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Otoacoustic emissions

Otoacoustic emissions (OAEs) are sounds produced by the
healthy inner ear. To many people this is a surprising state-
ment. After all, as far as we know, the eye does not emit
light; so why should the ear produce sound? The answer
lies in an understanding of current theories of cochlear
function.
Most of us are familiar with the travelling wave theory

which was developed by Georg von Bekesy in the 1940s.1
Von Bekesy studied the effect of sound upon the excised
human cochlea. He discovered that the action of the stapes
set up a wave in the basilar membrane that progressed
from base to apex. When the frequency of the stimulus was
altered, the travelling wave would peak at different sites on
the membrane. High frequencies caused maximal vibra-
tion at the base of the cochlea whereas lower frequencies
had a greater effect near the apex. In fact, each site on the
basilar membrane had its own characteristic frequency that
always produced maximum resonance at that point. Von
Bekesy proposed that the peak of the travelling wave was
detected by the local hair cells, which responded by
depolarising and initiating a sensory nerve signal. In this
way, the ear was able to distinguish between sounds of
different frequency.
The travelling wave theory suggests that the cochlea is

entirely passive. Over the last two decades, however, it has
been modified because experiments on live cochleas have
produced findings which imply an additional, active
process. For instance, the displacement of the basilar
membrane is far greater at its characteristic frequency than
the theory would predict.2 Also, as David Kemp found in
1978, sounds can be recorded in the external ear that are
almost certainly of cochlear origin.3 On occasion these
emissions contain more energy than the eliciting stimulus.4
These findings led to the theory of a 'cochlear amplifier'.5
The exact nature of the cochlear amplifier is unknown

but it almost certainly involves the mechanical action of
the outer hair cells upon the basilar membrane.6 In any
event, it is generally agreed that some active mechanism
causes the travelling wave to reach a very abrupt peak at, or
near, its site of characteristic frequency. It is the sharpness
of the peak which accounts for the exquisite sensitivity of
the mammalian ear. As a by-product, the amplifier pro-
duces a secondary disturbance of the basilar membrane.
This generates another, lower amplitude wave which
passes back along the membrane and through the middle
ear (see figure). It is this wave which emerges in the
external ear as an OAE.7
The potential of OAEs as a hearing test was apparent to

Kemp from the results of his earliest experiments.3 Kemp
found that OAEs could be recorded from normal adult
ears but not from those with hearing impairments.
Subsequent studies on individuals of all ages have con-
firmed that normal ears almost always produce emissions
while those with a hearing threshold of over 30 dB do not.8
The second great potential of OAEs is their ease of
measurement. All that is required is an aural probe con-
taining a sensitive microphone and a loudspeaker to deliver
the stimulus. The minute acoustic responses that contain
the OAEs are then summated and displayed by a personal
computer program. Technicians can be trained to use the
equipment in a couple of days.

Following Kemp's discovery, several other types of
OAEs have been identified.7 8 These include spontaneous
OAEs which, especially in young children, may occasion-
ally be loud enough for other people to hear.8 In clinical

practice, however, most researchers have used Kemp's
original emissions which are now usually known as tran-
sient evoked OAEs. As this is particularly true of studies in
childhood, the remainder of this article will concentrate on
the use of transient evoked emissions.

Otoacoustic emissions as a screening test
Transient evoked emissions are essentially an all-or-
nothing response. Normal ears produce OAEs, whereas
ears with hearing losses of any degree simply fail to
produce a response.9 Furthermore, the loudness of the
stimulus required to elicit an emission bears little resem-
blance to the subject's auditory threshold.8 9 For these
reasons transient emissions are of little use in determining
the severity of any hearing loss. However, because of their
all-or-nothing response and the simplicity of their detec-
tion, OAEs do have great potential as a screening test.

Certain groups of newborn infants, such as those who
are admitted to newborn intensive care units, are at risk of
sensorineural hearing loss. Therefore, this population is
often routinely screened for hearing impairment. Several
techniques, such as the auditory response cradle, have
been developed, for this purpose. However, before the
introduction of practical OAE machines, auditory
brainstem responses (ABR) were the only objective test
that was sufficiently widely available. This electrophysio-
logical technique is of proved efficacy,'0 but it is time con-
suming and technically demanding.1 Also, as electrodes
are attached to the scalp, ABR is often perceived as being
more invasive than OAE recording.

