
This book provides a handy reference guide for medical
practitioners who do not have specialist knowledge in
paediatric audiology but who, nevertheless, will encounter
many cases with mild hearing impairment in childhood and
occasional cases with more severe hearing problems.

The test procedures used to assess the presence, type, nature
and degree of hearing impairment are described with guidance
on how to interpret the information provided in audiological
reports.

A book of this nature is long overdue and its presence is very
timely, given the appearance of various publications outlining
requirements for improved quality and more effective service
provision for hearing-impaired children. The early detection of
hearing problems is of fundamental importance in childhood
and the medical practitioner has a central and active role in this
process. Guidance on what practitioners can and should do is
given in the text, together with the answers to many questions
that parents bring to the surgery.
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Preface

The need for this book became apparent during a series of courses on
child health surveillance on which the editor lectured to some 3000
medical practitioners over a 2 year period. The same questions arose
repeatedly and it was clear that a basic text was needed, specifically to
answer these questions at an appropriate level for non-specialist doctors
who, nevertheless, have a significant and active role to play in helping
to detect hearing problems. In the surgery parents' questions must be
answered with insight and with awareness of the basic issues. They raise
questions after ear, nose and throat (ENT) and audiological assessment
sessions and they bring the terminology from those clinics, and from
media coverage, into the doctor's surgery.

This book contains an introduction to paediatric audiology and
addresses such questions as

Can hearing be tested in the newborn?
Can hearing aids and cochlear implants be supplied to babies before 3

months of age?
How do you interpret a tympanogram?
Why is masking undertaken in audiometry?
What is the purpose of bone-conduction testing?
How can infants hear quiet sounds but not discriminate speech?
What is a bone-anchored hearing aid?
Can cochlear implants restore hearing to normal?
What happens after hearing aids have been supplied or after cochlear

implant surgery?

The answers are contained in the following pages and it is hoped that
this book will be of value to any doctor who comes into contact with
hearing-impaired children.

B. McCormick
Nottingham
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Introduction to hearing problems in
childhood
BARRY McCORMICK

Severe and profound hearing impairment is rare, affecting only one to
two babies per thousand births. In nearly 50% of the cases no definite
cause of deafness can be found but it is known that those born in special
care units are ten times more likely to be affected than their well baby
counterparts. Davis and Wood (1992) demonstrated in a group of 2000
babies in the UK that 70% of the hearing impaired from special care
units had additional disabilities.

By the age of 3 years, 9% of the deaf population will acquire sen-
sorineural or mixed losses and this proportion rises, eventually to 20%, in
later childhood years. Many of these acquired losses will be profound or
total in nature with meningitis being the single most common cause.
Although this represents a small proportion of all hearing-impaired chil-
dren it is a very significant group demanding diagnostic and rehabilitation
resources and some may become candidates for cochlear implantation.

Another group requiring considerable resources is deaf children with
additional disability and special care unit babies are nine times more
likely to have dual or multiple disability. Of such cases from special care
units, 43% have mixed (conductive and sensorineural) losses in early
childhood and this is a much higher proportion than the 10% with
mixed losses in the rest of the population. The prevalence of sensori-
neural hearing loss decreases with severity and a typical finding for the
better ear hearing would be:

50-80 dBHL; 1 in 1000 infants
81-95 dBHL; 1 in 2000 infants
above 95 dBHL; 1 in 3500 infants

Conductive hearing losses are much more common and 6% of children
will have an episode of significant conductive hearing loss (above



2 B. McCormick

20 dB) at some stage. Most of these will occur below the age of 4 years
and very rarely above the age of 8 years. About 80% of babies will have
middle-ear fluid within the first year of life and the majority will require
no treatment. It is, however, necessary to identify those where the fluid
persists and causes a marked hearing problem. This topic is discussed in
detail in Chapter 7.

It will be appreciated from the above introduction that, with the
exception of persistent conductive hearing problems, hearing impair-
ment in childhood is extremely rare. A practising doctor with 2000 reg-
istered patients will see 40 or so children per year with conductive
hearing loss but only one severely/profoundly deaf child might appear
in 20 years of practice.

The impact of deafness on child development
Severe and profound deafness can affect a child's social, emotional,
intellectual and linguistic development. The earlier it is detected and
compensated for with appropriate hearing aid provision or the intro-
duction of a manual system of communication, the less will be the
adverse impact on later development. No hearing aid can restore hear-
ing to undistorted normal levels.

Early detection is particularly crucial in congenitally deaf babies so
that the early stage of neural plasticity can be harnessed, with the use of
hearing aids and/or a signing system, to assist the process of speech and
language development by establishing the necessary neural pathways.
The days of assuming that speech and language start with the first
words at 12-18 months are far gone and we now know that even in the
first weeks of life the infant is exposed to important auditory experi-
ence, which forms the foundation for later speech and language devel-
opment. If the early sensitive stages for language development are
missed, as is the case with late-detected hearing problems, it can be
expected that there will be serious consequences and the child will be
prevented from achieving full linguistic potential. Late detection is any-
thing beyond the first months of life. The average age of detection of
hearing loss in excess of 50 dB is 3 years in the USA (NIH Consensus
Statement, 1993) and 2 years in the UK (Davis and Sancho, 1988) and
this is not a satisfactory situation, given that good screening tests can be
applied within the first year.

The medical practitioner has a responsibility to ensure that thorough
investigations are made if there is any evidence for, or suspicion of, a
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hearing problem. Parents are normally correct if they suspect the pres-
ence of a hearing disorder and the practitioner is advised to take such
suspicion seriously. Parents are now exercising rights on behalf of their
children, some of which may lead to litigation claims against any profes-
sional who delays access to help and treatment. Techniques are now
available for testing the hearing of babies at any stage, including within
the first days of life and hence no child is too young to be referred for
investigation and no child is too young to be considered for the fitting of
hearing aids given that it normally takes a few weeks for hearing inves-
tigations to be completed at the diagnostic level. Figure 1.1 shows a
baby wearing appropriate hearing aids.

It has already been stated that not all hearing problems are severe or
profound and not all are permanent. Some children will be disadvan-
taged by temporary fluctuating losses resulting from otitis media. The
inconsistency of auditory input from the fluctuations will add to the
problem of loss of hearing sensitivity. Each 10 dB drop in hearing level
corresponds to a halving of the subjective loudness and although losses
of 20-40 dB may be termed minor or moderate, and might be tolerated
by an adult, the effects are far from mild for infants during the forma-

Figure 1.1. A baby wearing miniature postaural hearing aids. This
child was fitted with hearing aids at the early age of 10 weeks, despite
the fact that he was 11 weeks premature.
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tive stages of language development. Figure 1.2 shows the author's
advice sheet to help parents and teachers to understand such cases.

Another type of hearing loss that can lead to inconsistency of input,
and to lack of understanding by parents, is high tone sensorineural dis-

NOTTINGHAMSHIRE CHILDREN'S HEARING ASSESSMENT CENTRE
ADVISORY DOCUMENT No. 2

ADVICE FOR PARENTS AND TEACHERS
CONCERNING CHILDREN WITH HEARING PROBLEMS

OF A MINOR DEGREE

A child with a slight hearing problem may not need or even be able to benefit
from a hearing aid but, nevertheless, he or she may be at risk both in terms of
language development and in terms of educational progess. It is hoped that the
advice given below will help parents and teachers to form some appreciation of the
nature of the child's problems and this may help to lessen the risk to the child.

The Child's Problems
1. It is important to understand that the child's main problem is not lack of

awareness of sound for in certain circumstances even very quiet sounds may be
heard. The problem is more one of sound confusion because some parts of
speech may be heard less well than others. The child may be aware of a very
quiet voice or even a whisper but he or she may miss the clarity of the speech.
Some words may be missed altogether and others may be confused.

2. It is highly likely that a child with this degree of hearing disorder will have been
accused of being rather slow or inattentive when in fact the child has a genuine
problem in making sense of what is said.

3. The child's problem will be much greater in noisy surroundings or in situations
where more than one person is speaking at the same time.

4. The hearing levels may fluctuate from day to day. On good days the child's
hearing may appear to be virtually normal and on poor days the child may have
considerable difficulty.

5. If one ear is affected more than the other the child may experience difficulty in
locating sounds and in understanding speech presented on the poor side.

What Parents and Teachers Should Do
1. Careful thought should be given to seating arrangements in classrooms or to the

distance at which speech is presented to the child in other situations. The
speaker should attempt to be as near as possible to the child and be on the
better side if one ear is affected more than the other.

2. The child will be helped if he or she can see the speaker's face.

3. Patience may be needed if the child repeatedly misunderstands.

Dr. B. McCormick PhD, BSc, Cert. T. Deaf, Dip. Audiol.
Director of the Children's Hearing Assessment Centre.

Figure 1.2. The author's advice sheet concerning children with minor
degrees of hearing loss.
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orders. In such cases low and middle frequencies in the speech fre-
quency range may not be heard at all. The affected child will respond to
quiet sounds but may not be able to make sense of speech because the
high frequency consonant sounds, which give meaning and intelligibility
to speech, may be absent. This type of hearing loss can be detected only
if tests incorporating specific high frequency stimuli are used. Such tests
will be described in this book.

The possibility that a child might feign deafness as an attention seek-
ing strategy should not be overlooked. This form of behaviour is not
uncommon, particularly in girls around the age of 8 years and above
and they can be very convincing to the extent that hearing aids may be
requested. Skilled audiological testing is required to detect non-organic
hearing loss of this nature and the clinician is usually alerted to the pos-
sibility that such a condition might be present when a child's perfor-
mance in a speech discrimination test of hearing is better than would be
expected from the audiometric thresholds. True hysterical conversion
deafness is extremely rare and virtually unknown in children. The pat-
tern observed is usually one of feigning or malingering but the psycho-
logical motive for such behaviour may need to be investigated with
considerable tact and sensitivity.

How to aid detection
It has already been stated that parents are a valuable resource in the
early detection process and the first recommendation to the medical
practitioner is 'Listen to the parents and act upon their suspicions'. The
author's 'Can your baby hear you?' checklist (Figure 1.3) can aid this
process.

The second recommendation is 'If in doubt, refer'. Parents do not
notice all kinds of deafness and high tone deafness is the classical one
that will be missed if good testing is not undertaken to exclude it. In the
absence of good testing such cases may be detected at a late stage when
speech and language delay become apparent and often with accompa-
nying behaviour disturbance and attention problems. By then much
harm will have been done. Such problems can be avoided by including a
high tone test stimulus in a neonatal hearing screening test or in the
Distraction Test (McCormick, 1991). The Distraction Test has been
shown to be a valid test within a community context, when performed
well (McCormick, 1983) and Davis and Wood (1992) showed that in
one district 72% of babies with losses greater than 50 dBHL were
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Hints for Parents-

"Can your baby hear you?"

Here is a checklist of some of the general signs you can look for in your baby's first
year:-

Shortly after birth
Your baby should be startled by a sudden loud noise such as a hand clap or a door
slamming and should blink or open his eyes widely to such sounds.

By 1 Month
Your baby should be beginning to notice sudden prolonged sounds like the noise of
a vacuum cleaner and he should pause and listen to them when they begin.

By 4 Months
He should quieten or smile to the sound of your voice even when he cannot see
you. He may also turn his head or eyes toward you if you come up from behind and
speak 10 him from the side.

By 7 Months
He should turn immediately to your voice across the room or to very quiet noises
made on each side if he is not too occupied with other things.

By 9 Months
He should listen attentively to familiar everyday sounds and search for very quiet
sounds made out of sight. He should also show pleasure in babbling loudly and
tunefully.

By 12 Months
He should show some response to his own name and to other familiar words. He
may also respond when you say 'no' and 'bye bye' even when he cannot see any
accompanying gesture.

CD
m
CD
m
m
CD

Your health visitor will perform a routine hearing screening test on
your baby between six and eight months of age. She will be able to
help and advise you at any time before or after this test if you are
concerned about your baby and his development. If you suspect that
your baby is not hearing normally, either because you cannot answer
yes to the items above or for some other reason, then seek advice
from your health visitor.

Produced by Dr. Barry McCormick
Children's Hearing Assessment Centre, General Hospital, Nottingham NG1 6HA

Printed by The Sherwood Press (Nottingham) Limited

Figure 1.3. The author's 'Can your baby hear you?' checklist is used
widely in the UK.

detected following referrals from the Health Visitors' Distraction test
and the test achieved high coverage (96%) and had a sensitivity of 88%.

Targeted neonatal hearing screening has the potential to catch 40%
of congenitally deaf babies if performed on the special care baby group
(roughly 7% of births) and if well babies with family history of child-
hood deafness and others with known relevant syndromes are also
included. Tests utilising auditory brainstem responses (ABR) and oto-
acoustic emissions (OAE) have been favoured in recent years although
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other 'behavioural' methods have also been developed, including an
Auditory Response Cradle (Tucker and Bhattacharya, 1992). Mass
screening at the neonatal stage has the potential to catch 70% of deaf
babies and the ones that will not be detected include those with pro-
gressive or acquired losses, the false negatives from the tests, and those
discharged prior to testing. Community hearing screening and surveil-
lance will be needed to detect the 30-60% of babies not detected by
neonatal screens or all cases in the absence of neonatal tests.

Infants beyond the first year of life and into the school years will
require the screening and observation methods detailed in this book. The
intention should be to ensure that all cases with hearing losses in excess
of 40 dB are provided with hearing aids, cochlear implants or manual
communication and all cases with lesser degrees of hearing loss are moni-
tored carefully and given appropriate treatment where indicated.

Failure to acknowledge the presence of a hearing problem in child-
hood and failure to arrange appropriate investigation and support must
be considered to fall into the category of negligence. The time has never
been more opportune for the medical practitioner to be informed of
what can be done and what should be done to detect and to support
hearing-impaired children. Knowledge of the investigations, the proce-
dures, the terminology and of how to interpret results will be found
within the following pages.
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2
Causes of deafness
KEVIN P. GIBBIN

Causes of deafness
In considering a topic as wide ranging as deafness it is important to
have a framework on which to hang the main elements to be discussed.
There are many different ways of classifying deafness, two of which will
be used for this chapter. With the framework established, salient points
within each category will be discussed.

The most fundamental classification system is based on the site of the
hearing loss and therefore on the nature of the loss. Deafness may
result from pathology in the external or middle-ear causing a conduc-
tive hearing loss - a failure of transmission of the sound signal from the
outside world to the inner ear. Sensorineural deafness arises from
pathology either within the inner ear, a sensory or cochlear loss, or
from pathology in the neural pathways connecting with the brain, a
neural or retrocochlear deafness. With the development of cochlear
implantation as a means of treating profound deafness it is no longer
only of academic interest to differentiate between these two groups of
causes of deafness; cochlear implantation is of benefit only if the central
neural pathways remain intact and is therefore not appropriate in cases
of retrocochlear deafness. Conductive deafness is considerably more
common than sensorineural deafness, the latter having a prevalence of
one or two per thousand (Davis and Wood, 1992).

In addition to the two main sub-groups, conductive and sensorineural
deafness, a third extremely rare group may be identified, central deaf-
ness, in which the pathology lies within the auditory cortex. It is also
important to remember that even in childhood, typically in older chil-
dren, non-organic deafness may be seen. Conductive deafness usually
produces either a low tone or a relatively flat hearing loss with all
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frequencies being equally affected. The maximum degree of deafness
from a conductive loss is about 60 dB. Sensorineural deafness varies
from a very minor loss to a total loss of hearing with varying auditory
patterns on the pure tone audiogram, a high frequency deafness being a
common finding.

The second system of classification to be used here is based upon
when the deafness occurs and whether or not there is a genetic element
to the aetiology. The system may be outlined:

Prenatal causes
Perinatal causes
Postnatal causes

There may be a genetic element in both prenatal and postnatal causes
of deafness and of course the nature of the loss may be conductive or
sensorineural. In addition it should be noted that deafness may occur in
a variety of syndromes; in some it is an essential element of the syn-
drome, in others it is an optional inclusion. Hearing loss as part of a
syndrome may be present from birth or it may occur at a later stage.

Prenatal causes
Of the non-genetic prenatal causes of deafness two major factors have
been eliminated over the past 20 years or so. Rhesus haemolytic disease
and associated kernicterus is now a rare cause of neonatal deafness
thanks to the development of anti-D inoculation in cases of materno-
foetal rhesus incompatibility. Similarly rubella as a cause of morbidity,
including deafness, has to all intents and purposes been eliminated due
to rubella immunisation of young girls.

Maternal infection during pregnancy may result in materno-foetal
transmission of the infecting agent; rubella as a cause of deafness has
already been referred to but other infections are still a significant
cause of morbidity. Cytomegalovirus (CMV) is a cause of congenital
sensorineural deafness; this may be associated with severe handicap if
the infection is obvious at birth. In subclinical cases the prognosis is
often better. Culture of the virus may be obtained from urine in the
first few weeks of life. Serology will confirm the diagnosis, showing a
rising titre of IgG antibody or the presence of CMV-specific IgM.
Toxoplasmosis, caused by Toxoplasma gondii, is another cause of con-
genital sensorineural deafness; serum antibody titres will help make
the diagnosis.
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Drugs are now used with much greater caution in pregnancy and dis-
asters such as occurred with thalidomide are much less likely as a result.
Non-genetic developmental abnormalities of the ears may however still
occur as a result of random mutation or chance effects on the develop-
ing foetus. These effects may be on the inner ear during its develop-
ment from otic placode, a neuro-ectodermal derivative, or on the
middle and external ears; the former develops from the tubotympanic
recess, an out-pouching of the first pharyngeal pouch, the latter from
the first visceral cleft. All these events take place between the fifth and
fourteenth week of gestation. Developmental abnormalities may be
grouped in four separate categories:

abnormalities of the pinna; these range from minor cosmetic
abnormalities to total aplasia
abnormalities of the external auditory canal including total
aplasia
abnormalities of the middle-ear cleft, including ossicular abnor-
malities
abnormalities of the inner ear and central auditory pathways

Developmental anomalies of the inner ear are rare and include such
conditions as Mondini dysplasia in which the cochlea develops as a
single coil.

Genetic abnormalities may result in any of the above abnormalities
and many well defined deafness syndromes exist; however deafness may
be an isolated feature, due either to dominant autosomal transmission
or to a recessive inheritance. In the latter case the diagnosis will be
made by a process of exclusion. Deafness syndromes may have a
genetic basis although many do not. Various classification systems exist;
one convenient classification groups the auditory defect with defects in
other systems or parts of the body:

Deafness associated with:

skeletal/craniofacial abnormalities - examples include Apert's
syndrome (acrocephalosyndactyly), Crouzon's syndrome,
Klippel-Fiel syndrome, cleft palate and lip and
Treacher-Collin's syndrome;
neurological disorders - a typical example is cerebral palsy;
epidermal/pigmentary disorders - Waardenburg's syndrome is
a well known example in which there are white areas of hair in
the forelock, eyebrows and eyelashes and heterochromia iridis;
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ophthalmological disorders - Usher's syndrome - deafness
associated with retinitis pigmentosa;
metabolic/endocrine/renal disorders - Alport's syndrome
(deafness and progressive hereditary nephritis) and Pendred's
syndrome (deafness associated with goitre) are examples;
chromosomal abnormalities - Down's syndrome, Turner's syn-
drome, trisomy 13-15 and trisomy 18 are examples;
other miscellaneous conditions - examples include CHARGE
syndrome (Coloboma, Heart disease, Atretic posterior nasal
choanae, Retarded development, Genital hypoplasia and Ear
anomalies).

Perinatal causes
With increasing success by obstetricians and paediatricians in resuscitat-
ing very low birth weight preterm infants has come the awareness that
many of these children have a much higher incidence than their normal
birth weight/full term peers of suffering from sensorineural deafness
(Davis and Wood, 1992). Low birth weight may be associated with a
variety of factors including traumatic delivery, neonatal asphyxia and
hypoxia and respiratory distress syndrome. Neonatal acidosis may also
contribute as may intracranial haemorrhage. It has also been suggested
that the neonatal cochlea may be unduly susceptible to noise, concern
being raised about incubator noise.

Postnatal causes
Postnatal causes of deafness can mean either a conductive or a sen-
sorineural loss. Sensorineural loss may develop from genetic causes,
both dominant and recessive, either as an isolated lesion or as part of a
syndrome with the deafness as a late onset feature. Children with pro-
gressive sensorineural deafness are encountered and prove to be a par-
ticularly difficult group to manage due to doubt about the possibility of
overlooking a treatable lesion such as a labyrinthine fistula.

Non-genetic causes of acquired sensorineural deafness include
meningitis, mumps (in which the loss is typically unilateral), measles,
trauma and, rarely, exposure to ototoxic agents. Meningitis remains the
commonest cause of acquired sensorineural deafness in childhood
(Martin, 1982), the pathology being a septic labyrinthitis as a result of
spread of infection from the cerebrospinal fluid to the perilymph
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through the cochlear aqueduct. Any one of three major infecting agents
causing meningitis, Haemophilus influenzae, Neisseria meningitidis and
Streptococcus pneumoniae, may cause deafness; although much more
rare, tuberculous meningitis is associated with a high incidence of hear-
ing loss.

Conductive deafness
Rarely conductive deafness may be congenital, as for example in the
Treacher-Collin's syndrome in which there may be total atresia of the
pinna and external auditory canals. However the commonest causes of
conductive deafness are acquired due to inflammatory conditions of the
external auditory meatus or middle ear.

Conductive losses account for the greatest number of children with
deafness, with otitis media with effusion (OME) being the single most
common cause. It must be remembered that children with sensorineural
deafness are not precluded from developing a conductive loss due to
OME and this must not be overlooked in the diagnosis and treatment
of deaf children. Indeed it is particularly important that an acquired
conductive deafness due to OME in a child with a severe or profound
hearing loss should be detected as soon as possible.

