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Foreword

It isagreat pleasure for both academic and personal reasons to support the publication of the
second edition of Paediatric Audiological M edicine. Sophisticated new techniques have led
to the acquisition of a vast body of knowledge, which has extended the boundaries of Audio-
logical Medicinein the basic sciences underpinning this clinical discipline and allowing clearer
understanding of the pathophysiology and thus management options. In addition, technology
has enabled the development of new diagnostic and rehabilitation tools. The range and diver-
sity of information frequently limits the individual clinician in accessing new developments
in a manageable and understandable format. As in the first edition, emphasis has been placed
on clarity of presentation across all aspects of hearing and balance, including the alied clinical
disciplines. The text is a courageous attempt to synthesise what is valuable and necessary in
all areas of diagnosis and management of both hearing and balance disorders in children, and
in this regard provides a unique resource to promote the care of children with symptoms that
have a magjor impact not only on their social and educational development, but also upon the
whole family.

Professor Newton has striven to maintain and indeed develop the outstanding reputation
established at the University of Manchester for the care of hearing-impaired children. She is
internationally one of the foremost paediatric audiovestibular physicians and has contributed
significantly to service development and improvements worldwide. In the United Kingdom
her postgraduate teaching activity is renowned, but internationally she has contributed clini-
cally, and in terms of teaching, in both the developed and developing world. Drawing on this
broad expertise, the second edition of Paediatric Audiological M edicine builds on the out-
standing first edition, and fills a critical need for a comprehensive resource on hearing and
balance disorders in children. The book will be welcomed by scientists, physicians and sur-
geons managing these disorders, not least as aresult of the outstandingly able multidisciplinary
authorship that Professor Newton has attracted to contribute to this volume. In addition, the
text will enthuse the reader to pursue and seek continuing developments to aleviate the
suffering of children with inner ear disorders.

On a personal note, Professor Newton's outstanding contribution to teaching, research and
clinical vision in Audiovestibular Medicine over many years should be acknowledged and |
have no doubt that elements of these attributes will be apparent to every reader, who is fortu-
nate enough to acquire a copy of this scholarly text. | wholeheartedly congratul ate Professor
Newton and her authors on their work.

Professor Linda Maitland Luxon
University College London Ear Institute



Preface

The First Edition of Paediatric Audiological Medicine was well received. Written by experi-
enced academics and clinicians, it was the only book to provide the clinician with a compre-
hensive text on the range of topics pertinent to clinical practice. Since its publication there
have been a number of significant developments which have improved diagnosis and manage-
ment options, and the need for a Second Edition has become apparent.

In this Second Edition, there are 26 chapters, three of which are new to this book. Although
covered within the previous edition, the increased knowledge accumul ated and/or more empha-
sis on these subject areas have warranted separate chapters. To make room for these, the
chapters on developmental anatomy and physiology have regretfully had to be omitted.

The first chapter on epidemiology provides information on the prevalence of disabling
hearing impairment in children and the causative factors, many of which are potentially pre-
ventable. Early detection of ahearing impairment is vital for maximising habilitative potential.
The next few chapters cover screening and detail the various methods currently available for
identification of the type and degree of impairment.

Developments in the radiological field are comprehensively described in Chapter 5, which
includes an ample number of supporting images. Radiology is increasingly important in
helping to establish a diagnosis and in assisting clinicians in making management decisions.

The next few chapters relate to the main causes of a hearing impairment. Ascertaining that
a hearing impairment is due to defective genes has implications for families, and in Chapter
6, the advances that have been made in reaching this diagnosis are recorded. Some of the
syndromes which are inherited and which feature craniofacial abnormalities are described in
the chapter that follows. Infections are particularly important causes of hearing impairment in
developing countries and are potentially preventable. Chapter 8 gives an account of the range
of congenital and acquired infections which can result in a hearing impairment, the pathol ogy,
methods of diagnosis and the means used for prevention. Perinatal factors have been associated
with hearing loss and these factors are considered in Chapter 9. The main post-natal cause of
hearing loss is otitis media, and the risk factors, diagnosis and management of this condition
are among the aspects covered in Chapter 10.

There has been an increasing awareness in recent years of the number of children with
central auditory processing disorders and of those with auditory neuropathy. Knowledge
regarding the diagnosis and management of these conditions is still comparatively limited but
information currently available is clearly outlined in separate chapters for each of these
conditions.

Progressive hearing is of great concern to parents and professionals, and can be a devastat-
ing experience for the children concerned. In a chapter devoted to this topic, the causes of
progressive hearing loss, management in the event of this occurring and some possibilities for
prevention are among the areas discussed.

The management of children with a hearing impairment involves a number of different
professionals and, to be most effective, needs to be in partnership with parents. The principles



xii Preface

underlying good management strategies and the hearing aid systems and assistive devices
currently available are among the topics covered in three separate chapters. Appropriate selec-
tion of hearing aids and effective fitting are essential for maximum benefit to be obtained, and
the methods of achieving this goa are included in Chapter 16. A new chapter in this edition
stresses the importance of the acoustic environment for listening and the various assistive
devices available to hearing-impaired children. The value of cochlear implantation for those
children who cannot benefit adequately from hearing aids is now accepted and the chapter on
thistopic includes information on the impact of the communication prospects for children with
very severe/profound hearing impairment.

Increasingly, clinicians have become aware of the need to be more informed regarding
balance disorders in children and methods of assessing balance in this age group. An extra
chapter has been included in this edition to give better coverage of this important field.

Tinnitus in children is often not recognised but can cause as many problems for children
as for adults, so thistopic is represented and its causes and management discussed. Unilateral
hearing loss can aso present children with difficulty and can be detrimenta to their progress
in an educational setting. The chapter on this topic explains the physical basis for these prob-
lems and suggests remedial solutions.

The need to communicate is a fundamental human need, and so three chapters are devoted
to the development of speech and language in normal hearing and hearing-impaired children,
delay and disorder in speech and language and the different communication options for
hearing-impaired children. The chapter on the psychological effects of a hearing impairment
shows how hearing impairment impacts upon the family as well as the child.

The chapter on educational provision for hearing-impaired children includes the changes
that have taken place as aresult of medical and technical advances and changesin UK legisla-
tion. This chapter completes the book.

