposed normal distribution

Figure 5: Attenuation results (dB) at 125 Hz for a helmet
mounted ear muff, with superimposed normal distribution

Figures 5 and 6 show the distribution of attenuation test

data for this protector at the two adjacent test frequencies

of 125 Hz and 250 Hz and their respective suggested

'normal' distribution curves. The actual distribution of

the data indicates that there is a great deal of difference in

the both the spread and the concentration of the results.

The degree ofkurtosis (flatness) exhibited by both curves

is very different with the kurtosis of Figure 5 being 0.27

and Figure 6 -0.90.
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Increasing the effectiveness
of OHS education for
noise-exposed individuals

Investigators:W.Williams/S Purdy, N Murray,

E LePage, K Challinor' (Assistance in gathering data was

also provided by SHynes, PFoster, LSmith and M Sampson of

New England Area Health, NSW)

1 New England Area Health, Tamworth, NSW

Background: Hearing loss due to noise exposure is an

increasing problem throughout the industrial world

(WHO: 1997). "Hearing loss is one ofthe mostpervasive

occupational health problems in America today" (US Dept

of Health and Human Services: 1996) and in the US it is

estimated that there are between 5 million and 30 million

workers exposed to hazardous levels of noise on a daily

basis (Berger: 2000). This has been translated into a

figure of 10 million who have a hearing loss at least

partially attributable to noise (Berger: 2000).ln the UK

it is estimated that "at least 1.3 million employees are

exposed to noise levels above 85 dE(A)" during the

regular course of their work (R ID: 1999).

The incidence of hearing loss in the Australian

community due to noise exposure has been recognised

for some time (AAS: 1976; OHSC: 1989), while

more recently the particularly high incidence in rural

communities has been examined (Williams, Forby­

Atkinson, Purdy and Gartshore: 2002). Estimates of

hearing loss across the general Australian community

lie between 5.7% (ABS: 1993) and 27% (Wilson, Walsh,

Sanchez and Read: 1998). oise levels in the workplace

need to be reduced, and individuals and groups who

work in noisy areas need to develop specific knowledge

and techniques in order to protect themselves from

excessive noise exposure (NOHSC: 2000).

Purdy and Williams (2002) found that simple

audiometric testing was beneficial as it resulted in

enhanced perceptions of the benefits of reducing

workplace noise exposure.

Hearing Loss Prevention

Zohar, Cohen and Azar (1980) showed that ongoing

feedback regarding hearing loss had a positive effect

on workers' hearing protector use while Lusk et al

(1999) recognised that "limited changes in behavior

can be expected from a "one-shot" intervention".

Unfortunately one-shot interventions are the reality

for many organisations where access to workers for

training purposes is limited.

Research Questions: This study had three mam

hypotheses that:

1) there would be a significant incidence of hearing

problems in rural workers compared to an

otologically normal population and that these

problems would be revealed by audiometric

testing and a self-report questionnaire;

2) having a hearing test performed by a nurse

audiometrist and having the results explained

would have a positive effect on perceptions about

noise and hearing protector use, and these effects

would be sustained over time; and

3) subjects who have both conventional pure tone

audiometry and a more sophisticated presentation

of the results from otoacoustic emissions (OAE)

testing of inner ear performance (LePage, Zhou,

Murray and Seymour: 2000) would be more

likely to believe that noise exposure would

further damage their hearing and thus, more

likely to increase their use of hearing protectors

and avoid noise. Also, as a specific corollary, that,

all other things being equal, the presentation of

individual OAE results to subjects would prompt

subjects with low emission strengths to take

greater preventative action providing their

hearing thresholds were still 'normal'.

The approach was similar to that used by Zohar,

Cohen and Azar (1980), differing only in that the

feedback from the hearing test results was presented

in the same session as the hearing test was carried

out. There were no other formal or informal

presentations to the participants other than the one

Annual Report 2002-2003 15
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audiometric test session with accompanying feedback

as described below.