Many causes of conductive deafness produce a short term impair-
ment, often unilateral, as in cases of acute suppurative otitis media
(ASOM). ASOM affects large numbers of children, 84% experiencing
this at some stage in early life.

Chronic suppurative otitis media (CSOM) is considerably less com-
mon; it is considered under two broad headings, tubotympanic disease
and attico-antral disease. Tubotympanic disease is the more common of
the two; the underlying pathology is a chronic mucositis of the middle-
ear, characterised clinically by a central tympanic perforation with
mucopurulent discharge. The underlying mucositis may resolve and the
tympanic membrane may heal with no residual deficit, either in the
hearing or on otoscopy. However in some cases the eardrum may fail to
heal leaving a dry perforation of the pars tensa. The effects of such dis-
ease on the hearing depend on the size and location of the perforation
and on any effects on the ossicular chain. A small anterior perforation
may produce no hearing loss at all and conversely a large posterior per-
foration may produce a moderate conductive loss.

Attico-antral disease is often associated with a normal mesotympa-
num, the disease, as the name implies, being confined to the attic with a
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pars flaccida defect and associated with cholesteatoma; discharge may
be very scanty and is usually offensive. The hearing loss in these cases
will depend on the nature of any damage to the ossicular chain; there
may be erosion of the tip of the long process of the incus producing an
ossicular discontinuity and a conductive loss of up to 60 dB, the maxi-
mum possible loss for a purely conductive deafness. Fortunately most
cases of attico-antral disease are unilateral.

Otitis media with effusion (OME), as already noted, is the single
commonest cause of deafness in childhood with a prevalence varying
from 7 to 19% (Tos et al., 1986). OME occurs throughout early child-
hood; Birch and Elbrond (1984) have shown that the maximum propor-
tion of children with tympanometric evidence of effusions was found in
1-year-olds. There is a marked seasonal variation in the incidence of
OME; Rach, Zeilhuis and van den Broek (1986) demonstrated that
39% of ears had tympanometric evidence of OME in winter compared
with 24% in summer. Gibb (1979) has stated that malfunction of the
Eustachian tube is the essential underlying cause of OME, but this is to
oversimplify matters. Clearly Eustachian dysfunction does play a role in
the aetiology of OME, as shown for example in the high incidence of
OME in children with cleft palate. Other factors to be considered
include the role of the adenoids, whether it be due to the adenoid mass
obstructing the tubal opening in the nasopharynx, infection in the aden-
oids or their histamine content. It is generally agreed that OME is a
truly multifactorial condition with tubal function and anatomy as per-
haps the more important elements, with infection and mucosal factors
also playing a part.

The hearing loss in OME varies. Sade (1979) demonstrated an aver-
age loss of 28 dB, but the auditory threshold may fluctuate despite per-
sistence of the effusion. The deafness in OME may present in a variety
of ways, in some instances determined by the age of the child. The loss
may be detected on routine screening of hearing at the 9 month stage
and Haggard et al. (1992) have shown an incidence of referr able (to an
otolaryngologist) severity of middle-ear disease of 1.3% of the age
cohort. The deafness may present as failure to develop normal patterns
of speech and language and in this context it has been suggested that
the fluctuating nature of the loss in OME may be more damaging than
a more severe persistent loss as may be seen in sensorineural deafness.
Hall and Hill (1986) have considered five factors in assessing why
OME can have a major effect in some children and yet be trivial in
others:



14 K.P. Gibbin

1. the age at which the disorders occur
2. the duration of the episodes
3. the severity of the loss
4. intrinsic qualities in the child
5. the child's environment

Children with OME may present with behaviour disturbances and in
older, school age, children the hearing loss may present as underachieve-
ment in class, particularly in reading skills. In a small number of children
there may be long term sequelae as a result of OME, with collapse of the
tympanic membrane (atelectasis), adhesive otitis and tympanosclerosis.
These sequelae may be associated with a permanent conductive loss.

Other causes of conductive loss in children are uncommon. Other
than foreign bodies in the external auditory meatus, acute conditions of
the ear canal are uncommon. Trauma - head injury - may cause disrup-
tion of the ossicular chain, as may unskilled attempts at removal of for-
eign bodies. Other possible effects of trauma include haemotympanum,
blood in the middle ear, which usually resolves completely; it is, how-
ever, possible for adhesions to develop after bleeding into the middle
ear and a persistent conductive loss to occur. A perforation may also be
caused by trauma.
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3
Behavioural tests
ANGELA MAXWELL

Behavioural hearing tests require the child to show an overt response to
an auditory stimulus. The response may be a head turn or a play
response such as putting a peg in a board. These tests give important
information about the child's ability to detect and process sound, unlike
objective techniques, which investigate different parts of the auditory
pathway. For this reason, results from objective hearing tests should
always be interpreted in the light of behavioural findings, to give an
overall picture of how a child responds to sound.

The aim of paediatric behavioural testing is to determine, as accur-
ately and reliably as possible, the presence and nature of any hearing
impairment and the threshold of hearing across the important speech
frequency range, from 500 Hz up to 4 kHz. The choice of test technique
is based on the developmental age of the child, not necessarily the
chronological age. Table 3.1 outlines the different test techniques and
their ages for application. Behavioural audiological tests should always
be accompanied by impedance measurements to investigate the status
of the middle ear and the integrity of the acoustic reflex arc. (See
Chapter 6 for further details of impedance measurements.)

Behavioural testing of children's hearing can be divided into the two
separate but overlapping areas of auditory detection and auditory dis-
crimination. Techniques involving auditory detection can be used from
the age of a few weeks. As the child matures, so the response develops,
from a reflex involuntary change in behaviour, for example arousal
from sleep, to a voluntary conditioned response, where the child must
wait and then carry out a simple action, on hearing an auditory stimu-
lus. Auditory discrimination tasks cannot be incorporated into the audi-
ological assessment until a child is 18-24 months developmentally, at
which time he or she should be able to carry out simple verbal
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Table 3.1 Choice of test technique and developmental age

Developmental age
(months)

0-6

6-18

18-30

30-60

Choice of test technique

Auditory detection

Behavioural

Auditory discrimination

_
observation audiometry
Distraction test
VRA
Distraction test
VRA
VRA
Performance test
Pure tone audiometry

-
Cooperative test

Speech discrimination
tests, e.g. the McCormick
Toy Discrimination Test,
the Kendall Toy Test

instructions. Beyond this age assessment should involve measures of the
child's auditory detection and auditory discrimination skills. This chap-
ter aims to give a brief explanation of screening and diagnostic paedi-
atric hearing tests used throughout the UK. A more comprehensive
account can be found in Paediatric Audiology 0-5 Years, edited by
McCormick (1993).

Auditory detection

1. Behavioural observation audiometry
Up to the age of 6 months, it is difficult to implement any formal test
technique to obtain information regarding hearing thresholds.
However, skilled observation by an experienced tester of a baby's con-
sistent change in behaviour, for example eye widening or a startle in
response to auditory stimulation, can give reliable information about a
baby's hearing sensitivity. In this age group, for normally hearing
babies, responses can be elicited only to moderate-intensely raised lev-
els, not at threshold levels. More objective methods such as otoacoustic
emission investigations (see Chapter 5) and impedance measurements
can provide additional information about middle- and inner-ear func-
tion. Depending on the findings from both behavioural and objective
measurements, the audiologist may decide to review the baby when he
is developmentally ready for full distraction testing or to refer him for
auditory brainstem response (ABR) investigations. Mason, McCormick
and Wood (1988) have found that in Nottingham only 3% of children
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seen for behavioural audiological assessment need to be referred on for
ABR measurements.

2. The Distraction Test
By 6-7 months of age, most babies are sufficiently mature to sit unsup-
ported and are able to turn to locate quiet sounds presented out of
vision and level with the ear, if they are not too engrossed in other
activities. This is the principle on which the Distraction Test is based
and it was first described by Ewing and Ewing in 1944. It is widely used
by health visitors in the community as a screening test for babies aged
6-7 months, as well as being used diagnostically in audiological clinics.

The Distraction Test is a sensitive and reliable test for detecting hear-
ing loss in this age group, if administered by skilled, well-trained testers
(McCormick, 1988). However, there are a number of pitfalls that testers
must be aware of to ensure that the technique is assessing only hearing
sensitivity and not other sensory functions. Such pitfalls include allow-
ing the sound source, or tester, to enter the baby's peripheral visual
field, resulting in visual cueing, and using broadband auditory stimuli
instead of frequency specific stimuli to assess the hearing sensitivity. For
a comprehensive discussion including such sources of error, the reader
is referred to Screening for Hearing Impairment in Young Children, by
McCormick (1988).

Test procedure
The Distraction Test requires the baby to be seated erect on the
mother's lap and two trained testers, one located in front of the baby,
and one located out of vision behind the baby. The front tester cap-
tures, controls and phases the baby's attention using simple toys on a
low table. As the distracter phases the baby's attention, the second
tester presents the auditory stimulus out of view, level with the baby's
ear (see Figure 3.1). A baby with normal hearing should respond by
turning to locate the stimulus (see Figure 3.2).

The test aims to assess a child's hearing sensitivity to low, mid and
high frequencies bilaterally, using frequency-specific stimuli (see Table
3.2). The use of sounds with a broadband frequency spectrum, for
example, tissue paper or whispered and voiced speech, are not suitable
for such assessment. During the screening distraction test, each stimulus
must be presented at a level determined by each health authority, and
this should be in the region of 35 dB(A).
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Figure 3.1. The Distraction Test demonstrating presentation of the
auditory stimulus.

Pass criteria

To pass the screening test, the baby must make a full head turn to
locate each stimulus presented at the screening level, for example
35 dB(A). The baby must respond reliably to two out of three presenta-
tions, to low, mid and high frequency stimuli on each side. If a baby
consistently fails to respond to any of the sounds, then he or she fails
the screen and a follow-up hearing assessment should be arranged,
either a second screen or further diagnostic testing.

Reasons for failure
A failed hearing screen can result from many factors, not necessarily
related to poor hearing sensitivity. It may be that the baby is not yet
developmentally ready for the test if not sitting unsupported or has
poor head control. Alternatively, the baby's attention state may not be
optimal on the day of testing. A baby's responsiveness to tactile and
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Table 3.2 Frequency-specific stimuli suitable for sound field testing

Low frequencies

Mid frequencies

High frequencies

500 Hz warble tone
Hum

2 kHz warble tone

4 kHz warble tone
Manchester rattle
's' consonant

i 1 •

Figure 3.2. The head turn response to locate the auditory stimulus.

visual stimulation during distraction testing can give important clues to
the child's attention state. If a baby is quick to such stimuli, but shows a
consistent lack of awareness to auditory stimuli, then the presence of a
hearing impairment is strongly indicated.

One of the most common reasons for failing a hearing screen is mid-
dle-ear dysfunction, typically otitis media with effusion (OME). This
can cause a temporary, but in some cases persistent, mild-moderate loss
of hearing sensitivity. The presence of middle-ear fluid does not auto-
matically indicate a significant loss of hearing sensitivity and this is one
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Table 3.3 Degree of hearing loss related to response level

Response level (dB(A))Hearing sensitivity

Normal

Mild

Moderate

Severe

Profound

Respc

<35

35-40

41-70

71-95

>95

of the reasons why impedance measurements are too sensitive for
screening programmes. Any failed hearing test should be taken seri-
ously and further assessment must be arranged.

Diagnostic distraction techniques adhere to the same basic principles
as the screening test, but the levels at which the stimuli are presented
differ. The aim of the test is to record the quietest level at which the
baby responds, using a range of stimuli covering the speech frequency
range, from 500 Hz up to 4 kHz. The stimuli are raised from quiet levels
below 35 dB(A) until the baby turns to locate two out of three presen-
tations at consistent levels for each sound. The degree of any hearing
impairment is categorised depending on the response levels recorded
and averaged over the frequency range 500-4000 Hz (see Table 3.3).

The presence of otitis media can lead to reduced hearing up to a
moderate level of approximately 65 dB(A). Levels greater than this
may indicate the presence of a sensorineural or mixed loss, that is, an
underlying sensorineural hearing loss. If a baby presents with consis-
tently raised levels on distraction testing, in the absence of any conduc-
tive element, there is a strong indication of a sensorineural hearing
impairment and amplification may be required.

3. Visual reinforcement audiometry
Visual reinforcement audiometry (VRA) is a powerful and reliable
technique that can be used to assess the hearing sensitivity in the age
group 6-9 months, up to about 3 years of age. It is a technique used less
widely in the UK than in America and Australia, particularly at a
screening level, mainly because the equipment needed is not easily
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portable. It can, however, be particularly useful for difficult-to-test chil-
dren or those with additional handicaps.

Test procedure
The essence of VRA is to visually reward and reinforce a particular
behaviour, which is generally a head turn to locate a frequency-specific
sound. On turning to locate the sound source, the child receives a visual
reward, for example flashing lights on a soft toy. The clear reward, asso-
ciated with locating the sound, may hold the child's attention better
than the Distraction Test (Moore, Thompson and Thompson, 1975) and
is particularly useful for those babies who are too mature for distraction
testing. For a more detailed discussion of VRA, the reader is referred
to Bamford and McSporran, Chapter 5 in Paediatric Audiology 0-5
Years, edited by McCormick (1993).

Most diagnostic clinics using VRA require two testers to be involved.
The first is outside the test room, controlling the presentation of the
auditory stimuli from a remote audiometer whilst observing through a
one-way observation window. The second tester remains in the room
with the parent and child and controls the child's attention. In cases
involving shy and withdrawn children, the second tester can leave the
room and observe the child's responses through the window. In prac-
tice, this method often increases the test time, but can mean the differ-
ence between obtaining important audiological data and obtaining
little, if any, information about the child's hearing sensitivity.

The aim of VRA, as with distraction testing, is to record the quietest
level at which the child consistently responds to frequency-specific stim-
uli, typically 500 Hz, 2 kHz and 4 kHz warble tones. Initially, the visual
reward and the auditory stimulus, presented at a suprathreshold level,
are paired to condition the child to turn to one side. The auditory stim-
ulus is then presented alone and the visual reward activated only when
the child has turned to locate the sound source (Figure 3.3). The stimu-
lus level is then lowered and raised until the quietest level needed to
initiate a response is found.

As the response is a conditioned response, many centres tend to test
on one side only. The child's localisation abilities can be observed at the
start of the test, when presenting the initial auditory stimulus. It is nec-
essary to explain clearly to the parents that the technique assesses
essentially the ear with the better hearing and in doing so, the child's
overall hearing sensitivity.

Typically, VRA is used to assess a child's hearing in the sound field.
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Figure 3.3. Visual reinforcement audiometry demonstrating the head
turn response and visual reward.

Some centres now routinely use VRA with insert earphones or head-
phones, to obtain ear-specific results (Borton et ah, 1989). Gravel and
Traquina (1992) found that they could obtain frequency-specific data
during the initial assessment session, either under headphones or in the
sound field, from 90% of infants aged 6-24 months. Ear-specific results
were recorded in 84% of cases. They concluded that VRA can provide
ear- and frequency-specific estimates of hearing thresholds in young
infants.

VRA can also be undertaken using bone conduction measurements,
to investigate the presence of a sensorineural impairment or an
air-bone gap, consistent with a conductive component (Horner and
Horner, 1979). See Chapter 4 for further details on bone conduction
measurements and results.

4. The Performance Test
By the developmental age of !>A years onwards, most children can be
conditioned to wait for an auditory stimulus and then carry out a partic-
ular action, for example, putting a peg in a board. This is the basic prin-
ciple of the Performance Test. The great advantage of this test is that
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the child can be conditioned through demonstration only - no language
is required. This has obvious implications for those children with lan-
guage delays or disorders and for those whose first language is not
English. The aim of the Performance Test is to record the quietest level
the child consistently responds to bilaterally, using frequency-specific
stimuli across the speech frequency range, typically 500 Hz, 2 kHz and
4 kHz.

Test procedures
Initially, the task required is demonstrated several times by the tester,
using clear visual and suprathreshold auditory stimuli. The auditory
stimulus is then presented, without the visual cues, at 45° behind the
child, at ear level on one side (Figure 3.4). The stimulus intensity is low-
ered to a minimal level, for example 35 dB(A), and raised if the child
does not respond, until a consistent threshold is obtained for each fre-
quency on both sides.

The Performance Test is often used as a screening technique by
health visitors in the community. In this situation, the child must
respond to two out of three presentations at each frequency bilaterally,
at the agreed screening intensity level (for example 35 dB(A)) to pass
the screen.

Figure 3.4. The Performance Test.
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Once a child can be conditioned reliably, then in theory he is ready
for pure tone audiometry (see Chapter 4). However, one obstacle to
obtaining such ear-specific measurements is the child's reluctance to
accept headphones. This is a common occurrence in children below the
age of 3 years. In some cases, it may be possible to persuade the child to
wear the bone vibrator, enabling the tester to obtain bone-conduction
measurements to investigate inner-ear function.

Auditory discrimination
From the developmental age of 18 months onwards, most children are
able to understand and carry out simple verbal instructions. However,
this age group is often the most difficult and challenging to assess,
because of general lack of cooperation in adult-controlled activities.
The skills of fully trained and experienced testers (with an abundance
of patience) are required to obtain reliable and accurate results. It must
be remembered that speech discrimination tests cannot be used solely
as a test of a child's hearing sensitivity. Such methods must be accompa-
nied by age-appropriate auditory detection tests to assess the child's
hearing at specific frequencies across the speech frequency range.

/ . The Cooperative Test
The principles behind this technique are to develop a 'giving' game with
the child, using simple instructions and familiar words. The test is more
sensitive if acoustically similar words are used: for example, teddy,
dolly, baby, mummy, daddy.

Test procedure
The 'game' is established by demonstrating the activity, and saying 'give
it to mummy/baby/teddy', initially with visual cues and using a loud
conversational voice level. The child is then encouraged to participate
in the 'game'. The tester should cover his or her mouth to eliminate
visual cues and reduce the voice to a level of less than 40 dB(A) without
whispering. The tester must ensure that quiet, voiced speech is used
because whispering can cause distortion of the sound signal leading to
inaccurate results (Figure 3.5).

The aim is to record the quietest listening level needed for the child
to score 80%, that is to carry out four out of five instructions correctly,
without the aid of lipreading. Children with normal hearing sensitivity
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Figure 3.5. The Cooperative Test.

and who are developmentally ready for the test, can complete the task
at listening levels of less than 40 dB(A).

2. Speech discrimination tests
From 18 months onwards, a child's vocabulary and language increases
dramatically. By the age of 2-2M years, most children are able to partici-
pate in speech discrimination tasks using specific speech material, for
example the Kendall Toy Test (Kendall, 1954) and the Toy
Discrimination Test (McCormick, 1977).

Speech tasks for use with this age group must be simple, quick and
specifically designed with young children in mind. In 1977, McCormick
designed the Toy Discrimination Test to meet these criteria and to be
used as a screening test by health visitors in the community. When
applied to children, some as young as 2 years of age, the test establishes
the quietest voice level at which the child can reliably discriminate
between acoustically similar speech sounds. The test consists of simple,
familiar items, for example, a shoe and a cup, rather than pictures, as
real objects tend to hold young children's interest more and are less
abstract.
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Test procedure
The Toy Discrimination Test consists of seven paired items, for exam-
ple, cup/duck, shoe/spoon which, when displayed on a low table, are
used in a finger-pointing game. Not all the pairs need to be used to
ensure a high level of sensitivity. With young children especially, only
two or three pairs may be used.

The tester, using a normal conversational voice level, asks the child to
find several items using the simple phrase, 'give me the ... ' or 'show me
the ...'. Once the 'game' is established, the tester covers the mouth and
reduces his or her voice level to a minimal level of 40 dB(A) (Figure
3.6). To pass this screening test in the community, the child must cor-
rectly identify four out of five items on request at 40 dB(A), without
lipreading.

The Toy Discrimination Test is also used widely in audiology clinics
in the UK as a diagnostic tool. If the child is unable to identify the items
at less than 40 dB(A), the voice level is raised and lowered, to deter-
mine the quietest level at which the child obtains an 80% success rate.

One of the obvious problems associated with speech discrimination
tasks using live voice, is that of intra- and inter-subject variability.
There can be problems with maintaining the voice at minimal levels and

Figure 3.6. The Toy Discrimination Test.
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of distorting the speech signal. To overcome these and other sources of
error, McCormick, in conjunction with colleagues from the Medical
Research Council's Institute of Hearing Research, devised an auto-
mated version of the Toy Discrimination Test, known as the
IHR/McCormick Automated Toy Discrimination Test (Figure 3.7). The
idea of using digital recording of speech for application in this test came
from Professor Mark Haggard.

The lead-in phrases and toy items were recorded by a female speaker
and are reproduced automatically through a loudspeaker, by pressing
the appropriate button on a handset. In this way, the problems of con-
trolling voice levels are overcome and greater accuracy is obtained
because lower voice levels can be used than can be produced consis-
tently via live voice presentation. The level the words are presented at
is lowered and raised, depending on whether the child's response is
right or wrong, until five reversals have occurred. The handset then dis-
plays the speech discrimination threshold giving a 71% correct
response. This automated version has proved to be accurate and reli-
able and allows greater sensitivity than when using live voice presenta-
tion (Ousey et al., 1989)

Figure 3.7. The IHR/McCormick Automated Toy Discrimination
Test.
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Further investigations using the automated Toy Discrimination Test
have demonstrated that the speech discrimination score obtained can
be used as a basis for estimating the puretone thresholds at 500 Hz,
1 kHz and 4 kHz, in the child's better ear (Palmer, Sheppard and
Marshall, 1991). The correlation was found to be high with a 95% confi-
dence interval of 11 dB. This version of the Toy Discrimination Test is
not and cannot be fully automated. The tester still needs experience
and skill in handling young children and controlling their attention, so
that reliable and accurate results are obtained.