The clinician working in the field of paediatric audiological medicine needs to have know!-
edge in many areas. In this one volume, the reader has been able to access a wide range of
these essential topics. A comprehensive list of references has been included which can be used
for further study.

Valerie Elizabeth Newton
Emerita Professor in Audiological Medicine
University of Manchester



1 Epidemiology of permanent childhood
hearing impairment

A. Davis, K. Davis and G. Mencher

INTRODUCTION

Hearing impairment is the most frequent sensory impairment in humans, with significant social
and psychological implications. The effect of the impairment will vary from individual to
individual due to factors such as severity, age of onset, treatment / management options and
the hearing status of their parents. It is likely that the greatest impact of hearing impairment
upon a child is on the acquisition of language and development of communication, which in
turn can lead to poor literacy skills*? and altered long-term employment opportunities.®* It is
likely that other areas of development will also be affected, for example, mental health,>® with
one study finding 50% of a sample of hearing-impaired 11- to 16-year-olds met diagnostic
criteria for a mental illness.”

Despite these difficulties, it is possible that, given adequate support, their impact may be
reduced. For example, language development may be enhanced through the use of language
support programmes, and residual hearing may be used effectively through adequate amplifica-
tion from hearing aids or cochlear implants.*® It has long been suspected that earlier diagnosis
leads to better adjustment,” and evidence increasingly shows that a support programme starting
in the first few months of life, used in tandem with early identification procedures, is beneficial
for hearing-impaired children and their families (see Davis et al.*° for an overview or Barton
et al.™* for an example). Support may be available through educational services, audiology
services, social services and mental health services — and this support should be individualised,
family-friendly and culturally sensitive.**2'

In the light of the impact that permanent childhood hearing impairment (PCHI) can have
on children and their families, the importance of epidemiological studies cannot be underesti-
mated. Epidemiological studies can provide information concerning the aetiology of hearing
impairment and the groups within a population who are most at risk, which can be used to
plan primary prevention by modifying relevant risk factors; it can be used to target those most
likely to become hearing impaired and help detect them. They can also provide information
on the overall prevalence of hearing impairment that can help estimate how many children
have PCHI in different areas, helping plan secondary prevention of complications. Demo-
graphic and follow-up data can be used to make sure the services on offer are appropriate for
users. For meaningful epidemiological studies, hearing impairment needs to be classified.
Definitions may take into account not only the severity of the hearing impairment, but also
the pathology and ontogenesis of the impairment, hence these factors are a major focus of this
chapter.
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DEFINITIONS USED IN EPIDEMIOLOGICAL STUDIES

Epidemiology is the study of how often diseases occur in different groups of people and why.
When talking about research into hearing impairment, Sancho et al.* use the term ‘epidemiol-
ogy’ to refer to ‘the study of the distribution and determinants of hearing disorders in a popula-
tion, and the application of the knowledge obtained to the prevention and amelioration of
hearing problems’. A population study is the primary methodology for gathering information.
The word “‘population’ in this case refers to the whole collection of units from which a sample
may be drawn, but not necessarily to a population of people. For example, it may be a collec-
tion of hearing aid clinics or schools for the deaf. The sample is intended to give results that
are representative of the population as a whole. A cohort is that component of a population
born during a particular period and identified by period of birth, so that its characteristics (such
as prevalence of childhood hearing impairment or age at first hearing aid fitting) can be ascer-
tained as it enters successive time and age periods. If an epidemiological study follows a cohort
and studies the group at several different intervals, the project is called a cohort study. A cohort
study can be a follow-up study, a prospective study or a longitudinal study. It is essential for
understanding change over time and the impact of services.

Another key term associated with epidemiology is incidence. This refers to the number of
new instances of a specific condition (such as hearing impairment from meningitis) occurring
during a certain period in a specified population. The incidence rate is the rate at which this
occurs per standard population, for example 10 new cases per year per 100,000 children. The
term prevalence is often confused with incidence. However, these are not the same thing.
Prevalence is the total number of instances within a given population at a specific time in
which a specific condition (for example, Pendred syndrome) is present. In the case of hearing
impairment, prevalence may be described as ‘the proportion of individuals with a defined type
of hearing impairment in a specified population cohort’.** Accordingly, the prevalence rate is
the number of individuals who have the condition or attribute divided by the population at risk
at a point in time.

When attempting a prevalence study, if there are n children with hearing impairment in the
study and the whole population is N, then the prevalence rate is (n x 100/N)%. In this case we
must be sure that the n hearing-impaired children really come from all the birth cohorts of
children represented by the population of N and that there is a coterminosity of n and N in
terms of geographical boundaries. It is quite common to either underestimate n (because not
all children with a given condition have been found) or to confuse populations (often because
of migration of children into or out of particular districts).

THE DIFFICULTIES IN ESTIMATING PREVALENCE

Accurate estimations for the prevalence of childhood hearing impairment worldwide are hin-
dered by the great difficulty in interpreting the data; perhaps leading to the variability in
prevalence rates seen from study to study. These variations may be thought of as arising from
three factors: how cases of hearing impairment are defined; how cases of hearing impairment
are found; and the population from which the cases come. The importance of having agreed
definitions for epidemiological studies, such as the ones outlined in the previous section, can
be seen to be of paramount importance. The lack of agreed prevalence rates hinders investiga-
tion of possible risk factors and aetiologies, in turn, having implications for the planning of
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service provision. Boxes 1.1 and 1.2 present the commonly used definitions for the various
types of hearing impairment.

The term “deaf’ is generally associated with the most extreme form of hearing impairment,
in which there is no response to auditory stimuli in excess of 120-125 dB at any frequency.
This condition is practically never seen and is considered very rare. Hearing impairment, on
the other hand, primarily refers to a series of descriptive terms that define the decibel level at
which an individual responds to sound (see Box 1.2). Hearing impairment is also defined by
the frequency range the person can hear. That is, a low-frequency range is <500 kHz; a mid-
frequency range is 500 to 2,000 kHz; a high-frequency range is 2,000 to 8,000 kHz; and an
extended high-frequency range is >8,000 kHz. The pattern of the frequencies is also important
with some fairly self-explanatory terms, such as u-shaped, low-frequency ascending, flat and
high-frequency sloping, used as descriptors of the responses plotted on an audiogram.