Several research groups have used transient evoked OAEs
for high risk neonatal screening. Notably, independent
studies in Sheffield and Southampton have compared OAEs
with ABR in a total of over one thousand infants.12 13 Both
groups found that OAEs can be recorded in half the time of
ABRs and are generally very well tolerated. Compared with
hearing status at 8 to 18 months, both OAEs and ABR had
a sensitivity of 100% for sensorineural hearing loss. OAEs
had a specificity of around 80% whereas the figure for ABR
was about 90%. OAE screening therefore failed more
normal ears. Nevertheless, the Sheffield group concluded
that OAE screening is still worthwhile because of its sim-
plicity.'2 They suggested that OAEs could be used as an
initial screen with the more complicated ABR being
reserved for those who fail. The Southampton investigators
reached similar conclusions.'3 They calculated that the two
tier screen would have a specificity of over 99%. The
encouraging results of these studies have led to the intro-
duction ofOAE screening into many neonatal units.

Unfortunately, OAE screening may not always be so
effective. In recent years, the high risk neonatal pro-
gramme in one unit has had a false positive rate of about
50%.'4 The low specificity seems to be caused by diffi-
culties in interpretation and technical problems peculiar to
very low birthweight infants.

In view of these contrasting reports on the efficacy of
OAEs, it is clear that data are needed from a much larger
number of subjects. The Institute of Hearing Research in
Nottingham is currently leading a multicentre study which
has already screened thousands of high risk infants. A
European database is also being constructed. Hopefully,
these two initiatives will be able to reach firm conclusions
regarding the sensitivity and specificity of high risk OAE
screening.
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Most infants with congenital sensorineural hearing loss
do not fall into a high risk category.'5 These children are
sometimes not identified until they have reached the age of
2 or 3 years.'6 17 As there is also some evidence that early
intervention improves language skills in this population,18
there is a case for routine screening of all newborn
children. Evoked emissions may be particularly useful for
this purpose and several trials of universal OAE screening
have been started. The largest such study is in the
American state of Rhode Island, where all newborn infants
have been screened since 1990.19 Initial reports suggest
that the programme will detect all babies with sensori-
neural deafness. Specificity is about 80% when compared
with hearing status at 6 months of age.

Although universal OAE screening is still experimental,
the Rhode Island study has already influenced health
policy in the USA. In 1993 the National Institutes of
Health declared that all American children should undergo
screening for hearing impairment before the age of 3
months.20 The preferred method is neonatal OAE fol-
lowed by ABR in those who fail.
The wisdom of this approach has been challenged, how-

ever,21 and many questions remain about the feasibility
and cost effectiveness of universal screening. For instance,
given that the incidence of congenital sensorineural hear-
ing loss is about 0. 1%,17 an OAE screen with a specificity
of 80% will fail 200 normal babies for every one with hear-
ing impairment. Moreover, because babies who pass the
Rhode Island screen are not followed up, the long term
sensitivity of the test cannot be ascertained. The optimal
timing of the test is also problematic. Clearly, the most
practical time is while the child is on the posmatal ward.
To achieve maximum coverage the test should therefore be
performed during the first few days of life. However, OAEs
are often unrecordable at this age because of amniotic fluid
and other debris in the ear canal.'9
The role of universal neonatal screening in the UK is

even more uncertain because all children are already
screened in infancy, albeit at around 7 months of age. A
controlled trial of OAE screening is therefore being con-
ducted in Wessex. The main aims are to determine the
potential yield and resource implications of universal
screening in this country.
There are only a few reports of OAE screening beyond

the neonatal period,22 24 although several groups of
children have been identified in which it may be useful.
These include children with learning difficulties and those

who are at risk of sensorineural hearing loss after menin-
gitis or the use of ototoxic drugs.7 24-26 Research in
children has probably been hampered by reports of diffi-
culties specific to this age group. Some investigators have
found that older infants and toddlers simply will not
tolerate the test procedure.'224 Others have found that
OAEs can be recorded with a little patience and
distraction.23 27
The major problem with OAE screening is its lack of

specificity. In full term infants and young children false
positives are largely due to contamination of the OAE
response by other sounds.23 27 28 Contaminating noise can
be both external (in the test environment) and internal
(from the child). Internal noise, from processes such as
breathing and swallowing, is particularly troublesome.