Summary
Children of all ages can undergo audiological assessment using behav-
ioural methods. The choice of test technique depends on the develop-
mental age of the child, not the chronological age. The testing of young
children can be a difficult and challenging task, requiring experience
and skill in child handling and interaction, interpretation of test results
and parental counselling. Therefore, hearing assessment must be car-
ried out by fully trained and competent testers. Early detection and
appropriate early intervention for hearing impaired children is para-
mount. Studies have shown that amplification at an early age can lead
to improved speech and language skills, as well as having important
implications for social and emotional development.
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4
Pure tone audiometry
SALLY WOOD

Introduction
Pure tone audiometry is the most commonly used procedure for the
measurement of hearing loss in older children and adults. Pure tone sig-
nals (i.e. tones with a single frequency of vibration) are delivered to the
patient via headphones or a bone vibrator. The patient's threshold of
hearing at each frequency of interest is measured using a standard tech-
nique and the thresholds compared with normal values in order
to quantify the degree of hearing loss. In addition comparison of air-
conduction and bone-conduction thresholds (the air-bone gap) can
often give useful information about the type of hearing loss.

This chapter describes the equipment and techniques used to obtain
pure tone audiograms with particular reference to the modifications
necessary for paediatric work. It also describes the interpretation of
audiograms and the limitations of the technique.

The audiometer
Audiometers range from simple screening instruments with a limited
range of test frequencies and intensities to complex diagnostic instru-
ments with facilities for a wide range of clinical tests in addition to
threshold measurement. Signals may be presented via headphones (air
conduction) or via a bone vibrator (bone conduction).

Frequency
The frequencies of interest are in the range 125 to 8000 Hz at octave
intervals (an octave corresponds to a doubling of the frequency range),
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i.e.

125,250, 500,1000,2000,4000, 8000 Hz

The following intermediate frequencies may also be of interest:

750,1500, 3000, 6000

Typically, in paediatric work, thresholds would be obtained for the fre-
quency range 500-4000 Hz and other frequencies tested as necessary.

Intensity
The intensity is usually calibrated in 5 dB steps and typically extends
from -10 dB up to a maximum value that varies with frequency but is
usually around 120 dB for air-conduction stimuli in the mid frequencies.
For bone-conduction stimuli the maximum output available is usually
considerably lower, at around the 60-80 dB level depending upon the
particular audiometer.

The dBHL scale has been designed specifically for measurements
obtained with pure tone audiometers and is constructed such that
0 dBHL at each frequency corresponds to the normal threshold of hear-
ing at that frequency. The actual acoustical output in terms of sound
pressure level required to reach threshold is different at each frequency
as the human ear is not uniformly sensitive across the frequency range.
It would be cumbersome and inconvenient to have a different normal
reference level at each frequency and the dBHL scale was devised to
overcome this requirement. When a patient's hearing threshold is
reported in dBHL for a given frequency, this is a statement of how
much better or worse their hearing is at that frequency than the interna-
tionally accepted normal level. The acoustical output, in sound pressure
level, required from the earphone to correspond to normal, i.e. 0 dBHL
at each frequency, is given in international (and the equivalent British)
standards.

The audiogram
This is the graph showing the results obtained in pure tone audiometric
testing. Figure 4.1 shows the standard format recommended by the
British Society of Audiology. The recommended symbols for use in
pure tone audiometry are shown in Figure 4.2. Air-conduction thresh-
olds are represented by circles for the right ear and crosses for the left
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Figure 4.1. Recommended audiogram format.

O Right ear - air conduction

^ Right ear - air conduction - not masked (possible shadow threshold)

Q Right ear - air conduction - masked but no change on masking

X Left ear - air conduction

J Left ear - air conduction - not masked (possible shadow threshold)

)£ Left ear - air conduction - masked but no change on masking

A Bone conduction - not masked

C Right ear - bone conduction

3 Left ear - bone conduction

Figure 4.2. Recommended symbols for use in pure tone audiometry.

ear. These measurements are obtained via headphone presentation and
thus the signal has to pass through the entire auditory pathway compris-
ing the outer ear, middle ear, inner ear and neural pathways to the audi-
tory cortex before being perceived by the patient. Thus a hearing loss at
any stage in this pathway will result in a depressed air-conduction
threshold at that frequency. Bone-conduction thresholds are obtained
with signals presented via a bone vibrator which is placed on the mas-
toid process. It is generally assumed that such a signal bypasses the
outer and middle ear (the conducting mechanism) and travels directly
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to the cochlea and then via the neural pathway to the auditory cortex.
A hearing loss resulting from a problem at the cochlea or beyond will
result in a depressed bone-conduction threshold whereas a hearing loss
resulting from a problem in the outer or middle ear will, theoretically,
not affect the bone-conduction threshold. There are, however, some
exceptions to this, which will be dealt with later in the chapter and
knowledge of these is necessary for the correct interpretation of audio-
metric results.

Calibration
All audiometers should be calibrated and checked at regular intervals
to ensure that they comply with the relevant International and British
standards. This is obviously important to ensure that results obtained
on different audiometers in different settings at different times can be
compared accurately.

Threshold measurement
It is important to use a standard recognised technique for the measure-
ment of thresholds so that valid comparison may be made between
audiograms obtained at different times by different testers. The thresh-
old measurement procedure may affect the final threshold obtained. A
threshold obtained using a descending technique, that is descending
from a level that the patient clearly hears until he or she no longer
responds, will result in a slightly different threshold from that obtained
with an ascending method, that is, ascending from silence and recording
the first level at which the patient shows a positive response. There is a
signal level at, and above, which a patient will respond on 100% of pre-
sentations. Similarly there is a signal level at, and below, which a patient
will always fail to respond. In between the two lies the region that con-
tains threshold and the measurement procedure adopted affects the
final result obtained.

The method described here is one of the two methods recommended
by the British Society of Audiology (British Society of Audiology, 1981,
1985). The first stage involves the familiarisation process where the
patient is presented with the tone that is clearly audible and encouraged
to make the correct response. Once the patient has demonstrated that
he or she understands the task and is able to make the required
response, the threshold measurement begins. The signal level is reduced
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in 10 dB steps until the patient fails to respond and it is then increased
in 5 dB steps until the patient again shows a positive response. After
such an ascending positive response the level is again reduced in 10 dB
steps until a failure to respond and raised in 5 dB steps until a positive
response. Threshold is defined as the minimum intensity at which
the patient responds on at least 50% of ascending presentations with a
minimum of two responses at that level. An example of a threshold
tracing is shown in Figure 4.3. This procedure is used to determine air-
conduction and bone-conduction thresholds as required.

With older children and adults, verbal instruction and some initial
familiarisation are normally all that is required. The response is usually
to require the patient to press a button to indicate the onset of the sig-
nal and release the button at the offset of the signal. Older children and
adults are often tested in sound-proof booths with the tester either
inside, or more often outside, the booth. With young children (below 5
years of age) certain modifications to the procedure are normally
required in order to maintain the child's cooperation. These measures
will be described in the next section.
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Figure 4.3. An example of threshold measurement procedure.
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Threshold measurement in children
As with all behavioural methods used for the assessment of hearing in
children, the task must be appropriate for the developmental level of
the child irrespective of the chronological age. Young children are nor-
mally tested in sound-treated rooms or sound-proof booths that are
large enough to hold the child, the tester and at least one of the parents
as well as the equipment. A suitable arrangement for pure tone
audiometry with young children is shown in Figure 4.4. The child is
seated on a small chair at a small table with the parent or carer next to
the child for reassurance (if necessary the child can also be permitted to
sit on the parent's lap for reassurance). The tester is seated or kneels
near to the child but with the audiometer out of the child's vision. The
tester can then manipulate the dial settings of the audiometer with one
hand but at the same time is ideally placed to observe the child's
response, to provide praise and encouragement and to maintain the
child's attention on the task. The initial phase of testing involves the
conditioning procedure whereby the response is demonstrated to the
child using clearly suprathreshold signals. This is extremely important
as the child cannot be expected to be conditioned to a signal which she

Figure 4.4. Suitable arrangement for pure tone audiometry with
young child.
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or he cannot hear. The tester demonstrates the action required upon
the presentation of the signal and then guides the child in making the
appropriate response when the signal is presented. This initial condi-
tioning is done by demonstration and reward - smiles, words of encour-
agement - and thus the child is conditioned to perform the task.
Complex verbal instructions are avoided so that the child's language
level is not a factor in successful conditioning.

The most appropriate response involves the child carrying out a sim-
ple motor action, for example placing a peg in a board or a man in a
boat, upon presentation of the auditory stimuli. A number of suitable
activities of this type should be available. If the child's attention begins
to drift then the activity can be exchanged and this is often enough to
revive a child's interest in the task. The advantages of this kind of
response are:

1. the response itself is interesting and rewarding for the child
2. false positive responses, that is responses in the absence of a

signal, can be corrected by the tester, for example by remov-
ing the peg from the board

3. simple motor responses involving play materials lend them-
selves to non-verbal conditioning

It is important that a child is not unduly apprehensive; separation from
the parent or caregiver is not advisable and rarely necessary for the pur-
pose of carrying out audiometry with children. The child should be
comfortable, freed from other distractions, for example visual distrac-
tions within the room should be kept to a minimum, and interruptions
should not be permitted. It is also important that background noise
does not exceed acceptable levels. Acceptable levels of background
noise for diagnostic audiometry are given in the International standards
(BS 6655, 1986; ISO 8253-1, 1989). The stringency of the requirement
depends upon the lowest threshold level it is desired to measure and the
mode of signal presentation, i.e. air-conduction or bone-conduction.

The threshold tracing procedure is essentially the same as that used
with adults but it may be necessary to do this at a restricted range of
frequencies depending on the child's attention span. This means that
the tester may make strategic decisions about which threshold measures
to pursue in a given test session. It is sometimes justifiable to test down
to a certain level, for instance 15 or 20 dB, rather than spend a lot of
time establishing very exact thresholds of -5 or 0 dB. If this is the case
this can be indicated appropriately on the audiogram and the threshold
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recorded as ^20 dB, for example. The vast majority of normally devel-
oping children over the age of 3lA should be able to cooperate, albeit for
a limited range of thresholds, with pure tone audiometric testing if the
tester is sufficiently skilled. Between the ages of 2lA and 3lA an increasing
number of children should also be able to cooperate with this proce-
dure.

Interpretation of audiograms
Pure tone audiometry can provide a great deal of information about a
patient's hearing because:

1. It is usually possible to assess accurately the hearing in each
ear independently although in certain cases it may be neces-
sary to use a technique called masking to achieve this.

2. Comparison of air- and bone-conduction thresholds for each
ear provides a measure of the air-bone gap and thus of any
conductive component to the hearing loss.

If pure tone audiometry merely involved obtaining threshold measure-
ments with a headphone and a bone vibrator for each ear, then it would
be a relatively straightforward task. However, one of the major prob-
lems in obtaining valid pure tone audiograms arises from the ability of
sound to cross the head and reach the contralateral (i.e. opposite) ear.
If a sound presented to one ear, the test ear, is sufficiently intense, it
may cross the skull and be perceived in the cochlea of the non-test ear.
If the patient responds positively to this signal a false threshold will be
recorded for the test ear. The crucial factors in determining whether
this 'cross-hearing' is likely to be occurring are:

1. the intensity of the signal presented to the test ear
2. the amount of sound energy lost in crossing the skull (the

transcranial attenuation)
3. the hearing sensitivity of the contralateral, i.e. non-test

cochlea

For air-conduction stimuli presented via conventional headphones, the
minimum value of transcranial attenuation is 40 dB. Thus, if any air-
conduction threshold is found to be greater than the contralateral bone-
conduction threshold by 40 dB or more, there is the possibility that
cross-hearing is occurring, i.e. the sound being presented to the test ear
has crossed the skull and is being perceived in the non-test cochlea.
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For bone-conduction stimuli the minimum value of transcranial
attenuation is 0 dB. Thus any bone-conduction threshold obtained with-
out masking cannot with certainty be ascribed to a particular cochlea. If
the bone vibrator is placed on the right mastoid this does not necessar-
ily mean that the threshold obtained reflects the sensitivity of the right
cochlea. All that can be said is that it reflects the sensitivity of the better
cochlea.

Masking
In order to overcome the problems of cross-hearing a technique known
as masking is used. This involves presenting a noise (usually a narrow
band noise centred on the test frequency) to the non-test ear in order to
'occupy' it whilst at the same time remeasuring the threshold in the test
ear. It will be obvious that there is then a possibility that the masking
noise may in turn cross over and affect the threshold in the test ear.
This is known as cross-masking. It is necessary to ensure that the cor-
rect level of masking is used; too little masking will not prevent the non-
test ear from responding to the threshold measurement; too much
masking will cross over and artificially raise the threshold in the test ear.
In order to achieve this correct level of masking it is necessary to
increase the masking level in discrete steps and at each level to remea-
sure the test ear threshold. Standard procedures for masked threshold
determination have been agreed by the British Society of Audiology
(British Society of Audiology, 1986). It is not appropriate here to go
into further details of this procedure but interested readers are referred
to Wood (1993).

It will be obvious that this can be a time consuming procedure that
requires a thorough knowledge on the part of the tester as well as expe-
rience in carrying this out with young children. The age at which reli-
able masked threshold measurement can be undertaken is quite
variable but many children of 4 years of age and above can cooperate
with this task for a limited period. In these cases the tester must make
strategic decisions based upon the information available as to which
masked thresholds should be obtained as a matter of priority.

Examples
The following examples illustrate some of the problems involved in the
correct interpretation of audiometric results. In each case the not-
masked air-conduction thresholds are shown followed, where appropri-
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ate, by the not-masked bone-conduction thresholds. The necessity for
further masked threshold determination is then discussed along with
some possible results.

Example 1: In this example, the audiogram in Figure 4.5 shows
that the air-conduction thresholds are within normal limits in both ears.
There is no indication to carry out any bone-conduction threshold mea-
surement as this will not add any further useful information. The bone-
conduction thresholds are always, at least theoretically, as good as or
better than the air-conduction thresholds and therefore, in this case,
they too will be within the normal range.
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Figure 4.5. Audiogram showing normal hearing in both ears.
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Example 2: In this example, illustrated in Figure 4.6, the air-
conduction thresholds show a symmetrical bilateral sloping hearing loss
that is more marked at higher frequencies. The bone-conduction
thresholds (obtained without masking) show a similar pattern.
Although it is not possible to say for certain which cochlea is respond-
ing it is possible to say that, whichever it is, there is no possibility of a
significant air-bone gap in either ear. Therefore, no further useful infor-
mation would be obtained by carrying out masked bone-conduction
threshold measurement for each ear separately. Generally an air-bone
gap of 15 dB or more is regarded as significant.

Example 3: In this example the not-masked air-conduction
audiogram is given in Figure 4.7 and shows a symmetrical bilateral loss
but this time with a flat configuration. Clearly there is a significant hear-
ing loss and further assessment is necessary to ascertain whether there
may be a conductive factor present. The first step would again be to
obtain the not-masked bone-conduction thresholds.

Suppose this produced the result shown in Figure 4.8. Again, it is pos-
sible to state that although we do not know for certain which cochlea is
responding there is no possibility of a significant air-bone gap in either
ear and therefore the results confirm a mild bilateral sensorineural
hearing loss.

However, if the bone-conduction thresholds were found to be as
shown in Figure 4.9 then this would be a very different (and in children
a much more common) situation. In this case the bone-conduction
thresholds tell us that the hearing in the better cochlea is normal irre-
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Figure 4.9. Air- and bone-conduction audiogram obtained without
masking.

spective of the side of the head on which the bone vibrator was placed
for the measurement. In order to obtain further information about the
size of any air-bone gap in either ear it would be necessary to obtain
masked bone-conduction thresholds for one or both ears. If the child
truly had a bilateral conductive hearing loss this would give the results
shown in Figure 4.10.

However, it is possible that a number of other configurations of hear-
ing loss could have produced the audiogram shown in Figure 4.9. The
bone-conduction thresholds in one ear must be at or around the levels
obtained without masking but the loss in the other ear could be entirely
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sensorineural as shown in Figure 4.11. Equally, it could be that there is
a mixed loss in the right ear with a conductive loss in the left as shown
in Figure 4.12.

In all the previous examples, although bone-conduction masking has
often been necessary to measure the air-bone gap accurately, no air-
conduction masking has been required. Examination of all the previous
audiograms shows that there has been no marked asymmetry in the not-
masked air-conduction thresholds and in the cases where masked bone-
conduction threshold measurement has been carried out there is no
case where the gap between an air-conduction threshold and the true
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Figure 4.13. Audiogram obtained without masking.

(i.e. masked) contralateral bone-conduction threshold has exceeded
40 dB. In the next example there is clearly a possibility of cross-hearing
for both air- and bone-conduction thresholds and masking is required
for both.

Example 4: The audiogram shown in Figure 4.13 shows normal
air-conduction thresholds for the left ear with thresholds depressed at
around the 60 dB level in the right ear. The not-masked bone-conduc-
tion thresholds are bound to be within the normal range since we
already know from the air-conduction audiogram that the left ear has
normal hearing. In order to obtain the true bone-conduction thresholds
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for the right ear it will be necessary to use masking. Having done this,
there is still clearly the possibility that the air-conduction thresholds for
the right ear are 'shadow' thresholds resulting from the sound crossing
over the head and being perceived in the left, or non-test, cochlea. In
order to eliminate this possibility it will be necessary to redetermine the
right-ear air-conduction thresholds with masking in the left ear.

Figures 4.14 and 4.15 show two possible audiometric configurations
that would initially produce the not-masked audiogram shown in Figure
4.13. In the case illustrated in Figure 4.14 it can be seen that once mask-
ing is introduced, the right cochlea fails to respond at the maximum out-
put of the bone conductor and this is indicated by downward arrows on
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the audiogram at the maximum output levels. Furthermore, when
masking is used in order to redetermine the right-ear air-conduction
thresholds the true thresholds are shifted considerably, indicating that
the original thresholds recorded were 'shadow' thresholds resulting
from cross-hearing. In this case the true picture is of a profound sen-
sorineural loss in the right ear with normal hearing in the left ear.
Clearly the bone-conduction thresholds for the right ear cannot be
determined and therefore information about the existence of any con-
ductive component to the hearing loss in the right ear will need to be
obtained by other means, e.g. impedance measurements (Chapter 6)
and/or clinical examination (Chapter 2).

Figure 4.15 illustrates another audiometric configuration that could pro-
duce the audiogram shown in Figure 4.13. In this case the masked bone-con-
duction thresholds for the right ear are shown. There is still a requirement
for masking of the right-ear air-conduction thresholds but when this is car-
ried out there is no appreciable shift of the thresholds obtained. Therefore,
in this case the original not-masked right-ear air-conduction thresholds were
not a result of cross-hearing and were valid. However, because of the indi-
vidual variability in the transcranial attenuation, it was not possible to pre-
dict this result and masking was necessary in order to ensure that the results
were valid. In this case the true picture is of normal hearing in the left ear
with a moderate sensorineural loss in the right ear.

Example 5: Another problem that may sometimes arise in pure
tone audiometry, particularly with children with severe or profound
hearing loss, is the possibility that the child is responding to the vibra-
tory rather than the auditory content of a signal. This may occur at fre-
quencies up to and including 1 kHz and can occur at relatively low
output levels for bone-conduction stimuli but only at high output levels
for air-conduction stimuli.

Given the audiogram shown in Figure 4.16, the naive tester may well
interpret this as showing a severe bilateral sensorineural loss with the
possibility of a significant air-bone gap at low frequencies, thus indicat-
ing a conductive component to the hearing loss. In fact the bone-
conduction thresholds shown at 250 Hz, 500 Hz and 1 kHz could well be
the result of vibratory rather than auditory sensation and, therefore, do
not give any useful information about the hearing.

In the audiogram in Figure 4.17 all the thresholds shown, both air-
and bone-conduction, could be the result of vibrotactile rather than
auditory perception. Again, there is a considerable amount of individ-
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tion thresholds.

ual variability in the levels at which vibrotactile perception occurs and it
is not possible to state with certainty that this is occurring but rather to
bear in mind the possibility that this may be the case.

Use of masking with children
From the examples discussed above it will be clear that obtaining full
masked audiograms can be a time consuming procedure requiring con-
siderable cooperation from the patient. When testing young children it
is often not possible to obtain comprehensive results and, therefore, it is
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vitally important that those thresholds that will give the most relevant
information are determined first. In addition, when masking is not pos-
sible it is important that audiometric results are interpreted with
extreme caution, taking account of the principles set out above.

Summary
Obtaining accurate and reliable audiograms from young children
requires considerable skills on the part of the tester, both in terms of
child-handling skills and also in interpreting the results obtained.

In cases of symmetrical bilateral sensorineural hearing loss, masking
is not usually required and interpretation of results is straightforward.
In cases of asymmetric and/or conductive hearing loss careful interpre-
tation is needed and masked threshold measurement may be required.
This may not be possible in young children and it is, therefore, impor-
tant to have a clear understanding of the limitations of the information
obtained when interpreting audiometric results.

In general, when an audiogram is obtained without masking, the bet-
ter-ear air-conduction thresholds will be accurate and the bone-conduc-
tion thresholds will reflect the status of the better cochlea (although this
may not be the same ear as the better-ear air-conduction thresholds).
The validity of the worse-ear air-conduction thresholds and the exis-
tence of a significant air-bone gap will need to be evaluated carefully in
the light of the potential for cross-hearing to have occurred.
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5
Objective hearing tests
YVONNE COPE

Introduction
Audiological test methods, like various other clinical investigations, can
be categorised into behavioural, subjective and objective techniques.
The behavioural and subjective classes are often grouped as one.