Box 1.1 Definitions of the various types of hearing impairment.

Type of impairment Definition

Sensorineural Related to disease/deformity of the inner ear/cochlear nerve
with an air—bone gap less than 15 dB averaged over 0.5, 1
and 2 kHz

Conductive Related to disease or deformity of the outer/middle ears.

Audiometrically there are normal bone conduction thresholds
(less than 20 dB) and an air-bone gap greater than 15 dB
averaged over 0.5, 1 and 2 kHz

Mixed Related to combined involvement of the outer/middle ears and
the inner ear/cochlear nerve. Audiometrically greater than
20 dB HL in the bone conduction threshold together with
greater than or equal to 15 dB air-bone gap averaged over
0.5, 1 and 2 kHz

Sensory A subdivision of sensorineural related to disease or deformity
in the cochlea

Neural A subdivision of sensorineural related to a disease or
deformity in the cochlear nerve

Central Sensorineural hearing loss related to a disease or deformity of

the central nervous system rostral to the cochlear nerve

Box 1.2 Definitions of hearing impairment in dB levels.

Type of impairment Definition

Average hearing level The level of the thresholds (in dB HL) measured in the better
hearing ear at 0.5, 1, 2, 4 kHz

Mild Average hearing level 20-39 dB HL

Moderate Average hearing level 40-69 dB HL

Severe Average hearing level 70-94 dB HL

Profound Average hearing level +95 dB HL
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Given the variety of types of hearing impairments presented in Box 1.1, it can easily be
understood why there may be some confusion when attempting to define prevalence and/or
incidence. However, the problem is compounded even further when various generalised cate-
gories for the course of the hearing impairment and the pattern of the hearing impairment are
taken into consideration. Hearing impairment can be congenital, meaning to be present and
detectable using appropriate tests at or very soon after birth, or acquired. However, there
can be a difference in the meanings of these terms when considering aetiology as well as
prevalence — as the cause of hearing impairment may be present at birth, but problems in
hearing appear later in life. Temporary hearing impairment (usually, but not always, a conduc-
tive hearing impairment) can be treated and corrected by medical or surgical intervention.
Such an impairment is often short-lived and of a mild nature. On the other hand, permanent
hearing impairment cannot be readily treated by surgical or medical intervention. Both tem-
porary and permanent hearing impairments can be unilateral (one ear only has either a greater
than 20 dB hearing impairment through 500, 1,000 and 2,000 kHz or one frequency exceeding
50 dB, with the other ear normal) or bilateral (a greater than 20 dB hearing impairment through
500, 1,000 and 2,000 kHz or one frequency exceeding 50 dB in both ears). A unilateral situa-
tion is, of course, asymmetrical. However, in studies of hearing, the term asymmetrical hearing
impairment specifically refers to a greater than 10 dB difference between the ears in at least
two frequencies, with the pure-tone average in the better ear exceeding 20 dB HL. Finally,
both temporary and permanent hearing impairments can be progressive — that is, there is a
deterioration greater than or equal to 15dB in the pure-tone average within a 10-year
period.

Traditionally, studies have tended to be cross-sectional and based on retrospective ascertain-
ment. A selection of these studies is shown in Table 1.1. It can be seen that estimates for
prevalence of PCHI vary up to 10-fold (0.58 per 1,000, Baille et al.,** to 6.59 per 1,000, Parving
and Hauch®) depending on definition, but most found levels of between 1.1 per 1,000 and 1.7
per 1,000 for their broadest definition.

Another method of cross-sectional study uses results from screening. This has the advantage
of including cases that have not yet been diagnosed and works best for generating epidemio-
logical data when the impairment is mild (and common) or where the whole population is
screened. There are three common types of screen for hearing impairment: newborn; infant
distraction test; sweep test.”® A ‘sweep’ test asks a child to respond to low-intensity pure tones
at three or four set frequencies, and has been done by school nurses and others. It has been
used routinely on school entry in the UK since 1955, but protocol and implementation vary
around the country, and there have been few attempts at measuring outcomes until recently.
The infant distraction test assesses children as young as seven months by testing their behav-
ioural response to noise, but it has the potential to miss serious cases, and refer many infants
with no hearing problem. Again, despite being routine in the UK, sensitivity, specificity and
outcome were not monitored. In the 1990s, technology became available to provide proxy
measures of hearing in even newborn babies. Transient evoked otoacoustic emissions identify
the presence or absence of outer hair cell activity from the inner ear, and auditory brainstem
response (ABR) identifies the presence or absence of electrophysiological activity from the
early auditory pathway. Automated equipment is now available for each of these tests, which
can be used by trained screeners in the NICU, at the mother’s bedside or in the community
soon after birth. This has led to programmes of screening either high-risk babies or offering
the test universally to every newborn baby. Universal newborn hearing screening (UNHS) has
been has been recommended by the Joint Committee on Infant Hearing since 2000,* and by



Table 1.1

Selection of studies showing how population, definition of case and method of ascertainment can affect prevalence.

Study

Population

Definition of case

Method of detection

Prevalence per
1,000 children

Russ et al. 2002"

Mytton and
Mackenzie
2005'8

Parving and Hauch
2001

Forthum and Davis
1997" and

Fortnum et al.
20012°

Baille et al. 1996"

MacAndie et al.
20037

Nekahm et al.
2001%

Aged six living in Victoria,
Australia born 1989

Variable age living in Oldham,
UK born 1991-2002

All racial origins

Asian origin

Aged <1-10 living in
Copenhagen, Denmark born
1990-1999

Aged 11-20 living in
Copenhagen, Denmark born
1980-1989

Aged 5-10 living in Trent, UK,
born 1985-1990

Aged 5-10 living in UK, born
1988-1993

Aged 3-8 living in UK, born
1985-1990

Up to age nine, living in France,
born 1976-1985

Variable age living in Glasgow,
UK born 1985-1994

Variable age living in Tyrol,
Austria born 1980-1994

Threshold*

>40 dB all with
hearing aids
(including

unilateral)
>40 dB

>20 dB either
ear at any
frequency

240 dB

>40 dB

>70 dB
>40 dB

240 dB

Congenital
or acquired
Congenital

Both

Both

Both

Both

Both
Congenital
Both

Cause

All

All

All

All

All

All

All

Sensorineural

Hearing-aid clinic

Audiology and
educational sources

Surveillance
programme of all
hearing impaired

Audiology services

Audiology and
education services
with adjustment for
under-ascertainment

Administrative
departments

Educational audiology
database

Medical records

1.24
2.09

2.39

4.64
2.91

6.59

1.33

1.63

1.44

0.58

Threshold: Pure tone thresholds measured in dB HL (hearing level). Most studies averaged across thresholds at 0.5, 1, 2 and 4 kHz.