Procedure: The project was carried out with assistance

of nurse audiometrists who work in ew England

Area Health in northern SW, part of the SW

Department of Health. Subjects were recruited when

they presented for a routine audiometric test as part of

their workplace occupational health program. Upon

their agreement to be part of the program they were

alternately assigned to one of two groups. Both groups

completed a standard questionnaire before being

divided for audiometric assessment. Group 1 received

pure tone audiometry (PTA) only while Group 2

received PTA and otoacoustic emission (OAE) testing.

Subsequent to the initial questionnaire and

audiometric assessment, individuals from both groups

were followed up with repeat questionnaires at six week

and twelve month intervals. The questionnaires were

ones developed and published (Purdy and Williams;

2002) from a previous AL study (Effective training

methods for workplace noise reduction). This 20-item

questionnaire has 5 sub-scales with items assessing:-

(1) Benefits - the perceived benefits of reducing noise

and noise exposure, for example through the use

of hearing protectors;

(2) Barriers - the perceived barriers to reducing

noise exposure;

(3) Self-efficacy - the perceived ability to reduce

noise exposure and/or protect hearing (Bandura:

1986);

(4) Attitude - attitudes to workplace noise and noise

exposure; and

(5) Susceptibility - an individual's perceived suscept­

ibility to hearing loss, interpreted as whether they

think noise exposure can/will damage their hearing.

The questionnaire also included information on

demographics, hearing problems, conversational

difficulties in noise, family reports of hearing problems

and incidents of tinnitus.

Results: A total of 136 individuals were involved,

67 in Group 1 (PTA only) and 69 in Group 2 (PTA &

OAE). The age range was 20 to 65 years witha mean

age of 39.6 years and standard deviation 11.4 years.

The subjects routinely worked in noisy environments

and had been in their present position for 13.8 years

(0= 10.7 years).

There was no significant difference in the PTA hearing

levels between the two groups with a mean hearing

loss of24 dB HL (0=13.5) at 3k, 4k and 6kHz. This is

illustrated in Figure 1 below.

For an otologically normal population at this age and

mixture the expected average threshold would be 6.4

dB (ISO 7029). This result confirmed hypothesis 1.

Males Females
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Figure 1: Right and left ear average pure tone audiograms for male (N=1 13) and female (N=23) subjects. Error bars show
standard deviations.
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Group comparison: Without the females, groups

1and 2 were equivalent at the first visit, for all but one of

the measures, self-rated noise exposure. Self-rated noise

exposure was higher (t = 2.2, df = 110, P =0.033) for

Group 1 compared to Group 2. Noise exposure was

therefore included as a continuous predictor (covariate)

for a three-way analysis of variance using 'Group' as a

between-group factor and sample time and sub-scale

as repeated-measures factors. This analysis showed no

significant differences between the two groups for

questionnaire subscale scores (F = 0.6, df = (1, 86),

P= 0.436). There was, however, a significant effect of test

occasion on questionnaire scores (F =8.1, df=(2, 172),

P < 0.001). This is illustrated in Figure 2, which shows

that subscale scores improved at the 6-week assessment

except for the Attitudes subscale that showed no change

across the three assessment occasions.

There were no group effects or interactions with group

and hence the groups were combined prior to doing

posthoc analyses to examine the repeat effect. Scheffe

posthoc analyses for the individual sub-scales showed

significant improvements between the Baseline and

6-week ratings for the Benefits (p = 0.002), Barriers

(p < 0.001), Self-efficacy (p < 0.001) and Perceived

Susceptibility (p = 0.048) subscales. For Benefits,

Barriers and Perceived Susceptibility this improvement

over the baseline was maintained at 12 months

(p ~ 0.862). For Self-efficacy, however, ratings

dropped significantly between 6 weeks and 12 months

(p = 0.005) and consequently the final 12-month

4.4 ,---------------------,

Hearing Loss Prevention

result did not differ from the initial result (p = 0.379).