Behavioural
These methods involve monitoring the patients' reactions to auditory
stimuli. The response may be involuntary, e.g. when using the distrac-
tion technique an infant will instinctively turn to locate a sound of inter-
est. It may also be voluntary; the more mature child undergoing
distraction testing may elect to inhibit his or her response.

Subjective
These methods require the patient to volunteer a response, such as in
pure tone or speech audiometry.

Objective
These methods require no voluntary indication from the patient that an
auditory stimulus has been perceived. It is possible, however, for the patient
to influence the results by interfering with the procedure. In a sense, the
subjectivity is transferred to the clinician, who in many cases interprets the
results, although machine scoring methods are being used increasingly.
Objective tests are not a measure of hearing as such; they assess the
integrity at various levels of the auditory pathway but not its entirety.
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This chapter is devoted to a description of two objective measure-
ments widely used in paediatric audiology, the auditory brainstem
response (ABR) and the delayed evoked otoacoustic emission. The
basic principles, measurement techniques, result interpretation and
applications will be discussed.

The auditory brainstem response
In response to auditory stimulation it is possible to evoke electrical
impulses at various levels along the length of the auditory pathway and
these are known as auditory evoked potentials (AEPs). These poten-
tials are recorded as the differential signal between a pair of surface
scalp electrodes. The ABR is just one of these potentials and the term
generally given to the measurement technique is electric response
audiometry (ERA).

The measurement of AEPs advanced in the 1950s following the
development of signal averaging techniques and the electronic digital
averaging computer, pioneered by Dawson (1951) and Clark (1958)
respectively. It became possible to extract and measure the tiny AEPs,
with amplitudes in the microvolt range, differentiating them from the
larger contaminating signals produced by general muscular and elec-
troencephalographic (EEG) activity. It was as recently as the 1970s that
the first definitive description of the ABR appeared in the paper by
Jewitt and Williston (1971), although it was Sohmer and Feinmesser
(1967) who first recorded the response. Davis (1976) and Gibson (1978)
have reviewed the historical development of AEPs.

Classification of AEPs
As mentioned earlier, it is possible to measure AEPs along the entire
length of the auditory pathway, originating from the hair cells of the
cochlea, the auditory nerve, the brainstem and the auditory cortex up to
and including the cerebral cortex. Classification is a complex subject
and far beyond the scope of this chapter; Davis (1976) has discussed this
topic in detail. It is important, however, to appreciate the classification
usually assigned to a particular AEP. The two most commonly used
descriptions refer to:

1. the physiological site of generation, either neurogenic or
myogenic
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2. the response latency, either early, middle or late, depending
on the time the response occurs after the stimulus

The ABR is of neural origin, in the auditory nerve and brainstem path-
ways, and early latency, occurring within the first 10 ms after the stimu-
lus.

Choice ofAEP
There are many options within ERA; each AEP has its own strengths
and weaknesses dependent on the required application, e.g. screening,
threshold estimation or the assessment of cochlear and retrocochlear
pathology. Additionally, practicalities such as the test facilities, staffing
and tester skills, behavioural state of the patient, the effect of sedation
or anaesthesia on the AEP need to be considered. These aspects have
been discussed in greater detail by a number of authors, e.g. Gibson
(1978) and Mason (1993).

The primary practice for ERA in children is aimed at the estimation
of the hearing threshold when conventional audiological techniques are
unreliable or cannot be carried out. It is the ABR that has achieved
prominence for this purpose. The assessment of the integrity of the cen-
tral auditory pathway is a different, albeit equally important, matter
reserved for differential diagnostic cases.

Origin and configuration of the ABR waveform
Typically the ABR waveform comprises a series of up to eight identifi-
able components, waves I to VII and a negative trough, the SN10,
occurring at about 10 ms post-stimulus time (see Figure 5.1). In the
newborn population the waveform is somewhat different; it usually
comprises just three identifiable wave peaks, I, III and V, the latency is
greater and the amplitude differs from that of the more mature
response. Several factors are thought to be responsible for the latency
change, e.g. cochlear immaturity and the extent to which the nerve
fibres are myelinated.

The anatomical origin of many of the AEPs is still uncertain. There
exists, however, reasonable evidence to suggest that components I to
VII of the ABR originate from peripheral nerves and more central
auditory pathways (see Table 5.1). The SN10 component is thought to
originate from the midbrain (Davis and Hirsh, 1979).
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Table 5.1 Wave I to VII complex

Waves I and II

Wave III

Wave IV

WaveV

Wave VI and VII

Origin

Auditory nerve

Cochlear nucleus

Superior olivary complex

Lateral lemniscus

Inferior colliculus

+ -1-

0.25
MV

6 8 10
Time in milliseconds

Stimulus
Figure 5.1. Components of the ABR. Based on Figure 7.18 of the arti-
cle by Mason (1993).

Recording the ABR
Recording the ABR is a non-invasive, painless procedure. It is unaf-
fected by sleep or sedation and if the recording conditions are good the
test duration can be reasonably short, typically 20-30 minutes.

The evoked potential is measured as the differential signal across a
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pair of electrodes. An active electrode is positioned over an area of
high response activity, the vertex of the scalp, and a reference electrode
is positioned over an area of low response, often the earlobe or mastoid
bone of the test ear. A third electrode, acting as the earth, is positioned
on the forehead. The electrodes are non-invasive, surface type, of a sim-
ilar configuration to the standard EEG electrode. Prior to application,
the skin surface is cleaned with surgical spirit and to obtain good con-
tact between the skin and electrode a conductive jelly is applied. The
patient is settled, ideally sitting quietly or in a state of sleep before
recording commences (Figure 5.2). Technological advancements have
resulted in the size of the equipment being scaled down over recent
years.

The following is a brief summary of the instrumentation required and
recording methodology usually adopted; Mason (1993) has described
this in detail. A controlled acoustical stimulus, which is often a sharp
click-type sound, is delivered to the ear under test through an earphone
or a transducer, modified for small infants. This produces a synchro-

Figure 5.2. Electrode positions for recording the ABR in a neonate. A
good contact at the vertex is occasionally difficult to achieve with the
delicate fontanelle in very young babies and the active electrode is
routinely positioned at a high forehead site.
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nised discharge in the auditory system, which is detected by the record-
ing electrodes. The signal comprises not only the AEP but also electri-
cal background noise, EEG, heart and myogenic activity. A differential
amplifier enhances the weak AEP and suppresses, to a certain extent,
the unwanted noise. Filtering is used to eliminate any frequency compo-
nents within the signal that do not correlate with the response of inter-
est, and signal averaging further enhances the AEP. The amplified
signal from the electrodes is sampled over a given time period immedi-
ately after the stimulus, a sweep. Typically 2000 to 4000 individual
sweeps are sampled, summed and averaged depending on the recording
conditions. The AEP waveform does not vary significantly during the
averaging process of the individual sweeps, unlike the random back-
ground noise. As the number of sampled sweeps increases, the AEP
superimposes and becomes better defined. The background noise activ-
ity will cancel out.

The stimuli are of a different characteristic to those used in conven-
tional pure tone audiometry. A stimulus of fast onset/offset is required
so as to produce good synchronisation of the firing of nerve fibres that
results in a well-defined ABR waveform. A click is typically used.
Unlike pure tones, however, the click is not frequency specific and pos-
sesses acoustical energy over a broad range. There is, however, reason-
able correlation between the threshold for a click and a behavioural
threshold in the 2000-4000 Hz region. A short duration tone stimulus
(tone pip) is an alternative and more frequency-specific stimulus.
Unfortunately the ABR is less well defined. Consequently, most clini-
cians use the click as their first choice of stimulus for threshold investi-
gation.

In most instances it is possible to make a reliable recording of the
ABR whilst the patient is either sitting quietly or in natural sleep.
Occasionally, however, it is necessary to administer a light sedation.
Mason (1993) reported that approximately 30% of children in the age
range 1-3 years require sedation. In most cases, with careful planning,
sedation can be avoided. The appointment time for a very young child
can be arranged to coincide with daytime sleep, with instructions to the
parents/caregivers to keep the child awake prior to the appointment.
When sedation is needed it is usual for the child to be admitted to hos-
pital the day before the investigation to undergo a general medical
assessment.



Objective hearing tests 55

Interpretation of results
The aim in threshold investigation is to measure the lowest level of
stimulus required to evoke the ABR. It is usually the wave V and SNIO
components that remain identifiable down to threshold level (Figure
5.3).

Typically, the dB step size is larger than in conventional audiometry.
Initially steps of 20 dB are used, then when the response waveform
appears to be approaching threshold, the step size is reduced to 10 dB.

0.25

6 9 12 15 18 21
Time in milliseconds

Stimulus
Figure 5.3. ABR waveforms recorded down to hearing threshold in a
normally hearing child.
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The dB scale differs from that used in subjective audiometry. The stim-
ulus is calibrated in dB above the hearing threshold of normally hearing
subjects and is given the notation dBnHL. The accuracy of threshold
prediction is dependent on a number of factors, e.g. the recording con-
ditions and skill of the tester. Response identification is a highly skilled
procedure and in most cases is performed subjectively. Techniques of
machine scoring to assist with the task are now in existence (Mason,
1993). Mason (1985) reported the ABR threshold to be usually within
10 dB of the behavioural threshold for mature subjects or a child sitting
quietly for the test. Even for very young babies the click-evoked ABR
can be reliably recorded down to levels below 20 dBnHL. In premature
babies the ABR is immature and may result in raised thresholds
(Mason, 1993). For routine investigations a normal threshold for the
click is usually reported as 20 dBnHL or better. This does not however
imply that thresholds for all frequencies of sound are within normal lim-
its. Due to the lack of frequency specificity of the click ABR, the hear-
ing sensitivity in certain frequency regions can be overestimated and it
is possible to overlook an area of hearing impairment. An audiogram
with a sloping or notched configuration may not be estimated correctly.
Results must therefore be interpreted with caution and always along-
side behavioural observations. Behavioural methods are much less time
consuming and provide much more information across the frequency
range if a response pattern can be achieved.

In addition to providing an estimate of the hearing threshold, certain
characteristics of the ABR waveform may provide an indication as to
whether a hearing loss is cochlear, retrocochlear or conductive in origin.
Occasionally, ABR threshold measurement with stimuli delivered via a
bone-conduction transducer is used to determine whether a hearing loss
is conductive or sensorineural in nature. This is, however, problematic
due to the poor frequency-response characteristics of the transducer,
the consistency of coupling the bone-conduction transducer to the head
and the presence of a large stimulus artefact.

The delayed evoked otoacoustic emission
Otoacoustic emissions (OAEs) are the release of low-intensity sound
energy, generated by the cochlea and measurable within the external
auditory meatus. They are a relatively recent discovery and were first
recognised by Kemp (1978). Following the presentation of an acoustic
stimulus to the ear and with the aid of a sensitive miniature microphone
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sealed in the external auditory meatus, he recorded a brief, low-
intensity acoustic response generated by the cochlea, the delayed
evoked OAE.

Classification ofOAEs
The delayed evoked OAE is just one of four distinct but interrelated
categories, the others being the spontaneous, the simultaneous and the
distortion product OAE. The distinguishing factor is the method used
to evoke and record them. The spontaneous emission requires no stim-
ulation at all and is present in approximately 30-60% of all normal
human ears. The remaining three categories all require a stimulus to
evoke them and are present in the vast majority of all normal ears. The
simultaneous OAE arises as the synchronous response to a continuous
tonal stimulus and usually manifests as an interaction between the stim-
ulus and the OAE. Distortion product OAEs are the product of the
simultaneous presentation of two continuous tones at closely spaced
frequencies. The OAE can be measured at intermodulation frequencies
of the stimuli. The delayed evoked OAE arises immediately after the
presentation of a brief acoustic stimulus, such as a click or tone burst.
For a description of each category of OAE the reader may wish to refer
to Probst, Lonsbury-Martin and Martin (1991) and Cope and Lutman
(1993).

Choice of OAE
For a number of reasons it is the delayed evoked OAE that clinically
has proven to be the most useful in paediatric audiology, particularly in
the screening context. There is general agreement that it shows a uni-
form behaviour in the vast majority of the population with normal hear-
ing and is produced only in the presence of a healthy or at least partially
healthy cochlea and middle ear.

Origin and configuration of the delayed evoked OAE
There is now agreement that OAEs originate from the cochlea and that
evoked OAEs, and in most cases spontaneous OAEs, are consistent
with the presence of normal mechanically active functioning of the
outer hair cells within the cochlea.

The features of the delayed evoked OAE have been extensively
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investigated; Probst et al. (1991) have comprehensively reviewed much
of the experimental work. Basically, the response waveform is divisible
into two distinct parts (Figure 5.4). Each part behaves differently with
increasing levels of stimulation. The first part increases linearly with
increasing levels of stimulus, whereas the second part exhibits a non-
linear growth with increasing stimulus level. It is this contrasting behav-
iour that partly distinguishes the initial artefactual component from the
later OAE. The OAE is much smaller in amplitude than the artefact
and each ear has its own characteristic pattern of response but generally
has the appearance of a burst of oscillation (Figure 5.5). They are very
stable over periods of time and have a frequency content within the
500-4000 Hz range. They are altered or abolished by middle-ear impair-
ment and are absent when the hearing impairment is in excess of
20-25 dBHL.

Recording the delayed evoked OAE
Recording the delayed evoked OAE is a non-invasive procedure with
no discomfort to the patient. If recording conditions are good, ideally
the child is quiet or asleep, a recording from one ear can be made in
approximately 1 minute. If the child becomes active, the results are less
reliable. It is usual, therefore, for the test to be stopped during active
periods and restarted when the child has settled, thus increasing the test
time. Recent work undertaken by Thornton (1993) using increased

Click OAE

Figure 5.4. Recording of a typical delayed evoked OAE following
click stimulation. The early part of the trace is the acoustical response
of the ear and measurement system to the click stimulus and is mainly
due to the ringing of the transducers. The remainder of the trace
(amplified by a factor of 32 relative to the earlier part) is the click-
evoked OAE. From Cope and Lutman (1993).
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Time
10

— I —
15 ms

Figure 5.5. Delayed evoked OAEs, following click stimulation,
recorded from adults with normal hearing. Note the inter-subject vari-
ation in waveform morphology. Based on Figure 8.9 of the article by
Cope and Lutman (1993).

rates of stimulus presentation has the potential to significantly reduce
the test time, to seconds rather than minutes.

The equipment required to record an OAE comprises an acoustic
probe, inserted into the patient's external auditory meatus and sealed
with the aid of a replaceable soft plastic cuff (Figure 5.6). The probe
houses a miniature loudspeaker and microphone for stimulus delivery
and response capture respectively. Additionally, there is a narrow-bore
vent to allow for pressure equalisation.

OAEs are of a very low amplitude, typically less than 20 dBSPL, and
easily masked by extraneous noise. Therefore to enhance the signal-to-
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Figure 5.6. Probe placement for recording the delayed evoked OAE
in a young baby.

noise ratio filtering and averaging of up to several hundred responses
are employed. Interfering signals caused by swallowing and general
movement are removed by a method of overload rejection.

The stimulus used to evoke an OAE is of a short duration, such as a
click or tone burst. Both stimuli excite the same OAE generating
process. Tone burst stimuli have the potential to provide more fre-
quency-specific information but the click, albeit less frequency specific,
remains the stimulus most widely used and existing knowledge is based
mostly on data using clicks.

Response identification is a skilled procedure and is assisted by
examining several features of the OAE waveform. Automatic scoring
methods based, for example, on calculation of the cross-correlation of
replicate waveforms, have also been developed (Lutman, 1993).

Result interpretation
The presence of an OAE is consistent with normal or near to normal
cochlear function which, provided there is no retrocochlear dysfunction,
is compatible with normal or near to normal hearing at least at some
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frequencies. Click-evoked OAEs are usually absent if the hearing level
exceeds 20-25 dB. It is therefore not possible to determine the degree
or configuration of hearing impairment from click-evoked OAE mea-
sures alone and behavioural techniques or other objective tests such as
ABR threshold investigation must be used. OAEs are also absent in the
presence of middle-ear abnormality such as otitis media with effusion.
Thus it is important to rule out the presence of a middle-ear disorder if
an individual does not possess an OAE. A small minority of individuals
with normal hearing do not exhibit OAEs. This may be a consequence
of the properties of the individual's middle or outer ears, or poor
recording conditions; the OAE is of a very small amplitude and is easily
masked by larger ambient noise components. As with ABR measure-
ments it is important to interpret OAE test results in conjunction with
behavioural observations.

Clinical applications of the ABR and delayed evoked OAE
Both the ABR and delayed evoked OAE are valuable in the audiologi-
cal assessment of the very young or otherwise difficult to assess child.
The two tests are quite different and have advantages and limitations
depending on the required application, either screening or diagnostic.
The OAE test is specific to cochlear function, is very fast and in most
cases its presence is consistent with hearing levels better than 25 dBHL,
for some frequencies at least. When the hearing level is in excess of
about 25 dBHL or there is a conductive element, the OAE will be
absent and it is not possible to obtain any further information about the
degree of hearing loss from OAE measurements alone. Measurement
of the ABR is a longer procedure. Quantitatively, however, the ABR
provides more information regarding the hearing level. It covers the
entire audible range for intensity, thus documenting hearing loss from
mild to profound.

Screening
It is a well recognised aim to detect significant hearing impairment at
the earliest stage possible. Work on auditory deprivation has shown
that the earlier a hearing loss is quantified and management initiated
the greater is the communicative ability (Ramkalawan and Davis,
1992). Depending on a number of factors it may be neither practical nor
possible to screen every live birth for hearing impairment and therefore
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targeted groups at greater risk for hearing impairment may be screened.
In the UK, figures suggest that for the general population the incidence
of severe to profound sensorineural hearing loss is of the order of 1 or 2
per 1000. Babies requiring special care in the neonatal period can be up
to ten times more likely to have a significant bilateral impairment
(Davis and Wood, 1992). Both the ABR and click evoked OAE meth-
ods have been subject to many trials and both methods are feasible as a
neonatal screen.

Diagnostic
Within paediatric audiology there is always a group of children who
defy the skills and expertise of even the most experienced clinician.
These children may have physical, neurological or intellectual deficits
and although it may be possible to gain some information from behav-
ioural techniques, objective techniques may help to complete the pic-
ture.

Other children requiring objective assessment include those present-
ing with suspected non-organic hearing loss, that is those who feign or
exaggerate hearing loss on subjective audiometry. This may be deliber-
ate or unconscious and associated with physical or emotional disorders.
ABR threshold investigation may provide a quantitative estimate of the
true hearing level with respect to the exaggerated subjective hearing
threshold.

Another important group is infants whose parents suspect hearing
loss from an early age and when they are not developmentally ready for
distraction assessment or where behavioural observation is not conclu-
sive or raises cause for concern. Objective tests may be used to investi-
gate the auditory function.

Cochlear implant patients
ABR and delayed evoked OAE measurements are used as a part of the
audiological test battery for the assessment of children undergoing eval-
uation for cochlear implantation. ABR measurements are used rou-
tinely to confirm objectively the degree of hearing loss and delayed
evoked OAE measurements have a role in assessing cochlear function.
ABR measurements are also used to assess the cochlear implant func-
tion following surgery (Mason, 1993). The integrity of the implanted
electrodes is assessed by electrically stimulating the electrodes and
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measuring the brainstem response; because of the nature of the stimu-
lus the measurement is termed the electrical ABR (EABR). In addition
to confirming the integrity of the implant, the EABR threshold can be
used to predict the subjective electrical threshold, i.e. the level of elec-
trical stimulation the patient requires to perceive the stimulus. This is
beneficial for device switch-on and tuning in young children (Sheppard,
1993).

Summary
Objective tests are a valuable assessment tool in paediatric audiology
and it is without doubt that they have allowed for previously difficult-
to-assess groups to undergo prompt audiological evaluation. The ABR
and measurement of the delayed evoked OAE have proven particularly
useful for clinicians working in paediatric audiology. In most cases, the
ability to detect a delayed evoked OAE or measure an ABR threshold
at 20 dBnHL is consistent with normal or near to normal auditory func-
tion at certain frequencies. Hearing is, however, a perceptual process
and the reader will appreciate that objective tests are not a measure of
hearing as such. They assess the integrity at various levels of the audi-
tory pathway but not its entirety. The results of objective tests should
therefore always be interpreted with some degree of caution and in con-
junction with observations of the patient's behavioural auditory perfor-
mance. When used in this context objective and behavioural techniques
act as complementary tools in the overall assessment.
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Middle-ear measurements
CATHERINE COTTINGHAM

The need for middle-ear measurements
Tympanometry and middle-ear measurements provide important infor-
mation about the pathological state of the middle ear. The amount of
information to be gained from otoscopy alone is dependent on the skill
and experience of the clinician and is variable. Audiological tests are
also limited in the information they provide about the middle ear.
Behavioural audiological tests give information about air-conduction
thresholds only. Full audiometry provides only inferential information
about the state of the middle ear when air- and bone-conduction thresh-
olds are compared. Even in cases where an air-bone gap is apparent,
audiometry alone gives no information about the reasons for this.
Audiometric measurements are subjective and rely on the cooperation
of the patient. Tympanometry and middle-ear measurements provide a
quick method for obtaining objective information about the middle ear
and should be included routinely within the audiological test battery.

Underlying principles of middle-ear impedance
Sound, in the form of longitudinal sound waves, may be propagated
through solids, liquids and gases. When the sound waves meet a change
in medium, the efficiency of propagation is affected. This change in
medium causes some sound waves to be transmitted further, or absorbed
and some to be reflected back depending on the different characteristic
impedances of the different media. Air has a low, and water has a high
characteristic impedance. The middle ear acts as an acoustical trans-
former to overcome the problem of energy loss due to this impedance
mismatch between the air in the ear canal and the fluid in the cochlea.
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The middle-ear structures have properties of mass, elasticity and fric-
tion. Changes in these properties normally have an adverse effect on
the system and therefore measurements of such changes are of clinical
interest.