Better ear unless stated.
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2005, approximately 95% of newborn infants in the United States were screened for hearing
loss before they were 1 month old.®> UNHS has been piloted in the UK since 2001 and became
standard in England in 2006. Unlike its predecessors, it was accompanied by an IT system
and rigorous quality control (see Bamford et al.”® and the programme website http://hearing.
screening.nhs.uk).

With the implementation of UNHS in some areas, more data are becoming available for
estimating prevalence. Results from studies of UNHS express a ‘rate’ of hearing impairment
detected per baby screened. Depending on the coverage the sensitivity of the test and the con-
fidence of the diagnosis, prevalence of congenital hearing impairment can be made with
increasing confidence. Uus and Bamford® gave the rates for the newborn hearing screening
programme (NHSP) in England based on the 21 pilot sites around the UK between February
2002 and June 2004. A total of 169,487 babies were screened and amongst the children referred
from the screen, a confirmed permanent bilateral hearing loss of moderate or greater severity
was found in 169. This leads to a rate of 1.00 (95% confidence interval 0.78-1.22) per 1,000
babies screened. The programme achieved 96% coverage, and 90% of those babies who needed
further tests were followed up. Yields of PCHI outside the UK have ranged from 0.68 per
1,000 in Western Australia® to 4.4 per 1,000 in Jackson, Mississippi, USA.? Trying to look
for true geographical differences is once again difficult due to definition of a case, which
sometimes includes unilateral and mild impairments, and other differences between studies.
Some hospitals excluded results from NICU babies when reporting and other hospitals were
tertiary referral centres handling very ill babies. Some programmes / studies found that effec-
tiveness was limited by poor rates of screening or attending for follow-up. Vohr et al.® in
Rhode Island, US, found that those with traditional Medicaid insurance were less likely to be
screened or re-screened, whilst Prince et al.”® in Hawaii found that low birth weight babies
and those born to women who had not completed high school were twice as likely not to
complete follow-up.

Prevalence of hearing impairment in the UK

Various studies have been carried out in the UK to ascertain accurate prevalence rates;
however, there has been considerable disagreement between the rates established. Variation
in sample populations, hearing levels included in the study, the fluctuating numbers of children
with hearing impairment, and no easy way of ensuring complete ascertainment of cases were
all factors that led to such variation in prevalence figures. With no agreement on numbers,
there was uncertainty about the extent of the problem that extended into the 1990s. For
example, in Nottingham, prevalence of PCHI was estimated at 0.55/1,000 by Pabla et al.* but
1.2/1,000 by Davis and Wood.**

An extensive study of epidemiology of PCHI was carried out for the Trent Regional Health
Authority by Fortnum and Davis.® The aim was to include all children with a permanent
hearing impairment of 40 dB HL average or greater in their better ear, who had been
born between 1 January 1985 and 31 December 1993 and were living within the boundary
of Trent Regional Health Authority at the time of data collection (June-September 1995).
Sources of information included the Education Database, the Community Audiology and
Child Health Database, the Neonatal Screening Database, audiology, medical records and
hearing aid records. The data collected were divided into two main groups: congenital
hearing impairment and acquired hearing impairment. The congenital group consisted of
those children presumed to have had a prenatal or perinatal hearing impairment. The acquired
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group included those whose hearing impairment came later in life due to disease, progressive
hearing impairment or late-onset hearing impairment where there was evidence that the child
may have been able to hear at an earlier stage. Prevalence rates of 1.3/1,000 for both acquired
and congenital permanent hearing impairment were reported. For congenital hearing impair-
ment alone, the prevalence rate was 1.1/1,000. Taking the prevalence estimates derived from
the Trent region, it was possible to estimate that there would be approximately 1,000 children
with a hearing impairment of at least moderate severity in the UK per annual birth cohort,
around 84% having a congenital hearing impairment. These numbers undoubtedly contributed
to a decision by the government of the UK to develop a newborn hearing screening
programme.

For a more accurate calculation of prevalence across the whole of the United Kingdom,
Fortnum et al.?® approached the health professionals and the education professionals responsi-
ble for hearing-impaired children around the country, requesting details on every child with
PCHI under their care. A total of 486 professionals replied, with over 26,000 sets of details.
Many of these overlapped if the child was known to education and health services and the
child’s details were provided by both. The fact that there was no total overlap implies that
there was some under-ascertainment. This can be adjusted for with a capture-recapture method
— thus records for 17,160 children suggested there were around 21,500 children aged 3 to 18
in the UK with a permanent bilateral hearing impairment more than 40 dB. The inclusion of
such a large number in the study allowed a more accurate breakdown into subgroups. It was
shown that the observed prevalence increased with age until reaching a plateau at age 9, and
that this was present at all three severities studied (41-70, 71-95, >95 dB HL). The adjusted
prevalence at age 3 was around 1.1 per 1,000, rising to 2.1 per thousand at ages 9-16, a rise
of 92%. This significant rise in prevalence during early childhood could be highly relevant for
the planning of audiology and support services for secondary prevention of complications of
hearing impairment, but this cross-sectional study is not ideal to confirm changes over time —
because the change could arise either from the age of the cohort or the year in which the cohort
was born.