The questionnaire sub-scale test results are presented

in Figure 2 and can be summarised by saying Benefits,

Barriers and Perceived Suceptibility ratings showed

an improvement after hearing testing which was

sustained, Self-efficacy showed an initial improvement

but this was not sustained over time, and there was no

change in Attitudes.

Outcome measures that might have changed as a

result of the hearing testing include self-rated hearing

loss, if subjects became more aware of hearing

difficulties after the test. A Friedman non-parametric

A OVA of the responses to the questions about

hearing problems, conversational difficulties in noise,

family reports of hearing problems or tinnitus

showed no significant changes across test occasions

for either group (p ~ 0.071).

One anticipated outcome was that subjects would be

predisposed to use hearing protectors more often

after having hearing testing and becoming aware of

hearing problems and risks to hearing. Although the

figures showed that there was a weak trend towards

increased use of hearing protectors, a repeated

measures A OVA of self-reported hearing protector

use showed no significant change over the three test

occasions (F =1.5, df = (2,212), P =0.215), and also

shows no effect of group or interaction of group with

test occasion.

Sample time interval

3.0 '----~----~---------'
Baseline Six weeks 12 months

..... --

4.2

i;:;'
.2 4.0

~
0\.5: 3.8...
E
~ 3.6

S
III
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3.2

I
-·---1-,-,-,-,-,---,-,-1f .~=~._~-- --I --------f
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± Benefits
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I Self-efficacy
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Figure 2: Mean sub-scale ratings for the
male subjects (N=113, Groups 1 and 2
combined).The Baseline was obtained
immediately prior to hearing testing. Results
at six weeks and 12 months were obtained
via telephone interview.The error bars show
standard deviations. (High rating indicates
better performance for all sub-scales.)
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These results supported hypothesis (2) but not

hypothesis (3).

Side note: As a result of the initial application of the

questionnaire some interesting results arose before

splitting the subjects into the two experimental

groups. Hearing test results were compared with the

individual's perception of their own hearing and their

perceptions of noise annoyance, hearing damage risk

and preventative action. Self-reported and family­

reported hearing loss and conversational difficulties

in noise correlated well with measured audiograms.

The overall reported incidence of tinnitus quite high.

All subjects came from noisy work areas, however,

the perceptions of workplace noise tended to be more

positive (i.e. greater noise awareness) if people felt

they had hearing problems. Those who reported no

hearing loss were less concerned about noise

exposure. otably there was no difference in hearing

protector use between those that did and those that

did not feel they had hearing problems. Overall

hearing protector use was limited to an average 29%

of the time.

Better educated subjects amongst those who reported

hearing problems were more likely to consider that

noise reduction was beneficial. However, they also

rated Barriers and Self-efficacy in the same way as

subjects with less education and no self-reported

hearing loss.

This implied that those with a hearing loss thought that

action should be taken in order to reduce further

hearing loss, but these feelings did not translate into any

positive action. Sadly it was only those who worked in

the management sub-group who felt that they could

have some positive effects on outcomes. The disparity

between managers and other work groups about noise

is of some concern and indicates that there is a need for

specific training to ensure that workers have the skills

(and confidence) to take more positive action to

reduce noise exposure in the workplace.

18 National Acoustic Laboratories
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Evaluation of the effects
of high noise exposure:
coal miners

Investigators: Eric LePage, Narelle Murray, Adrian

O'Malley]

1 Australian (oallndustry Research Laboratories

Background: A pilot study was commissioned by the

Australian Coal Industry Research Laboratories

Limited (ACIRL) to conduct a research hearing loss

prevention project involving miners operating at a

SW deep coal mine. In many studies carried out at

AL, the status of any ear has been assessed using

pure-tone thresholds, tympanometry and evoked
---.-..-- .