Middle-ear measurement systems
Middle-ear measurement systems may be known as: middle-ear analy-
sers, impedance meters, immitance meters, or otoadmittance meters.
Although all these systems perform similar functions, they may differ in
other aspects, such as their degree of automation. They may also differ
in complexity according to whether it is a screening or diagnostic sys-
tem. As with most equipment, it is important to choose a particular
model according to the needs of the clinic.

Most instruments comprise a probe, which may be hermetically
sealed in the ear canal using a small plastic cuff or probe tip. Within the
probe are three components (Figure 6.1). A miniature earphone pro-
vides the sound source which is a pure tone (usually at 226 Hz); this is
delivered to the ear by a flexible tube within the probe. A miniature
microphone is also joined to the probe via a flexible tube; this measures
the sound pressure level (SPL) within the ear canal. An air pump con-
nected to a manometer indicates the air pressure in the ear canal rela-
tive to atmospheric pressure. Manometers of older instruments are

Admittance meter

Ear canal

Manometer

Figure 6.1. Block diagram of a middle-ear measurement system (AVC
= automatic volume control).
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calibrated in millimetres of water pressure (mmH2O) and more recent
instruments are calibrated in the SI units of decapascal (daPa); however
this is really only of academic interest as the two units are virtually
equivalent (1 daPa = 1.02 mmH2O).

Terminology
Admittance: This is a measure of how efficiently the tympanic

membrane and middle-ear system receive and transmit sound energy
travelling down the ear canal. (In reality it is the sum of ear canal
admittance and middle ear admittance.)

Compliance: Most clinical instruments express admittance in
terms of compliance. Strictly this is a misnomer, as compliance is only
one of the components of admittance, however under the test condi-
tions used and with a low frequency probe tone, it is a reasonable
approximation.

Impedance: This is the reciprocal of admittance.

Immitance: This is a generic term incorporating acoustic
impedance and admittance.

Tympanometry
This is perhaps the most commonly used measurement of middle-ear
measurement systems. The output of the probe microphone is used to
control the sound level by an automatic volume (gain) control (Figure
6.1). Keeping the SPL constant enables the admittance modulator at
the end of the probe to measure the driving force needed to maintain
this constant SPL within the ear canal. Thus, for an ear with high admit-
tance, a large driving force is required, and for an ear with low admit-
tance a small driving force is required. A highly mobile ear will produce
a high admittance to incoming sound, and an immobile ear will produce
a low admittance.

Most pathological conditions of the middle ear alter the way the tym-
panic membrane reacts to acoustical energy and adversely affect the
elasticity and hence the mobility of the middle-ear system. Some also
affect the mass of the system. Middle-ear effusion loads the inner sur-
face of the tympanic membrane and middle ear as well as stiffening the



68 C. Cottingham

membrane. Thus admittance measurements can provide useful diagnos-
tic indications about the state of the middle ear.

The middle-ear measurement system may be manually or automati-
cally operated. To measure a tympanogram, the air pressure is varied
within the ear canal (usually from +200 to -200 daPa) and the equiva-
lent air volume is measured. A graphic printout is produced of admit-
tance, as equivalent air volume, against pressure: this is the
tympanogram. The two most commonly used measurements taken from
the tympanogram are those of middle-ear pressure and middle-ear com-
pliance. The volume of the ear canal can also be estimated.

Middle-ear pressure (MEP)
In general, as the air pressure in the ear canal is progressively increased
or decreased with respect to the MEP by use of the air pump, the tym-
panic membrane becomes increasingly inflexible and the compliance
decreases. Maximum compliance is found at the point where air pres-
sure in the ear canal and middle-ear pressure are equal. This is the
point of MEP relative to atmospheric pressure. Normal MEP ranges
from +50 to -100 daPa.

Middle-ear compliance (MEC)
When the air pressure in the ear canal is at MEP, the compliance is that
of the air in the ear canal and the middle-ear structures. As the air pres-
sure in the ear canal is progressively increased or decreased, the compli-
ance of the tympanic membrane and middle ear becomes increasingly
smaller to a point where compliance is approximately equal to that of
the air in the ear canal. The difference between this value and that of
maximum compliance is approximately equal to MEC. Normal MEC
ranges from 0.3 to 1.5 cm3.

Middle-ear volume
The compliance at each end of the tympanogram (where compliance is
lowest) approximates to middle-ear volume (cm3).
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Interpretation of the tympanogram and pathological conditions
Low compliance values

Otosclerosis, fibrosis and tympanosclerosis are all conditions which
cause a stiffening or reduction in movement of the tympanic membrane.
This gives a tympanogram indicating reduced compliance at normal
pressure (curve (a) in Figure 6.2). It should, however, be remembered
that there is a large range of normal compliance values and the value of
the tympanograms in diagnosing the above conditions is often ques-
tioned. As with all the middle-ear measurement test results, this type of
tympanogram is of most use when considered in conjunction with other
audiometric test results and a good medical history.

High compliance values
Ossicular discontinuity often gives rise to high compliance values (curve
(b) Figure 6.2); however a thinning of the tympanic membrane may give
a similar result indicating hypermobility. Again it is important to con-
sider the large range of normal values.

f

(b)

A (d)

( f )

-300

Pressure (daPa)

Figure 6.2. Example of some typical tympanograms: (a) otosclerosis,
(b) hypermobility, (c) middle-ear effusions, (d) perforated tympanic
membrane, (e) blocked ear canal or probe, (f) Eustachian tube dys-
function, (g) normal tympanogram.
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Flat tympanograms
Tympanograms are probably of most diagnostic use and are usually
indicative of middle-ear effusion (curve (c) Figure 6.2). This is therefore
probably the most common type of tympanogram encountered in pae-
diatric audiology. Middle-ear effusion causes a loading of the whole
middle-ear system, which in turn causes the tympanic membranes to
stiffen. Middle-ear conditions give rise to a shallow or virtually flat tym-
panogram with reduced compliance and pressure. Other pathological
conditions can cause stiffness of the tympanic membrane but in chil-
dren, this result usually indicates the presence of middle ear effusions.

High middle-ear volume
This result is often indicative of a perforated tympanic membrane. The
flat 'curve' (curve (d) Figure 6.2) represents the combined volume of
the ear canal and middle-ear cavity. A similar result may indicate a
patent grommet. A very high middle-ear volume may be an indication
that the probe was not sealed properly in the ear canal.

Low middle-ear volume
A flat 'curve' with a middle-ear volume close to zero (curve (e) Figure
6.2) is often an indication of a blocked ear canal, frequently due to wax
occlusion. This result may also be obtained if the probe is being held
against the wall of the ear canal or if the probe is itself blocked.

Low MEP with normal MEC
This result is often an indication of Eustachian tube dysfunction (curve
(f) Figure 6.2). Occasionally autoinflation with a 'sticky' Eustachian
tube may give a result of positive middle-ear pressure. If the subject
performs a successful Valsalva or Toynbee manoeuvre the tym-
panogram may change indicating an increase in MEP. A flat tym-
panogram may indicate the presence of middle-ear fluid in conjunction
with Eustachian tube dysfunction; however it may be that the viscosity
of the fluid makes its removal from the middle-ear impossible even in
the presence of normal Eustachian tube function. An unusual possibil-
ity is that of a patent Eustachian tube, which sometimes follows persis-
tent middle-ear effusion. This may give rise to the pressure meter
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indicating rising and falling pressure in time with respiration and sub-
jects may experience an 'echo' as they speak. Similar variations in pres-
sure may be observed in some normal ears.

A normal tympanogram
As has already been mentioned, most pathological conditions of the
middle ear affect the tympanogram; therefore a normal tympanogram
(curve (g) Figure 6.2) is a fairly good indication of normal middle-ear
function.

Pitfalls in measurement and interpretation of the tympanogram
The tympanogram is an invaluable measure of middle-ear function with
a high sensitivity and specificity for indicating pathological states, but it
is not completely infallible. It is imperative that the tympanometric
measurements are not considered in isolation but are viewed as part of
an audiological test battery. Failure to do this may lead to misdiagnosis
and hence mismanagement.

Sources of error may relate to the measurement process itself.
Particularly during the testing of children and infants it may be that the
subject moves during the measurement, or may be particularly noisy.
These two events may cause movement of the probe causing misleading
peaks to appear on the tympanogram. In this case the tympanogram
should be repeated where possible or an appropriate note should be
attached to the tympanogram and the interpretation made with caution.

Another possible complication is that there may be more than one
condition present. Sensorineural hearing loss alone will give rise to a
normal tympanogram. The sensorineural hearing loss may, however, be
present in conjunction with middle-ear effusion. In cases where a flat
tympanogram is present in conjunction with a hearing loss, particularly
where the loss is moderate, severe or profound, the tests of hearing and
middle-ear measurements should be repeated on later occasions until a
sensorineural hearing loss can be eliminated. Failure to test the hearing
in conjunction with performing the tympanogram, or assuming the
hearing loss is purely conductive, can lead to missing a diagnosis of sen-
sorineural hearing loss and hence delayed intervention. Finally, there is
a large range of normal test results and hence some pathological condi-
tions may not be apparent. In addition some normal ears may give
abnormal results on a tympanogram for reasons which are not clear.
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Diagnostic errors may be avoided by considering tympanometric results
in conjunction with a detailed history and other audiological test results
and by ensuring that the person undertaking the testing is well trained.

Middle-ear stapedial reflex measurements
Stapedial reflex measurements can usually be carried out using the
same middle-ear measurement equipment. When a normal ear is stimu-
lated with a 'loud' sound, the stapedius muscle in both middle ears con-
tracts, causing a stiffening of the tympanic membranes and hence a
decrease in compliance. This compliance change can be detected by the
middle-ear measurement system already described. This reflex mea-
surement is of use diagnostically.

Acoustic reflex threshold (ART)
Normal ears have a reflex threshold of 80 to 85 dBHL for pure tone fre-
quencies between 250 and 4000 Hz. A screening test may use a mid-
frequency tone at 90 to 100 dBHL. Presence of a reflex at this level
indicates that the middle ear is free from significant disorder.

In cases of normal hearing the ART is approximately 85 dB above
the hearing threshold but in cases of sensorineural hearing loss, the
ART is often far closer to the hearing threshold. In cases where the dif-
ference between ART and hearing threshold is 65 dB or less, this may
indicate the presence of abnormal loudness function (recruitment). In
some cases of sensorineural hearing loss the ART will be higher than
the limits of the middle-ear measurement system and in such cases it is
important to consider the results of this test in conjunction with other
middle-ear and audiological test results to determine whether absence
of the acoustic reflex is due to a conductive or sensorineural hearing
loss.

Acoustic reflex decay (ARD)
Acoustic reflex decay is another measurement of diagnostic value. This
test is undertaken by stimulating the ear with a tone 10 dB above the
ART. In a normal ear, the stapedius will contract for the duration of the
stimulus within a time span of a few minutes; the usual duration of stim-
ulus on this test is 10 seconds. The amount of ARD is measured as the
percentage reduction in compliance during the 10 seconds. Greater
than 50% decay in 5 seconds is thought to be diagnostically significant
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in terms of VIII nerve pathology. Acoustic reflex tests are of far greater
diagnostic value when they are considered in conjunction with each
other and with the tympanometric results.

Middle-ear effusion
Middle-ear effusion is well known to be the most common cause of
auditory dysfunction in children. It is, in fact, so common that it could
be thought to be part of normal development. In most cases of middle-
ear effusion there is little cause for concern; however for a few children,
this condition does give rise to long term problems. Problems tend to
arise with children who have persistent middle-ear effusion, who may
display difficulties such as behavioural problems and even developmen-
tal delay in some cases. This condition can be treated using medical,
surgical or audiological intervention; however the time at which this is
most effective, or indeed whether it is actually needed, is a matter for
some debate. Parent and teacher counselling and advice is often of
great value in these cases.

Middle-ear measurements offer a simple screening test for middle-ear
effusion. There are, however, several drawbacks to this. Firstly, since it is
such a common condition, tympanometry and middle-ear measure-
ments, in the absence of audiometry or behavioural hearing tests, will
pick up too many cases to be manageable and far more cases than need
active intervention. Many children will give a flat tympanogram for a
short time, which is of no consequence during episodes of upper respira-
tory tract infections. The cases of middle-ear effusion most in need of
treatment are those that are persistent. In order to find these cases it is
necessary to carry out testing at intervals over a period of time.
Secondly, it is not only the middle-ear measurements or tympanogram
that should be considered when deciding on possible intervention;
degree of hearing loss and degree of disability to the child need also to
be considered. Therefore, any 'screening' for middle-ear effusion or oti-
tis media with effusion should be carried out by appropriately trained
professionals and the middle-ear measurements should be just one of
the considerations taken into account when considering management.
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The management of otitis media with
effusion
NICK JONES and SUSAN ROBINSON

Scope of the chapter
Otitis media with effusion is the most common cause of hearing impair-
ment and reason for elective surgery in children. In most cases no spe-
cific treatment is required and the important role of the medical
practitioner is to identify the small number of cases that warrant treat-
ment or onward referral. This chapter aims to provide background
information on the condition and a practical guide to assist medical
practitioners in this task.

Introduction
Otitis media with effusion (OME) is a normal finding in children fol-
lowing an upper respiratory tract infection and the majority of OME
resolves spontaneously. Only a small minority of approximately 4.7 per
1000 children come to surgery in Britain. While many have focused
their attention on the appearance of the drum or tympanometric trac-
ing, it is the history that is all-important in the management of OME.

Hearing screening attempts to identify children whose hearing loss is
sufficient to affect their language and speech development. It is of pri-
mary importance to ensure that children with a sensorineural hearing
loss are not missed, and every effort should be made to try and find
these children as early as possible, although logistically this is difficult.
This group has to be differentiated from the large number of children
with OME. Many children will need following up as a result of screen-
ing. The system varies from district to district depending on the
resources available but follow-up may be undertaken by a variety of
staff. In addition to children seen as a result of screening the medical
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practitioner will also see those brought to the surgery by concerned
parents.

The medical practitioner's role
It is essential to discuss with parents the nature of OME, what the treat-
ment options are, the potential consequences of OME, and the natural
history of the condition. This avoids 'medicalising' what is most fre-
quently a natural process that will resolve on its own. The decision as to
whether one should wait for resolution or intervene, is based on how
the child is functioning and where in the natural history of OME the
child is thought to be. For example, in a young child who is asympto-
matic and whose language is developing well, the need to intervene in
OME is reduced.

The sequelae of untreated OME should also be considered. Not only
are there short and medium term problems caused by hearing loss, pain
from recurrent acute otitis media and sometimes from even mild
Eustachian tube dysfunction, but persistently low middle-ear pressure
can cause thinning of the drum (atelectasis), retraction and resorption
of the ossicular chain with long term effects.

The question, 'Who is helped by surgery?' is difficult to answer
specifically as the effects of OME are not all-or-none. Treatment,
whether conservative or surgical, should be undertaken in the light of the
child's language and general development, and the length of the history.
In this chapter we aim to guide the medical practitioner through the
various stages in the management of this condition.

Classification of otitis media
Acute otitis media (AOM)

Acute otitis media (AOM) is characterised by pain, a raised tempera-
ture and earache. Initially the eardrum is red and if enough purulent
fluid is produced it may bulge and eventually perforate with a purulent
discharge, but with cessation of pain. The majority of children with
AOM have a viral infection which resolves within 24 hours of onset.
Symptoms which persist after 24 hours from onset are more likely to be
bacterial and warrant antibiotic treatment.

Recurrent AOM
Recurrent episodes each with a 15% incidence of subsequent OME.
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Otitis media with effusion (OME)
Otitis media with effusion is generally characterised by a persistent
accumulation of non-purulent and mucoid fluid in the middle ear. This
leads to a dull and opaque appearance to the eardrum. It also restricts
movement of the eardrum and ossicles and in some cases results in a
hearing loss. Whilst the middle-ear fluid contains pathogens in approxi-
mately 17% of patients, they are not in sufficient numbers for the fluid
to be considered infected.

Chronic suppurative otitis media
This term is usually applied to an ear that discharges mucus through a
perforated eardrum.

1. Safe or tubotympanic disease: a perforation in the pars tensa
or lower nine-tenths of the ear-drum. (Safe perforations
form the vast majority of tympanic perforations. Whilst
cholesteatoma is rare in this group it nevertheless is a possi-
bility and should not be excluded.)

2. Unsafe or attico-antral disease: a defect in the attic area
associated with cholesteatoma.

Prevalence and natural history of OME
The incidence (new cases) of OME is greatest in the 6 to 12 month age
group with 75-80% of that age group having one or more episodes.
Around 42% of 3-year-olds may begin an episode of OME over the
next 12 months. Because each episode is generally of short duration the
percentage of children with OME at any one time (prevalence) is much
lower. There is a peak of approximately 20% around 2 years of age and
a second peak of approximately 15% around 5 years of age. Prevalence
of OME falls off sharply between the ages of 6 and 8 to less than 5%.

Whilst OME is extremely common, the vast majority of cases resolve
naturally. For example, in over 50% of affected 2-year-olds it resolves
spontaneously within 3 months and only 3% of them will have an
episode lasting over one year. However, a further 9% will have had one
or more recurrences by the time they are 3 years old.

The main risk factors for OME include age, sex (more common in
boys than girls), season (more occur in winter), bottle feeding, atten-
dance at day care and passive smoking. Anatomical abnormalities of
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the face such as cleft palate, reduced postnasal space and certain
genetic syndromes (e.g. Down's, Turner's, Hunter's, fragile X) and
abnormalities of the skull base and nasopharynx are also associated
with an increased risk of persistent OME.

Hearing impairment and disability
Only a minority of those with OME have a material hearing loss. The
impairment is conductive, commonly fluctuating and typically
20-30 dBHL in magnitude. At any point in time about 6% of children
aged 2 years (i.e. approximately one-third of those with OME) will have
a bilateral hearing impairment in excess of 25 dBHL persisting for 3
months or more.

A number of disabilities may result from persistent hearing impair-
ment (e.g. compromised levels of social functioning, language compe-
tence and speech production, learning or behavioural difficulties).
Studies that have examined the consequences of persistent OME have
failed to demonstrate a significant and causal link.

The lack of a consistent relationship does not negate the fact that
OME can lead to material disability. This may be due to interaction
with other factors such as family circumstances, intelligence, general
health and other disabilities. Therefore identification of persistent cases
(e.g. hearing impairment lasting more than 6 months) is recommended.
These will include those cases at risk of disability and therefore most
likely to benefit from intervention.

History
The aim is to assess the extent and persistence of any hearing loss based
on the parent's description of everyday situations. The following ques-
tions may be used as a guide:

1. Have parents, teachers or carers noticed any hearing difficul-
ties? If so, for how long?

2. Does the child's hearing appear to fluctuate?
3. Is language developing normally? Has the expected mile-

stone been reached?
4. Have there been any changes in the child's behaviour pat-

terns?
5. Has there been frequent upper respiratory tract infection?
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6. How many episodes of AOM have there been (earache, dis-
charge, etc.)?

Multiple episodes are less likely to be associated with the resolution of
any middle-ear effusion. It is worth trying to establish if these were gen-
uine episodes of AOM or not; severe pain followed by discharge is
diagnostic, while pyrexia and earache that is short lived, are not.

The history should include any other relevant factors that might pre-
dispose to OME (e.g. Down's syndrome, cleft palate) and other disabili-
ties including a pre-existing sensorineural hearing loss, family
circumstances and developmental delay. It is useful to ask about perma-
nent hearing impairment in order that a sensorineural hearing loss is
not missed. Additionally, questions relating to other otological pathol-
ogy are relevant (e.g. a foul discharging ear means that cholesteatoma
should be excluded). Other developmental milestones should be noted
to ensure that there is not a global problem that requires further inves-
tigation.

Examination
A general examination should be done looking for any abnormal fea-
tures of the face and skull, any features of genetic syndromes, mouth
breathing and/or voice quality (i.e. hyponasality). In an acute episode it
is important to look behind the ear, particularly to exclude mastoiditis.
For inspection of the external ear canal, the pinna should be pulled
back gently and firmly to straighten the ear canal. It may be very nar-
row in children with Down's syndrome and in neonates, and it is liable
to collapse in young children. Using an otoscope is made easier if the
(young) child is appropriately restrained, usually by the parent, as
shown in Figure 7.1.

It is important to inspect the eardrum using an otoscope in order to
help define whether any hearing loss can be explained by OME or
whether there may be some other pathology. The otoscope should be
held using one of the fingers of the hand resting on the child to detect
early movement that the child might make and prevent the instrument
traumatising the ear canal (see Figure 7.2). Features of OME at the
eardrum include a dull appearance, the absence of light reflex,
increased vascularity of the drum, a more horizontal position of the
malleus handle and retraction of the drum. If there are air bubbles or
a fluid level with clear fluid, this is a sign of resolving OME. Other
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Figure 7.1. Examination of the ear - the child may need to be
restrained.

middle-ear pathologies, particularly a perforation of the drum or a
cholesteatoma, need to be excluded whilst examining the ear. It is fre-
quently difficult to be certain whether there is glue from the otoscopic
appearance alone. It is not the appearance of the ear-drum on any par-
ticular day that is important but how the child is functioning.
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Figure 7.2. Examination of the ear - the examiner's little finger rests
on the child.

Pointers to the presence of other middle-ear pathology
include:
1. A crust in the attic area may hide an underlying

cholesteatoma.
2. Congenital cholesteatoma is rare but should be looked for. It

has the appearance of a white pearl behind the drum.
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3. A mucoid discharge implies that there is a perforation as the
external ear canal has no mucus glands.