Better ideas of change over time come from longitudinal studies, such as those carried out
in the East London borough of Waltham Forest.* The relevant cohorts were born between
1992 and 2000 and numbered around 33,000. The numbers of children with PCHI, the method
of identification and audiological data were collected from educational and audiology services.
These children had UNHS, some had the infant distraction test, and they all had a school-entry
‘sweep’ screen. Newborn screening identified 1.58 per 1,000 children as having PCHI. More
babies with PCHI were later identified due to concerns raised by parents or health visitors
before the children were 12 months old in a further 0.24 cases per 1,000. A further 1.30 per
1,000 children were identified as having permanent hearing loss before they entered school at
age 5, mainly due to parental concern. Finally, 0.34 per 1,000 were identified by the school-
entry screen. This gives a combined total prevalence of 3.47 per 1,000 children by primary
school age identified as having PCHI — of which 43% were of a moderate or greater severity
bilateral hearing impairment, 35% mild bilateral and 22% unilateral (mild or above). This
increase came partly from people moving into the area, but also from children who had not
been offered, who had declined or who had failed to complete the screening process. Around
10% of the later identified children had a history of meningitis, 15% a family history of hearing
impairment, and 30% had some other developmental abnormality (especially craniofacial).
Thus, it seems there is a real increase in prevalence of PCHI as a cohort ages, and therefore
a need for services to identify and manage this impairment.
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Prevalence of hearing impairment in the United States

Early detection and hearing intervention (EDHI) programmes were legally required in 41 states
by 2007 to help improve outcomes for children with hearing impairments. In order to design
these programmes and their predecessors, an estimate of prevalence is essential. The Metro-
politan Atlanta Developmental Disabilities study was partly set up to help develop methods
of surveillance of children with special needs such as hearing impairment. The study collected
data on the prevalence of mental retardation, cerebral palsy, hearing loss, vision impairment
and epilepsy in children aged 10 years living in five counties in metropolitan Atlanta. Cases
were actively sought from records at a number of sources, educational and medical, public
and private, to maximise ascertainment. A hearing loss was defined as a permanent impairment
of 40 dB HL averaged across thresholds at 0.5, 1 and 2 kHz in the better ear. Drews et al.>*
report on the prevalence of hearing loss in the cohort born during 1975, 1976 and 1977; who
were age 10 in 1985-87. One hundred of the 10-year-old children had been identified and
confirmed with PCHI out of a population of 89,534. This gives a prevalence of 1.1 (C1 0.9-1.4)
per 1,000. Van Naarden et al.*® looked at children aged 3 to 10 in 1991-1993, finding 411
cases, giving a prevalence of 1.10 (CI 1.00-1.20) per 1,000 children aged 3 to 10. The preva-
lence varied with age, being lowest at 0.67 per 1,000 3-year-olds and rising steadily to 1.38
per 1,000 10-year-olds. The latter number shows an apparent increase in prevalence from the
previous study of 10-year-olds. Both studies found that about 30% of the children had another
disability, the most common being mental retardation. They also found that the prevalence
was around 20% higher amongst black residents than white. An accompanying paper® gives
evidence for much of this difference being due to differing birth-weights: more babies with
low birth weight are born to black mothers, and their outcome is less favourable than babies
of low birth weight born to white mothers.

Another large population study to include childhood hearing impairment was the Third
National Health and Nutrition Examination Survey (NHANES III), which used a 40,000-
person sample with characteristics representative of the US population as a whole over 1988—
1994. Niskar et al.*” report on children aged 6 to 19 who were asked about their hearing status
and screened using pure-tone audiometry in a mobile examination centre. Self-report of
‘hearing difficulties’” (not necessarily permanent) was 34 per 1,000 children. They screened
using frequencies representing speech (0.5, 1 and 2 kHz) and at higher frequencies (3, 4 and
6 kHz), and defined hearing loss as average thresholds for either frequency above 15 dB HL.
A hearing loss in at least one ear was present in 149 per 1,000 children (14.9%), most of which
was unilateral and slight in severity, and some of which was likely to have been temporary or
fluctuating. However, by extrapolating from their data, the authors estimate that there are 7
million US children at any one time that may need extra help in the classroom due to a hearing
impairment. An accurate count of how many children nationwide are getting extra funding for
special education can be obtained from the reports of the Individuals with Disabilities Educa-
tion Act Program (IDEA-B). Data for the 2005 report are broken down by disability and age
for children aged 3 to 16.% The number of children aged 3 to 16 for whom special education
is funded due to a hearing impairment alone (there will also be children with PCHI in “‘deaf-
blind” or “multiple disabilities” categories) was 70,702 — ranging from 2,174 aged 3 to 6,269
aged 12.

Universal hearing screening was taken up at differing rates across the United States, and a
number of groups have published results from the early years of screening in individual hos-
pitals and states — a selection of which is shown in Table 1.2. Once again, there is great diffi-
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Table 1.2 Selected results from US screening programmes showing large variation in definition and

rates.
Rate per 1,000
Citation Site Definition screened
Barsky-Firsker and Tertiary referral centre, Sensorineural. Bilateral or 2.1
Sun 19974 New Jersey unilateral. Not including
babies from NICU.
Vohr et al. 1998 Rhode Island (statewide) Sensorineural and permanent 2.0
conductive
Mason and Herrmann University hospital, Bilateral loss requiring 1.4
1998 Honolulu, Hawaii amplification
Finitzo et al. 1998* Texas (multi-site) Detectable permanent. 3.14
Bilateral or unilateral
Dalzell et al. 2000*° New York (statewide) Bilateral or unilateral 2.0
Stewart et al. 2000 Kentucky (multi-site) Sensorineural 2.7
Mehl and Thomson Colorado (multi-site) Sensorineural or permanent 1.39
20024 conductive. Bilateral
Connolly et al. Tertiary referral centre, Detectable permanent. 4.4
2005% Jackson, Mississippi Bilateral or unilateral

culty comparing between studies, and further difficulty in generalising from these yields to
prevalence across the country since these pioneering programmes were likely to have taken
place in large, well-resourced or well-motivated hospitals, many of whom had a large propor-
tion of babies in NICU.* As part of EHDI, data are being collected by the Centers for Disease
Control and Prevention (CDC). The annual data for 2005% show that of nearly 4 million births
in states who were screening, 91.5% of babies were screened. Unfortunately, of the 64,421
babies referred for further screening or investigation, outcomes are only known for 43.5%, the
majority of the rest being lost to follow-up or lost to documentation. The incidence of unilateral
or bilateral PCHI of any severity reported to CDC is 0.92 per 1,000 babies screened, but this
seems likely to be a vast underestimate of the actual rate.

Norton et al.®® and Johnson et al.*® have both re-screened babies at high risk of hearing
impairment to test the sensitivity of newborn screening protocols. They found that although
they are very good at detecting hearing loss of moderate severity or above, they miss a large
proportion or slight and mild impairments. This must be clear to parents, professionals and
those who plan provision for children with hearing loss.