Linked to the problem of noise is the issue of OAE
analysis and pass/fail criteria. In ideal conditions, for
example a cooperative patient in a soundproof room,
OAEs are clearly either present or absent. However, in the
real world of paediatric audiology it is not always possible
to distinguish the sounds of an OAE from those of back-
ground noise. It is here that simple and efficient pass/fail
criteria are needed. Most OAE criteria are derived from
analyses of the reproducibility and/or signal-to-noise ratio
of the whole OAE waveform. They are vulnerable to
contamination by noise at certain frequencies and so they
frequently fail normal ears. This problem can be partially
alleviated by limiting the analysis to a few, selected
frequencies.23 27 28 Screening criteria based on this
approach appear to improve specificity without any loss of
sensitivity.

Otoacoustic emissions in audiological diagnosis
OAEs have other uses besides screening. Emissions are
produced by the cochlear amplifier, which is believed to
function without any afferent input to the central nervous
system.6 The absence or presence of OAEs can therefore
be used to distinguish between the sensory and neural
components of sensorineural deafness. This approach can
be used for individual assessment, for example in deter-
mining whether a child with known sensorineural deafness
will benefit from a cochlear implant. It can also be useful in
research. We are currently using a combination of OAEs
and ABRs to determine the precise site of the lesion in
postmeningitic hearing loss.
Two points should be made about OAEs in sensori-
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neural deafness. The first is that, because OAEs are gener-
ally present in patients with a retrocochlear (neural) hear-
ing loss, any such patients would pass an OAE screen.
Fortunately, such hearing losses are vanishingly rare in
infancy. This phenomenon is therefore unlikely to cause
many false negatives in neonatal screening.29 The second
point is that patients with acoustic neuromas often do not
produce OAEs.7 30 This unexpected finding is probably
due to the neuroma causing a coincident sensory hearing
loss secondary to cochlear ischaemia.30 OAEs are therefore
unreliable in diagnosing this condition.

Because OAEs travel through the middle ear, they are
also affected by middle ear disease. Children with glue ear
do not produce emissions.7 23 This means that OAEs
cannot differentiate between cochlear and conductive
deafness. Accordingly, OAEs should always be used in
conjunction with tympanometry. In fact, it is likely
that combined OAE/tympanographs will shortly be
developed.27

Future developments
From the discussion of OAEs in screening, it is clear that
the test can be improved by strategies that diminish the
influence of noise. The number of false positive results can
be reduced by adopting limited frequency screening,23 27 28
but other approaches are also being explored. The signal-
to-noise ratio may be improved by using stimuli that evoke
a stronger response.3' The ratio can also be increased by
recording a greater number of responses. Although this
strategy seems undesirable, the introduction of faster OAE
devices32 should make it more practical in the future.
To date, most OAE research in children has concen-

trated on transient evoked emissions. It is likely that
another type of OAE, the distortion product, will receive
increasing attention. Distortion products are particularly
appealing because, unlike transient emissions, they can be
used to produce displays that closely match the patient's
audiogram.8 33 They may also be more sensitive to high
frequency hearing loss.33 Furthermore, despite requiring
more complex equipment than transient emissions, distor-
tion products may be quicker to record.34
With these and other developments, which may include

automated analysis, it is certain that OAE devices will
become increasingly available. They are sure to be intro-
duced into more paediatric audiology clinics. If there is any
doubt about a child&s hearing status, a quick and objective
test could then be performed without the need for tertiary
referral. This will also reduce the requirement for
measurement of ABRs, a technique that often requires
sedation, or even anaesthesia, in young children.' It is also
possible that OAEs will be used for more screening
purposes. In the UK, all children have hearing tests at 6 to
8 months and at school entry. Eventually OAEs could
augment, or even replace, these screening procedures.

Conclusions
OAEs are an extremely sensitive method of detecting hear-
ing impairment. Because of their objectivity and ease of
measurement, they are of particular use in neonatal screen-
ing. In time, they may also be used for screening older
children. Another use of OAEs is as part of a battery of
tests in audiological diagnosis.

It is important, however, to recognise the limitations of

isolated OAE recordings. The presence of an OAE shows
that the sensory components of the cochlea are function-
ing. The patient could still have a central hearing loss.
Absent or unidentifiable OAEs are caused by cochlear and
conductive hearing losses, but also by contaminating
noise. In other words: if you can record an OAE, the inner
ear is working; if you can't, it doesn't necessarily mean it
isn't.
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