4. A foul discharge should raise the question of an underlying
cholesteatoma.

Wax
Wax often obstructs the view. Wax in the external third of the canal
may be removed with little difficulty - it is unwise for anyone without
the experience or the equipment to delve deeper. It is unusual for there
to be any justification for the immediate removal of wax. It is far more
important to make some assessment of how the child is functioning than
to remove wax in order to view the drum and diagnose the presence of
effusion.

The best tools to remove wax from the external half of the ear canal
are either a wax hook or a Jobson Home probe, using the light of a
headmirror. It is important to avoid causing any discomfort and if there
is any difficulty removing the wax it is far better to prescribe sodium
bicarbonate eardrops (8%) twice daily to dissolve the wax and then
review the child's progress. Otoscopes with a distal fibreoptic light
source provide a far superior view of the drum. Most modern otoscopes
have an attachment for a rubber bulb for pneumatic otoscopy - if a
speculum can be inserted that will seal off the ear canal the bulb can be
gently pressed and the mobility of the drum inspected - with practice it
is possible to see if the mobility is reduced (indicating Eustachian tube
dysfunction) or absent as in OME.

During the otoscopic examination, it is useful in older children (over
5 years) to conduct a clinical hearing test such as asking a question in a
quiet voice. As they will not see you speaking, this may give an oppor-
tunity broadly to assess the extent of their hearing difficulties and find
out if there may be a non-organic hearing loss. The following observa-
tions should also be included in the examination:

1. Is the child mouth breathing?
2. Does the child speak with a hyponasal voice?
3. Does the child have a nasal crease?

Nasal obstruction in children is usually due to allergic rhinitis, ad-
enoidal hypertrophy and infection, either on their own or together.

Ask whether the child persistently mouth breathes, snores or has a
'snotty nose'. Children average eight upper respiratory tract infections a
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year and therefore it is not unusual for a child to have a snotty nose
intermittently for many months. Ask when the child last had a clear
nose; if it was less than 4 months ago it makes it unlikely that adenoidal
hypertrophy is a significant factor. Perennial symptoms may be due to
an allergy to house dust mite. This is often overlooked as a cause for
nasal obstruction. The role of allergic rhinitis in OME is controversial.
In 2-5-year-olds adenoidal hypertrophy is associated with recurrence of
OME following grommet extrusion.

Hearing assessment
Few medical practices will have the facilities and personnel to carry out
accurate quantitative tests of hearing and middle-ear function (e.g. suf-
ficiently low and verified ambient noise levels, calibrated equipment,
suitably trained personnel). The role of the medical practitioner is to
assess the child's disability as perceived by carers and to make an infor-
mal assessment of hearing ability. This information will help to decide
which children require referral for formal hearing assessment, based on
persistence of symptoms and risk factors. The formal assessment of
hearing will include measurements of hearing sensitivity, tympanomet-
ric measures of middle-ear function and determination of whether the
hearing loss is sensorineural or conductive. For details of tests and their
interpretation see Chapters 3, 4, 5 and 6. Tympanometry provides con-
firmative evidence of OME but it should not detract from the primary
consideration of how the child is functioning in terms of language and
hearing.

Management in general practice
Because of the characteristics of this condition, in which a significant
proportion of children recover spontaneously, there is justifiable uncer-
tainty as to when referral or treatment is appropriate. We advocate a
period of 'watchful waiting', where the child is monitored to establish
that the condition is persistent. Reassurance should be given to the fam-
ily regarding the nature and cause of the child's condition. Advice on
compensating tactics should be provided. The following compensation
tactics may be useful:

1. Speak close to the child so that the level of voice is slightly
raised, but do not shout.
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2. Speak clearly but do not exaggerate mouth movements.
3. Face the child so that the speaker can be seen and heard.
4. Try to reduce background noise when communicating with

the child, e.g. switch off or turn down the television.
5. Inform all family members, carers, teachers or playgroup

leaders and friends about the child's hearing difficulties and
explain how they can help.

Antibiotics do not have a convincing therapeutic effect on OME.
Similarly there is no evidence that decongestants alter the condition.
Anti-allergy treatment - avoiding aggravating allergens, the use of anti-
histamines and topical nasal steroids (fluticasone is licensed for use in 4-
year-olds) - will help nasal symptoms resulting from allergic rhinitis and
may improve Eustachian tube function in atopic children.

At the end of the period of observation (e.g. 3 months) the child must
be reviewed to establish the need for referral using the criteria of per-
sistence and disability. Further otoscopy should be undertaken to
ensure that no other middle-ear pathology is present. Progressive
retraction of the drum with ossicular erosion, deepening of a retraction
pocket, or the drum becoming adherent to the medial wall of the mid-
dle ear warrants early referral for an otological opinion.

Management following a period of 'watchful waiting9

Having introduced a period of 'watchful waiting', the group of children
eventually treated will be those more likely to benefit from surgery.
Grommet insertion reduces the mean hearing impairment in children
with OME. Myringotomy alone is not effective in restoring hearing lev-
els. There is no added benefit of tonsillectomy in the treatment of
OME. Grommets temporarily improve hearing when in place and func-
tioning. The effect of treatment diminishes with time. The mean
improvement in hearing is estimated to be less than 12 dBHL at 6
months and under 6 dBHL at 12 months. The clinical significance of this
improvement is not clear. Adenoidectomy may have a role in 2-5-year-
olds with persistent OME who undergo grommet insertion; it appears
to reduce the likelihood of requiring further grommets.

Hearing aids also restore hearing levels in cases of persistent conduc-
tive hearing loss although adaptation to using these may pose a problem
(see Chapter 9). This option is particularly suitable for cases where
surgery is contraindicated or OME is a recurrent problem (e.g. children
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with Down's syndrome or cleft palate; repeated early extrusion of
grommets; persistent discharge through a grommet, in spite of topical
antibiotic eardrops; or when parents decline surgery).

Advice and specific support should also be available to both parents
and teachers during the 'watchful waiting' period and treatment or
monitoring stages. This may be supplemented by written guidelines.
This stage in the management of OME is essential, as the aim of 'watch-
ful waiting' is to delay the decision to operate until need has been fully
established using criteria such as persistence and severity. The subset of
children eventually treated may wait longer and therefore may experi-
ence an extended period of hearing impairment. Schedules for follow-

Suspected otitis media with effusion
Document history and otoscopic findings

Advice to parents and carers

Review 3 months 'watchful waiting'
If persistent signs and symptoms of otitis

media with effusion after 2-3 months

Marked retraction or
atelectasis

Referral to ENT

Refer for
HEARING ASSESSMENT & OTOLOGICAL OPINION

(normally arranged for 2-3 months after referral unless there is
a long history or a very marked hearing loss)

Bilateral moderate
hearing loss (+ history
of hearing loss, speech
or language delay)

Hearing within
normal limits (no
history of hearing
loss, speech or language
delay)

Mild hearing loss (no
history of hearing loss,
speech or language delay)

Otoscopy/Tympanometry
confirm OME

Reassure and reconsider
reason for suspecting the
diagnosis

Reassess with further
hearing assessment at
about 2-3 months

Surgery OR Hearing aid + support
at home/school

Postoperative hearing assessment

Figure 7.3. The management of otitis media with effusion.
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up, which will include further hearing and middle-ear assessment, are
given in Figure 7.3.

Summary
Otitis media with effusion is extremely common in children. The med-
ical practitioner has the task of sorting out from this large group the
children who have persistent OME, which will affect their development.
OME resolves spontaneously in the majority of children and so 'watch-
ful waiting' is usually the best initial course, unless there are features
that cause concern such as possible moderate or severe sensorineural
hearing loss, marked drum retraction or other middle-ear disease.

When OME fails to resolve and there is concern about hearing, well
conducted hearing assessment is the investigation of choice. Treatment,
whether conservative or surgical, should be undertaken in the light of
the child's language and general development, and the length of the his-
tory of OME.

Further reading
Anon (1987). Making the Most of Hearing: Ideas to help children who have a

mild conductive loss. Bristol: Avon Services for Special Educational Needs
and Southmead Speech Therapy Service.

Chole, R. A. (1982). An Atlas of Ear Disease. Weert, Netherlands: Wolfe
Medical.

Haggard, M. P., Gannon, M. M. and Spencer, H. (1992). The paediatric
otological caseload resulting from improved screening in the first year of
life. Clinical Otolaryngology, 17, 34-43.

Haggard, M. P., Birkin, J. A. and Pringle, D. P. (1993). Consequences of otitis
media for speech and language. In Paediatric Audiology 0-5 years, 2nd edn
(ed. B. McCormick). London: Whurr Publishers Limited.

School of Public Health, University of Leeds, Centre for Health Economics,
University of York and Research Unit of the Royal College of Physicians
(1992). The Treatment of Persistent Glue Ear in Children: Are Surgical
Interventions Effective in Combating Disability From Glue Ear. Effective
Health Care No. 4. Leeds: School of Public Health, University of Leeds.

Stephenson, H. and Haggard, M. P. (1992). Rationale and design of surgical
trials for Otitis Media with Effusion. Clinical Otolaryngology, 17, 67-78.



8
Management of unilateral hearing loss
SALLY WOOD

Introduction
Unilateral hearing loss occurs when there is some degree of hearing loss
in one ear with normal hearing in the other. Many children suffer from
conductive hearing loss in childhood and some of these may be unilat-
eral losses for some of the time. This chapter, however, is concerned
with the case of permanent unilateral loss, which is almost always sen-
sorineural in nature.

Prevalence
Accurate figures for the presence of unilateral sensorineural loss are
hard to come by. Some studies (Everberg, 1960; Tarkkanen and Aho,
1966) have estimated prevalence at around 1:1000 in school children.

Aetiology
Aetiological information is also problematic and the well known diffi-
culties in establishing aetiology for sensorineural hearing loss are com-
pounded in the case of unilateral loss by the often relatively late age at
which it is ascertained. Many studies have suggested that unknown aeti-
ology is the largest group (approximately 50%) with mumps, measles
and meningitis accounting for the majority of identifiable causes.

Psychoacoustic advantages of binaural hearing
There are several advantages to binaural hearing and it follows that

the unilaterally impaired child is deprived of these. The main psycho-
acoustic phenomena related to binaural hearing are as follows.
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Binaural summation: The binaural threshold is around 3 dB
better than the monaural threshold. This also applies to supra-threshold
stimuli so that binaural sounds are louder than monaural sounds by
between 3 and 6 dB.

Localisation: For a given sound source there are time and
intensity differences between the signals arriving at the two ears and
these are used as cues to localisation. This ability is impaired in unilat-
erally hearing-impaired subjects (Bess, 1982; Newton, 1983).

Head shadow effects: This refers to the acoustic shadow of the
head. Its effect is that acoustic signals coming from the right side are
louder in the right ear than the left ear and vice versa. The higher the
frequency the more pronounced the effect since lower frequency
sounds are better able to 'bend' around the head and reach the con-
tralateral ear.

Precedence effect: This is the effect by which sounds reaching
the ear in close succession are heard as a single sound. It is particularly
important when listening in reverberant environments and is essentially
a binaural phenomenon (Moore, 1989).

Squelch effect: When speech and noise are presented at the
same time but are spatially separated there is an improvement in speech
discrimination in the case of binaural listening compared with monaural
listening.

In general, binaural processing contributes to the ability to localise
sounds and also to the ability to detect and analyse signals in noisy and
reverberant conditions. Unfortunately these are just the sort of condi-
tions that often prevail in educational settings and in everyday listening
situations.

Effects of unilateral hearing loss
The extent to which unilateral losses result in educational, linguistic or
cognitive difficulties for the child is debatable and the evidence is
unclear. Some studies (Hallmo et al., 1986) have shown few educational
or communication problems whereas others (Bess and Tharpe, 1986;
Hartvig Jensen et al., 1989 a, b) have suggested an increased risk of edu-
cational problems especially for right-ear impaired children. Colletti et
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al. (1988) looked at a group of adults who had suffered unilateral hear-
ing loss since childhood and found no evidence to support the existence
of non-auditory long term effects although they again demonstrated the
superiority of binaural compared with monaural hearing.

Assessment of unilateral hearing loss
Assessment of hearing levels is carried out using the techniques
described in Chapters 3-6. The main difficulty arises in the measure-
ment of accurate thresholds for the worse hearing ear. Sound field tests
generally reflect the status of the better hearing ear and although they
can often point to the existence of a degree of unilateral loss it is not
usually possible to assess the poorer ear thresholds accurately, particu-
larly when the better ear is normal. In order to assess the poor ear hear-
ing levels accurately pure tone audiometry with masking as described in
Chapter 4 is necessary. The child may therefore be 4 or 5 years old
before it is possible to measure accurately the worse ear hearing levels.
All children with unilateral hearing loss should be seen by a consultant
otolaryngologist. There are numerous pathologies that can give rise to
progressive unilateral sensorineural hearing loss and although
extremely rare in children these need to be considered.

Parents are often quite shocked and upset to find that their child has
a severe or profound unilateral hearing loss, particularly as they have
often not previously suspected any hearing difficulties. It is important to
reassure them that this is often the case with such children and that it is
unlikely that an earlier diagnosis would have conferred any great
advantage.

Management of unilateral hearing loss
Once the otological and audiological assessment has been completed,
the main focus in the management of this condition is on appropriate
advice and guidance on hearing tactics and the assessment of the need
for amplification. It is important to ensure that parents, friends, rela-
tives and teachers are aware of the existence of the hearing loss and its
possible effects. The use of written information and leaflets is often
extremely helpful. It is important to explain that whilst the child may
have few obvious difficulties with speech discrimination in quiet there
are likely to be specific difficulties with the following:
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detecting sound or hearing speech on the poor side
hearing speech in noise
locating the source of sound

Hearing tactics
If at all possible one should avoid addressing speech directly to the side
of the poor ear, particularly when there is a lot of background noise.
This is not always possible, particularly in group situations, and it may
be necessary to attract the child's attention before addressing him/her.
Similarly in noisy situations we all benefit from visual cues to some
extent and this will also be important for the child with unilateral hear-
ing loss.

Classroom seating
Teachers in particular need to be aware of the nature and degree of the
hearing loss and of the importance of strategies such as preferential
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Figure 8.1. Good seating arrangements in a conventional classroom.
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seating arrangements. The child should be seated so that he/she can see
the teacher and with the good ear directed towards the teacher. The
poor ear, wherever possible, should be directed towards any potential
source of unwanted noise, for example a corridor or traffic. The child
should be seated as near to the teacher as possible. Figure 8.1 shows a
sensible seating arrangement for child A (with a right-sided hearing
loss) and child B (with a left-sided hearing loss) in a conventional class-
room. Figure 8.2 shows the same children in the same classroom but
this time with poor seating arrangements. Many children, particularly
young children, are not taught in such formally arranged classrooms. In
these cases it is even more important that the teacher is aware of the
hearing loss and is able to be flexible in the seating arrangements.
Figure 8.3 shows a good seating arrangement for a child with a right-
sided hearing loss and Figure 8.4 shows examples of poor seating for the
same child.
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Figure 8.2. Poor seating arrangements in a conventional classroom.
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Unilateral hearing loss 93

Road safety
Children with unilateral hearing loss will probably have impaired locali-
sation ability and therefore they may not be able to locate and react to
warning signals, for example a car horn, very quickly. The child needs
to be given careful road safety instruction and special precautions
taken, for example fitting and use of bicycle mirrors are advisable.

Amplification
The benefit from a conventional hearing aid is likely to be very limited
for children with unilateral losses. In the case of a mild or moderate loss
there may be some benefit from an aid in particular situations but this is
likely to be highly variable between individuals. For more severe losses
the use of a conventional powerful aid, which would be required to pro-
vide sufficient amplification to the poor ear, is contraindicated. In such
a case a CROS aid may be helpful in certain situations. CROS is an
acronym for Contralateral Routing Of Signals and involves wearing a
hearing aid microphone on the poor ear to pick up the auditory signal
and then routing this into the good ear by means of a hard wire or a
radio link. Successful use of this device requires a considerable amount
of sophistication and motivation on the part of the child.

Some workers (Bess and Tharpe, 1986) are suggesting that for a child
who is experiencing difficulty in the educational setting the most appro-
priate form of amplification is an FM or radio system used in conjunc-
tion with a low power hearing aid in the good ear as a means to improve
the signal-to-noise ratio. This would require extremely careful setting
up and use in order to ensure that it is used consistently and appropri-
ately in the classroom and that the child is not subject to unduly high
output levels with consequent risk to hearing sensitivity in the good ear.

Parents may ask about cochlear implants, which are sometimes por-
trayed in the media as a 'cure' for deafness. They need to be advised that
these are not appropriate for unilateral hearing loss (see Chapter 10).

Hearing conservation
Parents need to be given advice about audiological and otological care.
This includes the following:

to seek prompt medical advice and treatment for any otological
problems, particularly in the good ear. A child who is depen-
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dent upon the hearing in one ear will be significantly disadvan-
taged by any temporary hearing loss in that ear associated with
middle-ear problems;
to seek reassessment of the child's hearing if there are any signs
of change in the hearing levels;
to avoid placing or poking objects into the ear canal;
to avoid prolonged exposure to very loud noise, for example
loud rock concerts or personal stereos on high volume settings;
the use of appropriate ear protection later in life if this is
required because of a noisy occupation or noisy hobby (for
example, shooting).

Summary
Children with unilateral hearing loss are often diagnosed relatively late
on and the confirmation often comes as a considerable shock to par-
ents who have not previously suspected any hearing difficulties. The
aetiology of the hearing loss is often difficult to ascertain with any cer-
tainty, particularly in the absence of any obvious causative factors such
as measles, mumps or meningitis. Most children with unilateral hearing
loss cope extremely well but they do face a number of hearing difficul-
ties resulting from the loss of binaural processing. It is very important
that all those involved with the child, particularly in the educational
context, are aware of the nature of the hearing difficulties experienced.
The use of written information leaflets or booklets is often very help-
ful.
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Management of sensorineural hearing
loss
JACKIE MOON

Introduction
With the exception of cochlear implantation, sensorineural hearing loss
cannot be corrected by surgical or medical treatment. Early and appro-
priate selection and use of amplification is important, therefore, for the
hearing-impaired child. Hearing aids bring sound more effectively to
the ear, they do not restore hearing to normal.

It is necessary to select a hearing aid that will provide maximum ben-
efit for the individual on a consistent basis to help promote the develop-
ment of language and communication skills. For congenitally deaf
children better speech intelligibility is achieved if amplification is avail-
able within the first 6 months of life (Markides, 1986). Appropriate
amplification makes an important contribution to the linguistic, social,
intellectual and emotional development of a hearing-impaired child.

As a general guideline, amplification is required for hearing losses
greater than 30 dB averaged across the speech frequency range
500-4000 Hz in the better ear. When amplification is indicated in very
young hearing-impaired children, only limited information about a
child's hearing sensitivity in this range is available, either from behav-
ioural responses, using distraction testing or visual reinforcement
audiometry, or from evoked response audiometry. The limitations of
auditory brainstem response testing has already been described in
Chapter 5.

It is essential that any child fitted with hearing aids is closely moni-
tored and many clinic visits are required, particularly in the first year
following hearing aid provision. In addition to audiological assessments
in the clinic, hearing-impaired infants receive home visits from a
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specialist teacher of the deaf who provides guidance and support to the
child's family. Observations from both parents and teachers are noted,
and audiological assessment of the child is undertaken with and without
hearing aids. The management of the child may be modified, with
changes to the hearing aid prescription, as a more complete picture of
their hearing sensitivity is obtained.

Components of a hearing aid
A hearing aid consists of a number of basic components: a microphone,
amplifier, receiver and battery. These are shown in Figure 9.1. Incoming
sound is converted to an electrical signal, which is amplified, converted
to an acoustic signal, and delivered to the ear via the earmould. The life
of a hearing aid battery depends upon several factors including the type
of hearing aid, type of battery, hours of use and the required setting.

A volume or gain control, usually a numbered dial, adjusts the
amount of amplification. Louder is not necessarily clearer, as sound is
distorted when it is too loud. Parents are usually advised on the appro-
priate setting for their child. Another three position switch is normally
available: O, off; M, microphone (on); and T, the telecoil position. The
T position is used in conjunction with a loop installation, which enables
the signal to be received directly without any background noise. A com-
bined MT position is also found in some hearing aids, which includes
both an environmental microphone and telecoil option to be used
simultaneously.

A tone control may change the frequency response characteristic of
the aid. Often it can reduce the low or high frequencies and is preset by
the clinician. Methods of output limiting include peak clipping and

Incoming
Sound

Microphone Amplifier Receiver

Volume/gain
control

Amplified
• sound via

the
earmould

Figure 9.1. Block diagram of a basic hearing aid.
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automatic gain control. These control the maximum output, the highest
sound level that the aid can produce. It can 'compress' a range of
sounds to fit within the user's reduced dynamic range of hearing. The
dynamic range is the range between the threshold of hearing and the
level at which the sound becomes uncomfortable, the loudness discom-
fort level.

Hearing aid systems have been discussed in detail by Pollack (1988)
and Evans (1993).

Types of hearing aid systems
Conventional hearing aids

A number of types of hearing aid are available and these include
postaural or behind-the-ear, intra-aural or in-the-ear, body-worn and
bone-conduction aids.

Postaural aids are the most commonly fitted type and are worn
behind the ear, coupled to the child's individual earmould as shown in
Figures 9.2 and 9.3. Intra-aural aids fit into the canal and/or concha of
the external ear, the components being mounted in the earmould.

Body-worn aids are usually worn in a harness on the child's chest.
The receiver is clipped into the earmould and is connected to the aid by
a lead. This is shown in Figure 9.4. Most hearing aids deliver the ampli-
fied acoustic signal to the external auditory meatus and then this ampli-
fied signal is transmitted through the middle ear to the cochlea. These
systems work on an air-conduction principle.