Other ‘developed’ countries

Martin et al.*® performed an ascertainment study of hearing-impaired children in the European
Community (nine countries) who were born in 1969, were eight years old at the time of the
study and who had a hearing impairment of at least 50 dB HL. They found a prevalence rate
of 0.9 per 1,000. They also reported that 29% of the children had additional disabilities. These
figures agree well with similar studies in the United States.** More recently, epidemiologists
from European countries have compared prevalence of hearing loss from cohorts of children
in the 1980s with the data from the Trent study in the UK.*® In Denmark, Davis and Parving™
reported on the prevalence of bilateral sensorineural or mixed PCHI of at least moderate
severity (average threshold >40 dB HL), and the prevalence is shown by severity profile in
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Table 1.3 Prevalence of all (congenital and acquired) permanent sensorineural and mixed childhood
hearing impairments per 1,000 children in the birth cohort 1982-1988 for Denmark and children living
in Trent Region, England, 1985-1993.

Country 40-130 dB HL 70-130 dB HL 95-130 dB HL
Denmark®’ 1.45 0.86 0.54
England™ 1.32 0.59 0.31

Table 1.3 where it is compared with figures generated from the Trent study.’® Approximately
90% of hearing impairment reported was congenital in both studies. It can be seen that there
were significantly more severely and profoundly hearing-impaired children in Denmark than
in England. When risk factors were investigated it was found that significantly more congeni-
tally hearing-impaired children had an NICU history in England (33%) than in Denmark
(17%), whereas more hearing-impaired children had a family history of hearing impairment
in Denmark (40%) than in England (27%). Further work by Uus and Davis,* centred around
the same issues in Estonia, reported that the prevalence of hearing impairment in Estonia (1.72
per 1,000) was higher than that of England (1.32 per 1,000) and Denmark (1.45 per 1,000).

Data from universal screening in parts of some countries are also available. Results from
groups in Paris® and Siena® show rates of bilateral permanent hearing impairment >40 dB of
1.4 and 1.42 per 1,000 babies screened, respectively, which are slightly higher than the rate
of 1.0 per 1,000 from the pilot sites in England, despite the fact the Paris study did not include
babies from NICU. In Western Australia, the yield was found to be 0.68 per 1,000.?® Out of
28,708 babies screened over 7 months, only nine babies were diagnosed with permanent bilat-
eral hearing loss and eight of these had known risk factors for PCHI. This was seen to represent
a poor detection rate, and universal screening was subsequently stopped, with a return to tar-
geted screening. In Asia, the yield of bilateral PCHI detected per 1,000 children screened was
2.8 in a university hospital in Hong Kong® and 2.0 in a university hospital in Japan.® It is not
immediately clear whether the difference in yields between countries, has to do with the per-
formance of the screening programmes, the prevalence of risk factors or some specific envi-
ronmental / genetic influence on the population. In Taiwan, two studies looked at the feasibility
of screening in two environments: a hospital in Taipai®*’and a community-based screen in
Tainan.®® They achieved similar yields of 1.3 and 1.5 confirmed bilateral cases of hearing loss
per 1,000 babies screened, but the lack of babies from NICU and the need for parents to choose
to pay for the test makes the figures difficult to compare with those from England.

It thus may not be possible to generalise the findings of one study regarding prevalence to
other geographical areas or, for that matter, to other birth cohorts. For that reason, epidemio-
logical studies at the local level should be considered necessary to determine needs when
planning for service provision.

Prevalence rates in disadvantaged countries

In order to obtain local data from developing countries, there have been some attempts to
screen children, mainly of school age, in their communities, see Table 1.4. These have gener-
ally taken the form of pure-tone audiometry with or without otoscopy and tympanometry. Once
again, the inconsistencies between the studies makes it difficult to compare them, and difficult
to compare estimated prevalence with estimates from studies in developed countries. Neverthe-
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Table 1.4 Selected results from child hearing screening studies in disadvantaged countries showing the

differences in definitions and results.

Study and location Population Definition of case Cases per 1,000
Abdel-Rahman et al. Secondary school Sensorineural hearing loss 222
2007¢ children ascertained by Rinne and
Ismailia, Egypt Weber tests
Sobhy 1998¢? School children Excluding wax occlusion and 1.17-2.59
Alexandria, Egypt OME
Bilateral
Average thresholds >25 dB
Seely et al. 1995% Children Bilateral 6.5
Pangama, Sierra Leone Average thresholds >40 dB
Olusanya et al. 2000% School children Conductive and sensorineural 139
Lagos, Nigeria (mainstream Unilateral or bilateral
school)
Hatcher et al. 1995 School children Bilateral 22
Kiambu, Kenya Average thresholds >30 dB
Westerberg et al. 2005% Primary school Sensorineural only 10
Zimbabwe children Unilateral or bilateral
Average thresholds >30 dB
Swart et al. 1995% First year school Sensorineural only 2.1
Swaziland children Bilateral
Swart et al. 1995¢7 First year school Middle-ear disease with 22
Swaziland children hearing loss (conductive,
mixed or sensorineural)
Unilateral or bilateral
Minja et al. 1996%® Primary school Sensorineural only 141
Rural Dar es Salaam, children
Tanzania
Minja et al. 1996% Primary school Sensorineural only 77
Urban Dar es Salaam, children
Tanzania
Elahi et al. 1998% Children Sensorineural or permanent 39
Rural areas, Pakistan conductive
Bilateral
Average thresholds >30 dB
Rao et al. 20027° First year school Sensorineural or mixed 32
Rural south, India children Unilateral or bilateral
Average thresholds >30 dB
Liu et al. 20017 Children <15y Unilateral or bilateral 2.6
Sichuan, China Average thresholds >30 dB
Mencher and Madriz School children Bilateral 1.50-1.63

Alfaro 200072
Costa Rica

Permanent

less, there is a consensus that the levels of PCHI are greater in underdeveloped countries, with
Davidson et al.*® estimating that sensorineural loss is twice as common. Evidence also seems
to point towards a higher rate of hearing impairment amongst disadvantaged communities in
richer countries,*®* with Niskar et al.*’ finding that children from families with incomes at or
below the national poverty line were significantly more likely to have a hearing impairment
when screened. The World Health Organization in its report on chronic diseases® views the
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process from poverty to chronic diseases as ‘interconnected in a vicious cycle’, as poor people
have greater exposure to risks and decreased access to health services.