otoacoustic emissions. The clinical status of any ear
~"'-~. - --

measured in this way has mostly taken to be the

permanent condition of the ear. However the

possibility exists' that any record has been influenced
,

to an unknown extent by the effects of recent noise

trauma causing temporary shifts. I

This study concerns our first attempt to assess the

influence of recent noise exposure upon click-evoked

otoacoustic emissions (CEOAE) (LePage, Murray and

Macrae, 1992). It is well known that loud noise

exposure results in a Temporary Threshold Shift (TTS)

by which is meant a decrease in hearing sensitivity

which reverts to normal hearing exponentially following

cessation of the noise producing it. Whereas we might

have expected by analogy, that emission strengths

decline (as occurs with ageing and tends to occur with

hearing levels), the resulting Temporary Emission

Shifts (TES) have appeared complex, more so than in a

recent report by Marshall and Heller (1998). This may

be due to 1) emissions giving a much more dynamic

picture of cochlear activity; and 2) the miners each

have different occupations within each team and/or

are wearing their ear-protection devices differently.

The within-subject data variability from one shift day

to the next is larger than that obtained using sound­

booth test-retest conditions (Murray et al, 1997). Since

Hearing Loss Prevention

the data were obtained, the insights and techniques

developed make it possible to assess the effects of

extreme noise exposure contained in these data.

Research Questions: Through the use of CEOAE:

1) To compare long-term cochlear damage in a highly

noise-exposed group with a normative male

Australian population of the same age range; and

2) To quantify in individuals measures of cochlear

trauma accumulated in a high noise environment.

Research Procedures: Twenty-four deep coal miners

working in a variety of jobs were voluntarily tested

with CEOAEs before and after shift (either morning

or afternoon) every day for over a ten-day period

beginning on a Friday (day 0) with retesting occurring

on days 3, 4, 7 and 10 thereafter. Workers did not

necessarily have any days of quiet before the testing

began. Further follow-up CEOAE testing was carried

out on one day before and after shifts four months

later. Questionnaires regarding aural health, wearing

of hearing protection, type of job, recreational noise

exposure, hearing difficulty,'changes to hearing ability

(from the spouse's viewpoint) and smoking were

completed by all participants. ACIRL stiff provided

the estimated daily noise dose for each miner. Mine

management provided pure tone audiometric results

for both initial testing on employment' and the most

recent audiogram.

Findings:

Comparison of miner and normative Australian data

Figures 1Aand Bshow the audiometric and otoacoustic

emission comparisons between the group of coal

miners and our normative male Australian data

(LePage and Murray 1993) which excluded ears with

otological pathology but included all noise-exposed

people excepting the miners in this study. The

normative CEOAE and PTT threshold data were for

the pooled data from 439 subjects while the -coal

miners numbered 24, (two teams of 12 workers). All

data are partitioned by age into four decade groups.

Annual Report 2002-2003 19
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These are compared with the means of the normative

population. In Panel A, the mean, across subjects and

ears of the poorer of hearing levels at either 4 or 6

kHz are plotted because this measure is most

sensitive to noise-induced hearing loss (1S0-1999:

1990). A comparison of the groups reveals that, for

the two central age ranges there is no significant

difference between the Australian normative male

population and the coal miners. Both groups

approach a mild hearing loss (at 25 dB HL) when

they are in the 40-49 year age range. Panel B shows

CES values for Australian normative males compared

with those for coal miners in the same age ranges.

The values of the CES (dB SPL) for the two groups

are significantly different (p<O.O 1), even when

differences in age and hearing level are controlled for

via their inclusion as co-variates.

Effect of the extent of heavy noise exposure on

mean emission and hearing levels

Figure 2 shows the dependence of pure tone thresholds

and mean emission strength (CES dB SPL) for left

and right ears over all measurements upon level of

noise exposure. The two groups are based upon mean

noise dose of the individual worker, obtained from

the ACIRL estimates of the noise level in terms of the

percentage of maximum permissible daily dose (i.e.

energy dose as a fraction of90 dBA over an 8 hour day).