In bone-conduction aids a vibratory signal is delivered to the cochlea
from a head-worn receiver (the vibrator), which is placed on the mas-
toid bone. The signal is conveyed by bone/tissue vibration. The micro-
phone and amplifier can be in a postaural or a body worn unit. Figure
9.5 shows a typical bone-conduction aid. Bone-conduction aids are fit-
ted in cases of chronic infection, discharging ears or congenital ear
abnormalities, including a narrow external meatus, atresia or absent
pinna. Implanted bone-conduction aids now offer an alternative for
children with bilateral atresia. Hakansson et al. (1985) have described
the bone-anchored hearing aid, which is fitted by means of a titanium
screw in the mastoid bone. The acoustic signal generated by a trans-
ducer is led to the skull by means of the percutaneous coupling.

Variations on postaural and bone-conduction aids include the specta-
cle aid in which the aid is incorporated into the frame. The signal can be
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Figure 9.2. A mini postaural hearing aid and earmould.

delivered by a vibrator placed on the mastoid or by an earmould
attached via an acoustic tube to a postaural aid. This is not commonly
used in children, as it is not always a practical option.

A CROS aid (contralateral routing of signals) consists of a micro-
phone and amplifier located at one ear and a receiver in the other. The
two are usually linked by a flexible lead. This type of aid has been
described in more detail by Evans (1993). It can be worn in cases of
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Figure 9.3. A mini postaural hearing aid and earmould in position.

Figure 9.4. A body-worn aid with a separate receiver connected to the
earmould.
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Figure 9.5. A typical bone-conduction aid.

unilateral loss or if there is an asymmetrical loss. A child with a severe
unilateral hearing loss may, however, manage better without an aid.
This is discussed in Chapter 8.

Alternative forms of personal aids
An alternative to conventional hearing aids for those who receive little
benefit from amplification is a vibrotactile aid. These may be of some,
although limited, benefit to profoundly deaf children. Acoustic informa-
tion is presented to the wearer through vibrotactile stimulation (Figure
9.6). Tactile aids have been discussed in detail by Summers (1992).

Cochlear implants are another alternative for those who receive little
benefit from conventional hearing aids. These are discussed further in
Chapter 10.

Hearing aid selection
In selecting a hearing aid, consideration should be given to the gain of
the aid and this should be chosen to suit the degree of hearing loss. The
gain is the amount of amplification required. It is the difference
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Figure 9.6. A vibrotactile aid in the form of a wrist-worn device that
presents acoustic information to the wearer.

between the output and input sound levels, i.e. an input of 60 dBSPL
giving an output of 110 dBSPL has 50 dB gain. The gain changes with
frequency, resulting in a frequency response of the hearing aid as shown
in Figure 9.7. The frequency response should be appropriate for the
configuration of the hearing loss, e.g. if the child has a high frequency
loss an aid with a high frequency emphasis is required.

A number of hearing aid selection procedures are available based on
a prescription approach, e.g. Seewald et al. (1985) and Byrne and Dillon
(1986). The limitation of these procedures is that hearing aids cannot be
matched exactly to the prescription requirements. However, ergonomic
factors, such as size, must be considered along with electroacoustic fac-
tors. The hearing aid fitting should always be evaluated. However, it
takes a while for a child to make use of the improved sound signal
received. Evaluation will give a measure of the amount of speech fre-
quency information available to the child. It is important to ensure that
adequate amplification is being used, while also avoiding high levels of
amplification, which may be uncomfortable to the child and may result
in rejection of the hearing aid.
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Figure 9.7. Basic frequency response of a hearing aid.

Earmoulds

The earmould directs amplified sound to the ear canal from the
receiver. It is an integral part of the total electroacoustic system and it
influences the amplified signal delivered to the individual. It is impor-
tant that the earmould provides a good acoustic seal and is comfortable
to wear. An impression is taken using a silicone material by a standard
technique (BSA, 1987). This is shown in Figure 9.8. An appropriate soft
material should be chosen, e.g. soft acrylic or molloplast, not only for
the safety aspect, but also to enable high levels of gain and output to be
delivered to severely and profoundly hearing-impaired children. Well
fitting earmoulds are needed to prevent acoustic feedback - a high
pitched whistle - which occurs when sound escapes and is re-amplified
by the microphone. This feedback often prevents the use of optimum
amplification.

Earmoulds need to be renewed on a regular basis in rapidly growing
children, who require high amounts of gain. Feedback is a problem
when the growth of the external meatus is rapid. Parents should not
simply reduce the gain to reduce feedback, but should obtain new ear-
moulds to ensure that the aids are used to maximum effect.
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Figure 9.8. A silicone impression.

Advantages and limitations of hearing aid systems
The majority of children are fitted with postaural hearing aids and the
general consensus is that a hearing aid should be fitted to each ear (a
binaural fitting) unless there are any contraindications to this.
Advantages of binaural fitting include an improvement in signal locali-
sation and a summation effect, which results in higher signal levels.
There is an improvement in hearing in background noise, i.e. improved
signal detection in noise.

Conventional aids are not however able to pick up speech without
also amplifying background noise. Remote microphone systems are
available to optimise the signal in the presence of background noise and
they help to overcome the signal-to-noise ratio problem. The advan-
tages and limitations of these systems are discussed later in this chapter.

Postaural aids
Postaural hearing aids are now available with high gain and maximum
output. They have the advantage of a more natural microphone posi-
tion providing good localisation and good amplification close to the
sound source. Small discreet and lightweight models are commercially



Sensorineural hearing loss 105

available, although a mini low power postaural aid suitable for children
is now included in the NHS range of hearing aids. The majority of NHS
models are too big for tiny children. Figure 9.9 compares the size of
mini and larger postaural hearing aids. Problems are experienced with
the fitting of large hearing aids and sticky discs or plastic retainers may
be required for secure placement. The drawback of mini aids is that the
controls are less accessible and can be more difficult to manipulate.

Figure 9.9. A mini and larger postaural hearing aid.
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The majority of postaural aids do not have a battery indicator to
warn of the voltage drop so it is necessary to change batteries regularly
and check daily that the child's aid is functioning. A regular check must
also be made for any blockage of the tubing. Condensation collects in
the tubing as a result of the high humidity in the external auditory mea-
tus. This can be removed by detaching the earmould from the aid and
blowing air through the tubing using miniature bellows or simply by
shaking the earmould to remove the condensation. This condensation,
if excessive, can affect the performance of the aid.

Body-worn aids
Body-worn aids are usually securely positioned in a harness on the
child's chest and the controls are larger and easier to manipulate than
those on postaural instruments. These units are high powered and have
a low frequency emphasis. This is of benefit to those severely deaf chil-
dren who have only low frequency residual hearing. The availability of
this low frequency information was the main advantage of body-worn
aids prior to the improvement of postaural aids. The microphone is
often fitted into the top of the aid, which enables the child's own voice
to be detected. There are, however, disadvantages of this microphone
placement on the child's chest, as the microphone can be shielded from
incoming sounds by clothing. The response of the aid can be modified
by both the body and the clothing, resulting in 'body-baffle'. The micro-
phone placement is also vulnerable to spilt food.

Another disadvantage is the large and heavy receiver, which can pre-
vent the earmould from fitting correctly in the ear. A miniature receiver
can be used in an attempt to overcome this problem. A common fault is
damage to the flexible lead. The lead can, however, be easily replaced.
Children are able to alter the controls, unless a plastic cover is used to
protect both the controls and the microphone.

Intra-aural aids
Intra-aural aids have cosmetic appeal and good microphone position.
However, there are problems in that they are custom manufactured,
which in turn leads to problems if post-fitting modifications are
required. These aids also have limited gain and maximum output due to
the closeness of the microphone and receiver, which results in acoustic
feedback. They are usually suitable for mild-moderate hearing losses.
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The controls are often inaccessible to parents and teachers. Intra-aural
aids are generally not suitable for rapidly growing children, but may be
appropriate for children with special requirements, such as those with a
deformed pinna.

Bone-conduction aids
The signal is often distorted in bone-conduction aids due to the large
mass of the transducer and the large amount of energy required to drive
the bone vibrator. This results in a limited output of the system. There
are also problems with comfort, positioning and lack of aesthetic
appeal. Bone-conduction aids are usually fitted where only minimal
gain is required and there is normal cochlear function, i.e. in cases of
congenital conductive hearing loss. However, air-conduction fittings are
usually preferred if clinically viable.

Remote microphone systems
There are several remote microphone systems including electromag-

netic induction and radio aid systems. These two types are discussed
briefly.

Electromagnetic induction - the loop system
In this system the input from the remote microphone is amplified and
transmitted around an electromagnetic loop installed around a room, or
around the child's neck. This system works in conjunction with the T
position of the child's hearing aid. The use of this switch on the user con-
trol of a hearing aid has been discussed earlier in this chapter. The loop
system is inexpensive and can overcome background noise, but is not
usually the chosen system to be used in a classroom as it has many disad-
vantages. In the classroom a good teacher-to-child link is achieved, but
there is not a child-to-child link unless there is a combined MT switch
enabling an environmental microphone to be used. The system is prone
to weak or dead spots with the strength of the signal varying with head
position and orientation. There may be a spillover effect if two adjacent
rooms are using the loop. Noise can also be picked up from other sources
of electromagnetic radiation, e.g. fluorescent lighting. The gain of the
hearing aid can also be reduced when set to receive the inductive signal.
Loop systems are used mainly as assistive devices for television, tele-
phone and in large public buildings including concert halls and churches.
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Radio aid systems
Radio aids are the most popular type of remote microphone systems
and are usually supplied by the local education service, although they
are available on prescription from the hearing aid budget. They consist
of a transmitter worn by the parent or teacher and a receiver worn by
the child. The signal is delivered by frequency modulated (FM) radio
transmission to the child's personal hearing aid. It has the advantage of
overcoming the problem of background noise, improving the signal-to-
noise ratio with the microphone positioned near to the preferred
speaker. Radio aids usually have both an environmental microphone
and an input from the FM receiver, which can be operated indepen-
dently or in combination.

There are two types of radio aid. Type I is a body-worn aid worn as
an FM system. In Type II radio aids the system is specifically set up to
match each child's personal hearing aid and the signal is passed to the
child's hearing aid via a lead using direct input or a neck loop. Direct
input is a direct electrical connection between the radio receiver and
hearing aid. This is shown in Figure 9.10. The majority of aids with a
direct input facility are commercially available. However, the NHS has
recently introduced a medium power aid with this facility (the BE36).
These aids overcome the problem of background noise by transmitting
the signal directly to the child's receiver. Type I has the advantage of
there being less chance of feedback at high power. Type II enables the
child to wear a personal aid, but eliminates the background noise.
These systems work over a considerable distance and provide good
amplification. Interference is not usually a problem and different trans-
mission frequencies can be used, depending upon the activity of the
child. One channel can be common to a group of children, while a child
can have his or her own channel for one-to-one communication with the
teacher. Different frequencies can be selected by changing the oscillator
module. Five frequencies are currently designated for the use of radio
hearing aid systems.

Rechargeable batteries are used and there is a visual indicator to
warn that the battery needs replacement. These systems have the disad-
vantage of being expensive and being larger and more obvious than a
conventional type of aid. If Type I aids are worn in school it is often
necessary for the child to change to postaurals for use at home, result-
ing in a different quality of sound. The speaker must always remember
to switch off the transmitter if talking to another child and the child-to-
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Figure 9.10. A Type II radio aid system in which the signal is passed
from the body-worn radio receiver to the child's hearing aid via a lead.

child link in a classroom situation is poor, unless the combined environ-
mental microphone is used. Radio aids have limited use at home as gen-
erally there are fewer competing speakers. There is a temptation to use
the aid to communicate over a long distance, which would not be possi-
ble if a radio aid system was not available to the child. The wearer may
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not develop audio-spatial awareness, as a distant signal can be audible
to the child.

Radio aid systems have been discussed in detail by Ross (1992).

Summary
Early and appropriate selection and use of amplification is important
for the hearing-impaired child with regards to speech and language
development. Hearing aids do not restore hearing to normal, but pro-
vide amplification across a limited frequency range. Hearing aid selec-
tion is made on a prescriptive basis, based on the configuration of the
individual child's hearing loss. Chosen electroacoustic characteristics
include gain, frequency response and maximum output.

Hearing aid fittings are closely monitored and evaluated. Limited
information regarding a child's hearing sensitivity is available in very
young children, which results in amplification being modified as a more
complete picture is obtained. As much speech information as possible
should be made available to the child using binaural hearing aids. This
should be within the dynamic range of hearing, ensuring that it is not
too loud to be uncomfortable, but loud enough to be useful.

Several types of conventional hearing aids are available including
postaural, intra-aural, body-worn and bone-conduction. Basic compo-
nents of a hearing aid include a microphone, amplifier and a receiver.
The majority of children are fitted with postaural aids, and high pow-
ered ones are now available. Feedback is a common problem with high
output aids, and it occurs when amplified sound escapes and is re-ampli-
fied. Well fitting earmoulds are required to avoid this leakage of sound.
There are both advantages and limitations of all types of conventional
hearing aids. The main limitation is that they cannot separate speech
from background noise. This can be overcome by the use of remote
microphone systems, commonly used in educational settings, enabling a
better signal-to-noise ratio.
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Cochlear implants
SARAH SHEPPARD

Introduction
Cochlear implants are a relatively new form of assistive device for the
profoundly deaf who receive little, if any, benefit from the conventional
acoustic hearing aids described in Chapter 9. Of the one per thousand
children who have profound hearing loss only a very small proportion
will be sufficiently deaf to require a cochlear implant. For this small
group cochlear implants can provide access to auditory forms of com-
munication and thus help to promote the child's social, emotional and
educational development. The function of cochlear implants is to
bypass non-functional or absent structures in the cochlea and stimulate
the remaining auditory nerve fibres by direct electrical stimulation. The
electrically induced nerve impulses are transmitted to the auditory cen-
tres of the brain to produce a sensation of hearing (Figure 10.1).

Initially only adults with acquired hearing losses were selected for
implantation but since significant benefit from implantation in adults
has been demonstrated, considerable numbers of children have been
implanted, including young congenitally deaf children. There has been
resistance to implantation worldwide, partly because of fears of long
term adverse effects of implantation, which have so far not materi-
alised, and also because implantation has been wrongly perceived as a
cure for profound deafness rather than as another assistive device.

Cochlear implant design
Hardware

Cochlear implant systems vary in their design but have several common
components. Externally there is a microphone, which picks up sound
and converts it into an electrical signal, which is then modified by a
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The microphone

converts it to an
electrical signal

The speech processor
compresses, filters
and processes the
raw electrical signal

The implantee
perceives a sensation
of hearing

Nerve impulses are
thus induced and
travel up the
auditory pathways to
the brain

The transmitter conveys the
processed signal across the skin
via electromagnetic means

The receiver stimulator decodes
the signal and directs the
electrical signal to the implanted
electrodes

Figure 10.1. Flow diagrams of how the different components of a
cochlear implant system function to induce a sensation of hearing.

speech processor into a form suitable to be delivered to the internal
implanted receiver/stimulator and electrode array (Figure 10.2). The
processed signal may be transmitted from the external components of
the system to the implanted electrodes either transcutaneously, that is
across the skin by electromagnetic means, or percutaneously via a plug
through the skin. Transcutaneous systems have the disadvantage that
new developments in implant design may be more difficult to imple-
ment but most paediatric programmes prefer transcutaneous links
because of the increased risk of damage and infection around the plug
of percutaneous systems. Usually the microphone, speech processor
and transmitter coil are separate units connected by cables but there is
now one system in which the microphone and speech processor are
housed in the same case worn behind the ear.

Electrode number and position
To create an electric field to stimulate neural tissue, electric current
must flow between an active and a reference or ground electrode.
Cochlear implants therefore require at least one active and one refer-
ence electrode and may be described as extracochlear or intracochlear
depending on the site of the active electrodes. Extracochlear electrodes
are placed on the promontory or round window, thus causing no
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Figure 10.2. (a) A young child wearing the external components of a
cochlear implant system.

damage to the cochlea but resulting in the signal being delivered further
away from the auditory nerve endings. Intracochlear placement of elec-
trodes necessitates the surgeon drilling into the cochlea to insert the
electrode array, thus causing some disruption to the remaining struc-
tures but allowing stimulation closer to the auditory nerve tissue. Some
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Figure 10.2. (b) The external and internal parts of the cochlear
implant system.

implant systems are single-channel, using only one active electrode,
whereas multi-channel systems have several active electrodes through
which different information is conveyed. It is generally accepted that
intracochlear multi-channel systems produce the best results although
very good results have been occasionally obtained with some single-
channel implantees.

Speech processing
Some form of signal or speech processing is carried out by the speech
processor of all implant systems so that as much of the auditory stimu-
lus as possible is represented to the implantee. For a normally hearing
ear there is a very broad range between sounds that are just audible and
sound levels that are so loud as to be uncomfortable. This range is
referred to as the acoustic dynamic range. The dynamic range for elec-
trical stimulation used to evoke a sensation of hearing is very small and
the normal range must be 'squashed' into the reduced electrical
dynamic range. If the electrical stimulus is too low no sound will be per-
ceived but if electrical stimulation is too high the implantee will experi-
ence pain. Different cochlear implant systems employ different
methods of speech processing, which is roughly comparable to different
software being used to operate different types of computer. The electric
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current may be presented to the electrodes as a continuous analogue
waveform or as a series of short, fast pulses. The speech processor may
also emphasise certain features of speech such as the formant frequen-
cies that are important for discriminating speech. Other types of speech
processor select different frequency bands of the auditory signal and
transmit them to different electrodes. Single-channel devices compress
and filter the signal but send all the information via the same channel.
New and more complex speech processing strategies are constantly
being developed for existing and new devices. Continuous interleaved
sampling utilises pulsatile signals at a very fast sampling rate, to try and
conserve timing features of speech and avoid channel interactions,
which can be a problem with analogue devices. Other new strategies
look at ways of improving existing pulsatile strategies and developing
combined pulsatile and continuous analogue strategies.

Implant systems used with children
There are now several different types of implant systems available
either clinically or still at the research and development stage. A signifi-
cant number of children in the USA were implanted with House's first
clinical device, which was a single-channel device. At the present time
however most implanted children have Nucleus 22 Multi-channel
cochlear implants. The Nucleus device has been used extensively with
adults and is currently the only implant system that has full approval of
the USA Food and Drug Administration (FDA) for use with children.
Children's demands of an implant system, in terms of safety and dura-
bility as well as the quality of the sound sensation induced, can be con-
sidered to be greater than adults because they are likely to use the
device for a longer period of time and will be developing speech and
language rather than reawakening spoken language learnt previously.

The cochlear implant team
Worldwide team approaches to implantation have produced the best
results for patients. A team for children should involve a core of med-
ical, audiological and rehabilitation personnel, usually otologists, audio-
logical scientists, teachers of the deaf and speech and language
therapists who are experienced in working with the paediatric popula-
tion. All team members need to function interactively, and have their
own input into the management of patients throughout the assessment,
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Initial referral

•
Further trial with
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Pre-implant assessments • • • • X

- Audiological - behavioural and
electrophysiological
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\

• • •
Implant surgery and intraoperative
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• Medical Physicist
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Figure 10.3. A schedule for assessment, implantation and rehabilita-
tion showing the involvement of different cochlear implant team mem-
bers.

implantation and rehabilitation phases (Figure 10.3). The team should
provide a cohesive service with appropriate facilities and techniques for
children. A solid foundation of knowledge about general paediatric
audiology is very beneficial at all stages of the implantation process but
also in being able to discuss and arrange alternative help and support
for children who for some reason do not go ahead with implantation.
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Assessment of candidates for implantation
Implantation is an invasive and expensive procedure that requires con-
siderable commitment on the part of implanted children, their families
and teachers, in addition to the team at the implant centre. It is there-
fore necessary to ensure that other less invasive forms of help have
been exhausted first. The child must be assessed audiologically, med-
ically and educationally to determine his or her suitability for cochlear
implantation.

Audiological assessment
Audiological assessment involves evaluating the child's response to fre-
quency-specific auditory stimuli with and without hearing aids to deter-
mine the degree of benefit afforded by the aids using the behavioural
techniques discussed in Chapter 3. Ideally the child should be mature
enough to carry out the performance type of test technique, which is
also used for programming the speech processor after implantation.
Distraction testing and visual reinforcement audiometry may be used
during assessment but cannot sustain the child's interest long enough to
produce the large number of responses required for programming the
speech processor of multichannel devices. In practice, implantation is
not generally recommended under the age of 2 years because of the dif-
ficulty in obtaining enough accurate audiological information and also
because of possible surgical complications that may arise owing to rapid
skull growth below the age of 2 years. Prior to carrying out this assess-
ment it is important to exclude any treatable component to the hearing
loss, such as middle-ear fluid, by otological examination and middle-ear
impedance measurements. The child's hearing aids should be checked
to ensure that they are functioning correctly and should be the most
appropriate for the child's hearing loss. Electrophysiological tests, usu-
ally auditory brainstem electric response testing (Chapter 5), are car-
ried out to confirm the degree of hearing loss objectively. If there is any
residual response present it may be possible to obtain some information
about whether the hearing loss originates in the cochlea or higher up
the auditory pathway. The absence of evoked otoacoustic emissions
(Chapter 5) is indicative of cochlear dysfunction but does not exclude
some neural component to the hearing loss. The presence of oto-
acoustic emissions indicates that the cochlea is functioning and that any
hearing loss may be neural in origin and possibly not amenable to
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implantation. It is not, however, clear how much surviving auditory
neural tissue is necessary for a cochlear implant to provide benefit,
although individuals later found to have degeneration of auditory nerve
endings have performed well with implants. There is no test available
that will give conclusive information about the condition of auditory
nerve endings in a hearing-impaired person. Preimplant stimulation of
the promontory or round window has been used with adults and gives
some information but a negative result is not necessarily a contraindica-
tion for implantation. This sort of test is invasive and unsuitable for
children. In the future it may be possible to further refine electrophysio-
logical tests for this purpose. If a child receives no significant benefit
from suitable conventional aids after an extended trial period of several
months use, and this is confirmed by audiological assessment, other
investigations of suitability for implantation may proceed. It is often
necessary for young children to be seen at the cochlear implant centre
several times to complete audiological and electrophysiological mea-
surements.