Alberti™ estimated that half of all disabling hearing loss worldwide was preventable by
primary means, from vaccination to better protection from noise exposure. Consanguinity is
a common risk factor in some communities.®® There also seems to be an increased prevalence
of middle-ear disease in disadvantaged communities and this can be aggressive, becoming
chronic suppurative otitis media (CSOM) or leading to cholesteatoma.™ The presence of recur-
rent or chronic middle-ear disease is highly correlated with a permanent hearing loss in this
population because of the reduced access to effective treatment.®*™

There is some impetus for an increased effort of identification of PCHI in developing
countries, and this seems to be backed by the opinion of mothers.” Trials of UNHS at immuni-
sation clinics have been undertaken in Nigeria and South Africa and were successful in terms
of coverage, but the attendance at follow-up was poor. Swanepoel et al.”” report that out of 68
subjects (14% of screened sample), only 40% returned for the second follow-up and 44% for
the third follow-up. Some argue that primary prevention strategies should take priority, as the
current high prevalence would overwhelm the capacity for early intervention.” Others would
argue that with facilities available for deaf and hearing-impaired children throughout the world,
children worldwide should be identified to take advantage of those facilities.”

RISK FACTORS

Risk in this context refers to an increased probability that an event will occur; in this case,
that a child will have a hearing impairment. Factors that increase the likelihood can be non-
specific, i.e. affecting a whole population but not by much, or can be specific to the child. The
former is important to know for planning services, and examples might be poverty or being
aged less than 9 years old. This section will concentrate more on the latter. Specific risk factors
— the most notable being a family history of permanent hearing impairment present since
childhood in a parent, sibling, grandparent, great-grandparent, aunt, uncle, nephew, niece or
cousin or a lengthy stay in NICU — can be used for targeted screening during universal screen-
ing. The practice of targeted screening in babies was common between the invention of the
technology for newborn screening and the infrastructure being put into place for UNHS. An
example of this was in the Redbridge District of London, where there was a targeted newborn
hearing screen for 10 years between 1990 and 2000.%° From the 32,890 babies born, 3.5% were
identified before discharge from hospital as high-risk using the appropriate JCIH guidelines at
the time, and screened using ABR. The yield was 1.6 per 1,000 babies screened for bilateral
impairment 40 dB HL (17 children, or 0.52 per 1,000 live births). By the time these children
and their peers started primary school, they made up only 40% of all cases of bilateral PCHI
40 dB HL; 18% had risk factors at birth but had not been screened and 42% had no obvious
risk factors. This is a compelling argument for universal over-targeted screening.

Some risk factors have come from understanding the aetiology of PCHI, conversely the
aetiology has sometimes been worked out after observational studies showed something as a
risk factor. This is a continuing reason for studying risk factors — in order to understand more
about what might be causing hearing loss. Other reasons are that the high risk may extend
beyond the neonatal period, indicating the need for further observation of a child as he or she
develops, and to help parents who encounter one of these risk factors understand the increased
risk their children may face.
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A frequently quoted list of risk factors is published by the Joint Committee on Infant
Hearing."? Some are highlighted as particularly relevant when thinking about progressive or
delayed-onset cases, and they recommend that any child who has these risk factors is seen by
an audiologist before 30 months old if the newborn screen is clear. The Newborn Hearing
Programme (NHSP) in the UK publish their own guidelines on the management / surveillance
of high-risk individuals.® It is recommended that any neonates with meningitis are referred
straight to audiology without a screen, and children who recover from meningitis be offered
an audiology appointment within 4 weeks of discharge from hospital. Babies born with cranio-
facial abnormalities (including cleft palate) or Down syndrome should be screened again at
eight months. Other babies who should be offered an assessment at eight months and at inter-
vals throughout their childhood are those with: a family history of PCHI; assisted ventilation
in NICU for >5 days; neonatal jaundice to a level needing exchange transfusion; congenital
infection with toxoplasmosis, rubella, cytomegalovirus (CMV) or herpes; and developmental
delay associated with a neurological disorder. They recommend audiological testing for babies
who have had high levels of ototoxic drugs and caution strongly against their use if there is a
family history of hearing loss after antibiotics.

Weichbold et al.? examined the histories for 23 9-year-old children who had developed
bilateral PCHI after a clear newborn hearing screen. Eleven children had risk factors (as
defined by JCIH 2000): three had a family history of hearing loss; two had recovered from
meningitis; two had a cranio-facial malformation; one had persistent pulmonary hypertension;
one had a congenital CMV infection; one received extracorporeal membrane oxygenation; and
one had recurrent otitis media with effusion. They also found that five children had received
ototoxic therapy (not on the list of risk factors at the time) and two had been born before the
33rd gestational week (one child had a combination of the last two). Six children (26%) showed
no risk indicators for post-natal hearing loss.

AETIOLOGY

The major aetiological classification system suggested by Davidson et al.>® has been used in
most recent studies. The categories are:

genetic;

prenatally acquired,;
perinatally acquired;
post-natally acquired,;
cranio-facial anomalies; and
other.

Unfortunately, it is common for a large percentage of children in epidemiological studies to
have an unknown aetiology, referred to as ‘missing’. In a selection of recent studies stating
the aetiology of PCHI for different populations, there are reports of 16 to 55% of unknown
origin (see Table 1.5),1921:3483-85

Several studies have looked at ways of finding the underlying aetiology in missing cases,
both as a way of improving epidemiological data and for clinical reasons. In the Trent study,*
41% of children did not have an identifiable aetiology. Nevertheless, it was possible to impute
aetiology from other data such as medical notes, and this reduced the percentage of people who



Table 1.5 Selection of cross-sectional cohort studies with percentage of cases from each aetiological category, showing differences across time and study.