This estimation relates to occupation type, not the use

of hearing protection devices (HPDs). The values are

reclassified into "Low" and "High" rated noise exposure

according to whether the percentage lies below or

above 60%. The left panel shows the means of the

pure tone threshold obtained at either 4 or 6 kHz

whichever is the poorer threshold, There is no

significant difference between the threshold results

for the two groups, The right panel shows the
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Figure 1: The left panel shows comparison of
Australian normative males (filled squares and solid
lines) and coal miners (open circles and dashed lines)
for pure tone audiometric thresholds taken as the mean
of the poorer threshold at either 4 or 6 kHz. Whiskers
denote mean ± standard error of the mean. There is
only one subject in the 20-29 year age range amongst
the miners (n=2 ears). The right panel shows CES values
for Australian normative males (filled squares and solid
lines) from the subset of NAL subjects used to generate
the left panel. These CES values are compared with
those for coal miners (open circles and dashed lines)
in the same age ranges (p<O.Ol). Whiskers represent
standard errors. Values for coal miners are the mean
values for both ears for first and last test.
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Figure 2: Left and right panels show dependence of
pure tone thresholds and click-evoked otoacoustic
emission strength (CES dB SPL) upon estimates of noise
exposure. The emission dependencies are significant
(p<O.Ol) while the difference in pure tone thresholds is
not significant.
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otoacoustic emission measure CES plotted for the

same two groups for the data on all six days. The four

sets of data are for CES values before and after daily

work shifts for left and right ears. The differences in

CES for the two groups are significant (p<O.Ol)

showing that those with high exposure have lower

emission strengths, and by inference, more

accumulated cochlear damage. Since 6 days of data

have been used to carry out the A OVA on the

otoacoustic emissions, to make the comparison of

the two methods more comparable, the ANOVA was

performed on the data for just the first day (p<O.05)

and on just the before-shift data p<O.05.

Figure 2 suggests that CES values decline with

increases in the estimation of the noisiness of worker

occupations. The mean of ears in the high noise

category are below our previously established

critically-low level of 0 dB SPL, considered to be

approaching a mild hearing loss (LePage & Murray

1993). It is consistent that the pure tone threshold

values in the left panel are around a 25 dB hearing level.

Significance: Traditional thinking about noise­

induced hearing loss is strongly couched in terms of the

"Equal Energy Principle" and what energy absorbed by

the ear constitutes a reasonable "Daily Dose" of noise.

The principle was developed on the temporary shifts

that result from quite high levels of noise exposure,

such as coal miners encounter on a daily basis. These

data show that the pure tone thresholds in the miners

as a group are not significantly different from the

normative population data we have collected at NAL.

On the other hand, the mean values of emission
~-~--- -- - _....

strength for the group of miners are significantly lower
--_.~

than the normative values suggesting that otoacoustic

emissions are more sensitive to noise-trauma.

In addition, it was seen that the amount of depression

of hearing levels with the degree of noise exposure is

not significantly different. By contrast, otoacoustic

emissions appear to be more sensitive (p<O.01) to the

different levels of trauma encountered by the low and

high noise groups. In many instances, temporary

Hearing Loss Prevention

click-evoked emission shifts may be positive- as well

as negative-going as seen in the higher noise group

and the characterisation and cause of this effect is the

subject of ongoing investigation.
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The figure shows the distribution of noise exposure for
personal stereo uses versus age. The A-weighted noise
exposure is the estimated daily exposure from personal
stereo use only. A continuous, equivalent A-weighted
sound exposure level, LAeq,8h, of 85 dB is equal to one
Pascal squared hour, 1 Pa2 h.

At the suggestion of the Research Committee, the

project has been extended to gather more data from

other locations, possibly away from areas of noisy

public transport. This will open the opportunity to

gain measurements in public areas where background

noise is not so prevalent.