Medical and radiological investigations
Medical and radiological assessments are needed firstly to ensure that the
child is fit enough to undergo surgery and secondly to check that the
cochlea is patent, and to look for any deformity in the cochlea. Usually
computerised tomography (CT) scanning is used but as magnetic reso-
nance imaging (MRI) becomes more refined this may become the pre-
ferred imaging technique. It is important to note that cochlear implants,
when fitted, often prevent the use of MRI because of the implanted mag-
net and metallic components. If the cochlea is found to be ossified, as is
frequently the case after meningitis, or if there is a deformity of the
cochlea, the surgeon needs to assess whether implantation within the
cochlea is possible at all or whether a single-channel extracochlear device
is preferable. Time should be allocated for discussion of any risk of
implantation since many parents are anxious about the surgery. Ethical
issues surrounding the decision to go ahead with implantation should also
be considered. With young children parents often have to make medical
decisions on behalf of their children. For children deafened when they
are young, early implantation produces optimum results; if implantation
is delayed until the child is older it is possible that good results will no
longer be achievable. Parents therefore need clear and comprehensive
information to make the decision to implant on behalf of their children.
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Educational assessment
Baseline information about the child's speech and language status
before implantation is important in planning effective rehabilitation
and in assessing progress in speech and language development after
implantation. Useful information about the child's use of hearing aids
can support audiological assessment at this stage.

Throughout the assessment process it is important that parents and
children are given ample time to discuss all aspects of implantation with
whichever member of the implant team they wish to, so that they can
make an informed decision on whether to go ahead with implantation.
The team can be there to provide information and support but the
child's family must make the decision as to whether their child is
implanted, if all of the assessments are satisfactory.

Surgery
The surgery required to insert the electrode array and the receiver/stim-
ulator varies according to which device is used. Children are usually
admitted to hospital for 4 to 5 days. After administration of a general
anaesthetic the hair is shaved above and behind the ear to be
implanted. An incision in the shape of a C or U is made behind the ear,
creating a fairly large skin flap so that sutures are remote from the
receiver/stimulator package, thus minimising the risk of skin flap infec-
tions. The mastoid bone is drilled to form a cavity to gain access to the
cochlea and a bed is created in the skull in which to seat the
receiver/stimulator. Intracochlear devices are inserted gently into the
scala tympani via the round window niche, which may have been
enlarged slightly by drilling, or via a hole drilled in the bone directly
over the scala tympani. Ideally the whole electrode array is inserted but
sometimes there is some ossification of soft tissue, which may impede
complete insertion. It is still possible to gain significant benefit from
partial insertion although if only very few electrodes can be inserted
into the cochlea some surgeons prefer to use a single-channel device
extracochlearly in the round window niche or on the surface of the
promontory. The receiver/stimulator is secured in position with Dacron
ties and a bulky pressure dressing is applied to the wound after sutur-
ing. Towards the end of the implant operation it is possible to carry out
intraoperative tests of implant function. The results of these tests are
very useful in the subsequent fitting and tuning or programming of the
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external parts of the implant system for children. Two techniques can
be used to elicit an auditory response by stimulating the implant. The
stapedial reflex (Chapter 6) and the auditory brainstem response
(Chapter 5) can be elicited with electrical stimulation via the implant
and are known as the ESRT (electrical stapedial reflex threshold) and
the EABR (electrical auditory brainstem response).

As with any surgical procedure, there are occasional complications.
These may include facial nerve stimulation, which may resolve sponta-
neously or by changing the programming of the electrodes involved,
skin flap infections, balance or taste disturbances. A case of meningitis
following implant surgery has been reported. Occasionally the internal
device itself may fail or be rejected but successful reimplantations of
similar and in some cases different implants have been achieved.

Fitting and programming the speech processor
The external components of the implant system: the speech processor,
microphone and transmitter coil, are usually fitted 3 to 4 weeks after
implantation when the child has fully recovered from surgery. It is often
helpful for the child to have the opportunity to see and handle the
external equipment prior to the first programming session so that he or
she becomes familiar with the equipment. The programming or tuning
of the speech processor involves carrying out measurements that enable
the clinician to adjust processor settings to match each individual's
dynamic range for electrical stimulation. Threshold measurements, that
is the level at which stimulation through the implant is just audible, and
maximum comfortable loudness levels are measured for each electrode
channel for multichannel devices and at different frequencies for single-
channel broad band devices.

Threshold measurements are usually carried out using conditioned
responses to sound stimulation as described for the performance test in
Chapter 3. Most implanted children will have had little if any prior
experience of sound and therefore conditioning may have to be re-
established using vibrotactile or visual stimulation first. The results of
EABR measurements carried out intraoperatively can be invaluable
during the early stages of threshold measurements.

Children need to be seen frequently after initial stimulation to check
previous measurements and to proceed further with introducing new
electrodes and increasing the dynamic range gradually. The functioning
and condition of the external equipment of the implant system will need
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to be checked at follow-up sessions because children are not necessarily
able to indicate if there is a problem with their implant system.
Teachers and parents need to be vigilant to any changes in the child's
responsiveness or behaviour, which may indicate that the child is receiv-
ing a poor signal or none at all through the implant.

The child's progress with the implant can be assessed in the clinic
using standard techniques for paediatric audiology as described in
Chapters 3 and 9. Sound field warble tone measurements using the per-
formance technique with the child using his or her implant system can
give an indication of the level at which different frequencies of sound
are heard, although results are influenced by the internal and user set-
tings of the speech processor and should be interpreted with caution.
With substantial experience using their implant systems, children may
be able to carry out simple speech discrimination tests with, and later
without, lipreading such as the McCormick Toy Discrimination Test
and the automated version of this test described in Chapter 3 (Figure
10.4). Measurements carried out in the clinic can be supplemented by
feedback from rehabilitation activities carried out at the implant centre
and in the child's own school and home settings.

Figure 10.4. A young child using his cochlear implant to carry out
speech discrimination testing with the automated McCormick Toy
Discrimination Test.
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Rehabilitation
This is the process of helping the child to use the auditory signals
received through the implant to the maximum potential. The rehabilita-
tion techniques need to be adapted to suit individual children. Progress
may appear slow to parents, especially during the first 6 months after
implantation, but discussion with teachers of the deaf and speech and
language therapists about changes in their child's functioning with the
implant can provide considerable encouragement to parents and the
application of appropriate rehabilitation procedures is vital.

Results and benefits following implantation
Cochlear implants have now been used for significant periods of time by
adults and children, with the result that most implantees' lives have
changed considerably following implantation. Some multi-channel
implant users are able to carry out limited conversations on the tele-
phone. Children previously showing no awareness of sound have, fol-
lowing implantation, become aware of speech and environmental
sounds and later been able to understand speech to a considerable
degree without lipreading. Studies show that multi-channel implantees
generally perform better at speech discrimination tasks than implantees
who used the earlier single-channel implants. There is, however, a wide
range in the individual performance of implantees, which is thought to
be due to a variety of factors such as age, duration of deafness, type of
implant, degree of neuronal survival and cooperation of the implantee
and the family with device programming and rehabilitation. Probably
the most important benefit of implantation is improved speech produc-
tion and perception ability. Improvements in speech perception in
implanted children is now well documented, with significant propor-
tions of implanted children able to carry out speech discrimination tests
without the aid of lipreading. Implanted children also show improve-
ments in varying degrees in their ability to produce speech. Implantees'
performance compares well with successful users of conventional hear-
ing aids. Many adults have reached their maximum level of perfor-
mance with their implants within 6 months to a year of implant use but
children may still show improvements in their performance for several
years after implantation, such that it is not yet possible to know the full
benefits of implanting young deaf children. As better results from chil-
dren become evident the criteria for implantation may be relaxed to
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include those children who receive some but marginal benefit from con-
ventional aids as well as those who receive no benefit.

Summary
Cochlear implantation provides a relatively new form of help for pro-
foundly hearing-impaired children who are not able to benefit from
conventional acoustic hearing aids. Cochlear implants function by con-
verting and processing an acoustic signal into an electrical signal that
bypasses damaged or absent structures in the cochlea and stimulates
remaining auditory neurones directly, thus giving a sensation of hear-
ing. Detailed assessment of candidates' suitability for implantation is
advisable, to ensure that other forms of help have been exhausted and
to check that there are no contraindications to implantation. Cochlear
implants comprise several components worn externally and an internal
electrode array, which is surgically implanted. The implant does not
restore normal hearing and implantees are still 'deaf when external
components of the system are not in use. In order to achieve the best
signal the speech processor of the implant system has to be pro-
grammed to suit each individual implantee. For this signal to be inter-
preted optimally by the implantee extensive rehabilitation is required.
Implanted children require specialised techniques and methods for
device programming and rehabilitation, which are best carried out by
professionals experienced at working with young deaf children.
Paediatric implantation should therefore be regarded in terms of a pro-
gramme of assessment, implantation, device programming and rehabili-
tation, which may extend over a period of years. The best results are
obtained using a team of different professions working together to pro-
vide a cohesive, paediatrically oriented service. Cochlear implantation
is an expensive and invasive procedure but when carried out in the con-
text of an appropriately staffed paediatric programme can produce
tremendous benefits for children who previously had no access to audi-
tory stimulation or auditory means of communication.
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response level, 21
effect of otitis media, 20, 21
frequency-specific stimuli, 18,20 {table)
pass criteria, 19
pitfalls, 18
reasons for failure, 19-21
test procedure, 18

Down's syndrome, deafness associated
with, 11

ear, examination, 79-82
eardrum

in otitis media with effusion, 79
pathology, 84
perforation, 77

as cause of conductive deafness, 12
caused by trauma, 14

earmoulds
fitting, 103
form, 103
impression, 103
material, 103
renewal, 103

electric response audiometry, 50
electrical auditory brainstem response,

121
electrical stapedial reflex threshold, 121
electrode number and position for

cochlear implants, 113-15
electrophysiological tests for assessment

for cochlear implant, 118
epidermal/pigmentary disorders, deafness

associated with, 10-11
Eustachian tube malfunction causing otitis

media with effusion, 13
evoked otoacoustic emissions for

assessment for cochlear implant,
118-19

examination of the ear, 79-82
external auditory canal, developmental

abnormalities, 10
causing deafness, 10

external auditory meatus, inflammatory
conditions causing deafness, 12

feigning deafness to seek attention, 5
foreign bodies causing conductive

deafness, 14
frequency of pure tone audiometry, 31-2

genetic abnormalities causing deafness,
10-11

deafness syndromes, 10-11
classification groups, 10-11
as isolated feature, 10

goitre, deafness associated with, 11
grommet insertion, effects, 84

Haemophilus influenzae as cause of
deafness, 12

haemotympanum causing conductive
deafness, 14

hair, white forelock, associated with
deafness, 10

head injury, causing deafness, 14
headphones

in pure tone audiometry, 33
use in performance test, 25
use in visual reinforcement audiometry,

23
Health Visitors' Distraction Test, 6
hearing, testing from very early age, 3
hearing aid systems, 98-103

advantages and limitations, 104-10
body-worn aids, 106
bone-conduction aids, 7
intra-aural aids, 106-7
postaural aids, 104-6
remote microphone systems, 107-10

conventional, 98-101
postaural, 98

hearing aids
alternative forms of personal aids, 101
basic frequency response, 102
body-worn kits, 98,100 (illustration)
bone-conduction, 98
components, 97-8
in conductive hearing loss, 84-8
CROS aid, 99-100
fitting babies, 3
selection, 101-2
spectacle aids, 98-9

hearing assessment, 83
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hearing loss
causes, 8-15

see also causes of deafness
effect of grommets, 84
and otitis media with effusion, 78

history, 78-9
see also otitis media with effusion

unilateral, 87-95
aetiology, 87
assessment, 89
effects, 88-9
management, 89-94

amplification, 93
classroom seating, 90-2
hearing conservation, 93-4
hearing tactics, 90
road safety, 93

prevalence, 87
psychoacoustic advantages of binaural

hearing, 87-8
psychoacoustic phenomena, 88

high tone sensorineural deafness,
inconsistency of input, 4-5

high tone test stimulus, 5
House's first cochlear implant, 116
hysterical conversion deafness,

investigating, 5

IHR/McCormick Automated Toy
Discrimination Test, 28-9

immitance, definition, 67
immitance meters, 66
impedance

definition, 67
measurements, 17

impedance meters, 66
incubator noise, effect on neonatal

cochlea, 11
infants hearing tests, 7
infection, and nasal obstruction, 82-3
inner ear, developmental abnormalities, 10

causing deafness, 10
intensity of pure tone audiometry, 32
intra-aural aids, advantages and

limitations, 106-7
intracranial haemorrhage, cause of

deafness, 11

kernicterus as cause of deafness, 9
Klippel-Feil syndrome, deafness

associated with, 10-11

language difficulties, delays or disorders,
performance test, 24-5

loop system, 107
advantages and disadvantages, 107

low birth weight preterm infants, deafness

associated with, 11

magnetic resonance imaging
before cochlear implantation, 119
cochlear implants prevent use, 119

masking in pure tone audiometry, 39
British Society of Audiology procedures,

39
cross-masking, 39
examples, 39-47
masked threshold measurement, 39
use with children, 47-8

maternal infection during pregnancy as
cause of deafness, 9

meningitis
cause of acquired sensorineural

deafness, 11-12
as cause for hearing loss, 1

middle ear
bleeding into, causing conductive

deafness, 14
see also otitis media: otitis media with

effusion
middle-ear analysers, 66
middle-ear cleft, developmental

abnormalities, 10
causing deafness, 10

middle-ear effusion, 73
see also otitis media: otitis media with

effusion
middle-ear impedance, underlying

principles, 65-6
middle-ear measurements, 65-74

acoustic reflex decay, 72-3
acoustic reflex threshold, 72
middle-ear effusion, 73
middle-ear stapedial reflex

measurements, 72
need, 65
systems, 66-7
terminology, 67
tympanometry, 67-72

see also tympanometry
middle ear in tympanometry

compliance, 68, 70
pressure, 68, 70
volume, 68-9, 70

Mondini dysplasia of the cochlea causing
deafness, 10

mucositis, middle ear, cause of conductive
deafness, 12

myringotomy, 84

nasal obstruction and otitis media with
effusion, 82-3

Neisseria meningitidis as cause of deafness,
12
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neonatal acidosis, cause of deafness, 11
neonatal hearing screening test, 5-6,6-7
neurological disorders, deafness associated

with, 10-11
Nucleus 22 multi-channel cochlear

implant, 116

OAE see otoacoustic emissions
objective hearing tests, 49-64

auditory brainstem response, 50
clinical applications, 61-2

diagnostic, 62
screening, 61-2

delayed evoked otoacoustic emission,
56-61

OME see otitis media with effusion
ophthalmological disorders, deafness

associated with, 11
otitis media

acute, 76
number of episodes, 79
recurrent, 76-7

acute suppurative, causing deafness, 12
causing temporary fluctuating hearing

loss, 3-4
advice sheet for parents, 4

chronic suppurative, 12,77
attico-antral disease, 12-13
tubotympanic disease, 12

classification, 76-7
acute, 76

recurrent, 76-7
chronic suppurative, 77
with effusion, 77

otitis media with effusion (OME)
anti-allergy treatment, 84
antibiotics, 84
causing conductive deafness, 12,13-14

hearing loss variation, 13-14
causing hearing loss, 20,21
following upper respiratory tract

infecion, 75
hearing impairment and disability, 78
hearing screening, 75
history, 78-9

importance, 75
management, 75-86

examination, 79-82
flow chart, 85
following a period of 'watchful

waiting', 84-5
in general practice, 83-4
hearing assessment, 83
medical practitioner's role, 76
middle-ear effusion, measurement, 73
watchful waiting,

need for referral, 84

prevalence and natural history, 77-8
risk factors, 77-8
sensorineural hearing loss, diagnosis,

75-*
wax, 82

otoacoustic emissions, 56-7
choice, 57
classification, 57
definition, 56-7
delayed evoked, 57-61

clinical applications, 61-3
cochlear implant patients, 62-3
diagnostic, 62
origin and configuration, 57-8
recording, 58-60
result interpretation, 60-1
screening, 61-2

investigations, 17
in tests, 6-7

otoadmittance meters, 66
otoscopic examination, 79-82

observations, 82-3
presence of wax, 82

parents' suspicions taken seriously, 3, 5-7
Pendred's syndrome, deafness associated

with, 11
perception ability improved with cochlear

implant, 123
perforation, eardrum, 77

as cause of conductive deafness, 12
caused by trauma, 14

Performance Test, 23-5
test procedures, 24—5
use of headphones, 25

for bone-conduction measurements,
25

perinatal causes of deafness, 11
pinna abnormalities, developmental, 10
postaural aids, advantages and limitations,

104-6
postaural hearing aid, mini, and earmould,

99,100 (illustrations)
postnatal causes of deafness, 11-12
preimplant stimulation for cochlear

implant, 119
prenatal causes of deafness, 9-11
prescription approach to hearing aids, 102
pure tone audiometry, 31-48

acceptable background noise, 37
audiogram interpretation, 38-47

air-conduction stimuli, 38
bone-conduction stimuli, 39
cross-hearing, 38-9
examples, 39-47
masking, 39
use with children, 47-8
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audiograms, recommended format,
audiometer, 31
bilateral high frequency sensorineural

loss, 41
calibration, 34
examples, 39^7
frequency, 31-2
intensity, 32
normal hearing, 40
normal left, depressed right, 44—6
recommended symbols, 33 (illustration)
responses, 37
symmetrical bilateral loss with flat

configuration, 41-4
threshold measurement, 34—8

in children, 36-8
procedure, 34-5

vibrotactile bone-conduction thresholds,
46-7

radio aid systems, 108-10
advantages and disadvantages, 108-10
body-worn system, 108
signal passed to hearing aid, 108

rehabilitation after cochlear implantation,
123

remote microphone systems, 107-10
electromagnetic induction - the loop

system, 107
radio aid systems, 108-10

retinitis pigmentosa, deafness associated
with, 11

rhesus haemolytic disease as cause of
deafness, 9

road safety for children with unilateral
hearing loss, 93

rubella as cause of deafness, 9

sensorineural deafness
causes, 8
high-tone, inconsistency of input, 4-5
postnatal causes, 11-12

non-genetic acquired, 11
sensorineural hearing loss

components of a hearing aid, 97-8
high frequency, audiogram, 40

(illustration), 41
incidence, 1-2
management, 96-111

advantages and limitations of hearing
aid systems, 104-10

earmoulds, 103
hearing aid selection, 101-2
types of hearing aid systems, 98-103

tympanometry, with middle-ear effusion,
71

severely/profoundly deaf child

detection, 2-3, 5-7
impact on child development, 2-5
incidence, 2

skeletal/craniofacial abnormalities,
deafness associated with, 10-11

special care unit babies, incidence of
hearing problems, 1

and dual or multiple disability, 1
spectacle aid, 98-9
speech discrimination tests, 26-9
speech processor for cochlear implant, 115,

121-2
fitting and programming, 121-2

speech production improved with cochlear
implant, 123

Streptococcus pneumoniae as cause of
deafness, 12

surgery for cochlear implant, 120-1
complications, 121

tests, behavioural, 16-30,17 (table)
auditory detection, 16,17-25
auditory discrimination, 16, 25-9
choice of test technique and

developmental age, 16,17 (table)
see also specific tests

tests for deafness, 5-7
tests, hearing, from very early age, 3
threshold measurement in pure tone

audiometry, 34-8
toxoplasmosis, maternal, as cause of

congenital deafness, 9
Toy Discrimination Test, 26-9

IHR/McCormick Automated Toy
Discrimination Test, 28-9

test procedure, 27-9
transcranial attenuation in pure tone

audiometry, 38-9
trauma, causing deafness, 14
Treacher-Collin's syndrome

congenital abnormalities of ear, 12
deafness associated with, 10-11

tuberculous meningitis as cause of
deafness, 12

tubotympanic disease, 77
cause of conductive deafness, 12-13

Turner's syndrome, deafness associated
with, 11

tympanic membrane collapse and
conductive loss, 14

tympanometry, 67-72
characteristics, 67-8
importance of testing hearing loss in

conjunction with, 71-2
interpretation of tympanogram, 69-71

flat tympanograms, 70
high compliance, 69-70
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tympanometry, (cont.)
high middle-ear volume, 70
low compliance, 69
low MEP with normal MEC, 70-1
low middle-ear volume, 70
pathological conditions, 69-71

manual/automatic, 68
measuring a tympanogram, 68
middle-ear compliance, 68
middle-ear pressure, 68
middle-ear volume, 68
normal tympanogram, 71
pitfalls in measurement and

interpretation of tympanogram,
71-2

sources of error, 71
tympanosclerosis and conductive loss, 14

unilateral hearing loss, 87-95

see also hearing loss, unilateral
Usher's syndrome, deafness associated

with, 11

vibrotactile aid, 101
wrist-worn device, 102 {illustration)

visual reinforcement audiometry, 21-3
aim, 22
and bone conduction measurements, 23
test procedure, 22-3
use of headphones, 23

Waardenburg's syndrome, deafness
associated with, 10-11

wax
in otitis media, 82
removal, 82

wrist-worn device, vibrotactile aid, 102
{illustration)