Hearing Loss Prevention

Personal Stereo Noise
Exposure

Investigator: W Williams

Brief report: This research aims to survey the levels

to which personal stereos are used in every day

circumstances by individuals going about their daily

activities. Potential subjects for this project are those

who are observed using a personal stereo. Personal

stereos could be any of a number of devices for which

earphones are worn while doing other activities such

as commuting or exercising. There is a lot of

anecdotal evidence concerning the noise levels

experienced by personal stereo users but to date,

while several laboratory studies have been carried

out, there have been no published studies of

measurements carried out in the "real world". Similar

work was carried out in France by Christian Meyer­

Bisch in 2002 but the results are yet to be published.

The AL protocol is similar to the French study.

To date subjects have been approached outside

Flinder's Street Station in Melbourne and the Town

Hall in Sydney's CBD. Many potential subjects are

reluctant to participate as they seem to fear that the

experimenter is either begging or 'carrying out a

survey' to sell something!! However, a respectable

sample size has so far been collected and an initial

examination of the exposure levels shows that around

25% of users receive an exposure that places them 'at

risk' of possible noise injury. This is not taking into

account any other noise exposure they may receive at

work or among other leisure activities.
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Percentage Loss of
Hearing Tables

arelle Murray, Dan Zhou

:or many years (since 1974) the AL Procedure for

calculating Percentage Loss of Hearing has been used

, y the Commonwealth and most States of Australia

.cor compensation of hearing loss purposes. An

:mproved Procedure was introduced in 1988 and

ince 2002 all States and the Commonwealth now use

this system. To modernize the procedure, a Windows™

ased program was developed during 2002-2003.

-:::bis program allows the user to simply enter the

earing levels of the client which are then

automatically converted to both monaural and

binaural Percentage Loss of Hearing. If required,

extensions to 6000 and 8000 Hz may be added and an

optional correction for presbycusis is also included.

The results may be printed out in a very neat format.

This is a simple, easy-to-use program which means

that the user does not have to access the written

Tables for every calculation. The program and the

Improved Procedure for Determining Percentage Loss

ofHearing (NAL Report No. 118) may be ordered via

the AL website: www.nal.gov.au.

Rehobilitotion Devices & Procedures

Factors affecting speech
intelligibility of hearing
impaired people

Investigators: Teresa YC Ching, Harvey Dillon,

Frances Lockhart, Emma van Wanrooy, Christopher

Brew, Lydia Lai 1,John NewalP,Jonas Brannstrom3

1 University ofTexas

2 Macquarie University

3 Lund University

This study is supported by CRC Hear.

Background: Speech cannot be understood if it

cannot be heard. Therefore, a major goal for

rehabilitation of hearing impaired people is to amplify

all speech frequencies to be audible at a comfortable

level. In doing so, speech intelligibility is maximised

for people with mild or moderate hearing losses.

However, the same cannot be said for people with

severe or profound hearing losses. Research has shown

that providing high sensation levels at frequencies

where the hearing loss was severe or profound did

not always improve speech intelligibility, and might

even be detrimental (Murray &Byrne, 1986; Ching et

aI, 1998; Hogan and Turner, 1998). This reduced

usefulness of audibility with increased hearing loss is

commonly referred to as "hearing loss desensitization"

(Pavlovic et aI, 1986; Studebaker et aI, 1997), and is

known to produce a more adverse effect at the high

than at the lower frequencies.

The Articulation Index (A lSI, 1969), now known as

the Speech Intelligibility Index (A SI, R1997),

provides a theoretical framework for relating

audibility to speech intelligibility. Using the Speech

Intelligibility Index (SII), the performance of people

with normal hearing or with milder hearing losses

could be predicted adequately from the amount of

audible signal above the listeners' hearing thresholds

(Kamm et aI, 1985; Dirks et aI, 1986; Dubno et aI,

1989), but the performance of people with more severe
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