First author Fortnum MacAndie

(year published) Drews (1994)** Parving (1993)% (1997)" (2003)* Fortnum (2002)%° Billings (1999)%
Atlanta, born Copenhagen, Trent, born Glasgow, born UK, born Boston, diagnosis
1977-1979 born 1980-1990 1985-1993 1985-1994 1980-1995 1993-1996

Cohort (N) (100) (228) (653) (130) (17160) (301)

Category

Genetic 13 36 45 43 30 23*

Prenatal 7 16 4 3 4 2

Perinatal - 14 17 15 8 18

Post-natal 24t 5 6 7 7 9

CFA 1 - 3 12 - 7

Other - - 2 - 2 9**

Missing 55 27 25 16 49 32

sk

*Including ‘known syndrome’ (12) ‘family history’ (11)
fIncluding 13 cases of Hib meningitis.

congenital abnormality, other’
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had no aetiological information to approximately 25%. Taking this one step further, Parker
et al.® report investigating 82 children from the Trent study using a questionnaire, home visit
and genetic test for the most common genetic mutation causing hearing impairment (Connexin
26 35delG, see Genetic hearing impairment—non-syndromic below). They found eight children
had a genetic syndrome not previously assigned and seven further cases had the Connexin 26
35delG mutation. Parving® found that aetiology was significantly more likely to be found if a
child with PCHI had a non-audiological examination in addition to a standard audiological
exam (37/61 vs. 61/117). Peckham et al.®® suggested that congenitally acquired CMV might be
responsible for a large proportion of children for whom no other obvious cause is found for
PCHI. Their study found that such children were twice as likely to have CMV excreted in their
urine than children with normal hearing (13% vs. 7%). There are a number of guidelines now
available for clinicians investigating the cause of hearing loss in individual children® with core
investigations that all children with PCHI should receive; additional tests are suggested depend-
ing on the circumstances (Table 1.6).
The BAAP give several reasons for investigating the cause of hearing loss:

To try to answer parents who ask ‘why is my child deaf?’

To help identify, monitor, treat or prevent associated medical complications in some patients.
To help prevent further deterioration of hearing loss in some patients.

To enable better-informed genetic counselling.

To inform epidemiological research.

If the diagnosis is known, then the doctor can provide better advice to parents, such as
assisting the family in making decisions about the most appropriate communication mode,
about educational placement and about cochlear implantation.

Table 1.6 The recommended history and examination for a child with PCHI — this may help discover
aetiology.

Core Additional
Personal history: pre- and perinatal problems, Genetic tests: Chromosomal examination
general development, general health and (karyotyping) if developmental delay or
head injury. dysmorphic features; Connexin 26 and 30 gene

testing for common mutations if PCHI severe or
greater; testing for other mutation, including
mitochondrial, as suggested by the history.

Family history: looking back three generations, Renal ultrasound: If syndrome with multi-system
including congenital and acquired hearing abnormalities suspected, or if family history of
loss. renal problems.

Imaging of head and neck: Computerised ECG, as some syndromes are associated with
Tomography (CT) or Magnetic Resonance dangerous cardiac conduction abnormalities.

Imaging (MRI) scans.
Infection screen: for CMV and rubella
Ophthalmology: may show changes due to a Infection screen: toxoplasmosis and syphilis tests if
syndrome such as Usher or congenital rubella. indicated.
Also important for ascertaining extra needs for
children with hearing impairment.
Thyroid function: usually done at birth. Blood tests and urine examination: if syndromes
involving kidneys are suspected, such as Alport
or Alstrom syndromes.
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The presence of one possible aetiology does not exclude other causes. For example, it is
increasingly recognised that some mutations do not in themselves cause hearing loss, but lower
than the threshold for environmental insults pre, peri and post-natally.**** Such mutations
include the A1555G mitochondrial gene mutation, which predisposes to hearing loss when a
child takes aminoglycoside antibiotics, such as gentamicin. There is also a controversy over
whether perinatal problems, often cited as the cause of congenital defects, are actually the
effect of pre-existing developmental anomalies.”? Children with a sensorineural hearing loss
can be more at risk of conductive problems such as chronic otitis media,” something that can
potentially be treated to improve hearing.

As might be expected for a condition with such a variety of causes, the frequency of occur-
rence of some causes of PCHI varies over time and geographical areas. Parving and Hauch®
looked at the ascribed causes of hearing loss in children attending the School for the Deaf in
Copenhagen in 1993-1994 in comparison to causes evaluated 10 and 40 years previously.
They found that the frequency of congenital inherited hearing impairment increased steadily
with time, whilst between 1953 and 1983 there had been a significant increase in prenatal
infections, which then declined between 1983 and 1993. Admiraal and Huygen® in the Neth-
erlands found a similar decrease in prenatal infectious causes from 1988 to 1998, whilst the
proportion of PCHI thought to have a perinatal cause had increased.

The changes in the developed world over the last few decades have shown the success of
primary prevention. Measles, mumps, rubella and meningitis are all implicated in PCHI, and
all have been the subject of immunisation programmes. Secondary prevention has also helped,
with better nutrition and treatment leading to better outcomes from infections such as measles
and meningitis. Meanwhile there has been a rise not just in the proportion of genetic cases but
in the actual numbers. In some cases this is due to better neonatal care leading to the survival
of babies with life-threatening syndromes, in others it is due to the increase in prevalence of
particular mutations. Nance and Kearsey® suggest that the frequency of PCHI caused by Con-
nexin 26 or 30 mutations may have doubled in the last 200 years due to the establishment of
a ‘Deaf community’* leading to healthier hearing-impaired adults. These adults go on to have
children and this decreases genetic selection for the unmutated forms of the Connexin gene.

In contrast, Dunmade et al.”” looked at the aetiologies of sensorineural hearing loss in chil-
dren in Nigeria, comparing aetiologies of hearing loss in 1980 and 2000, and found there had
been no significant decrease in infectious causes. The figures for the 115 children studied in
2000 showing some common causes were febrile illness (18.3%), measles (13.9%), meningitis
(8.7%) and mumps (6.9%). Saunders et al.®® offered the Connexin 26 35delG genetic test to
children with PCHI in an audiology clinic in Jinotega in Nicaragua and found that despite a
family history of hearing loss in 33%, this mutation, so common in the UK, was not present
in any of their children. Another difference he found was in the unmonitored use of ototoxic
antibiotics, which are cheaper than their alternatives.*

GENETIC HEARING IMPAIRMENT

At least half of all cases of PCHI are known to have a genetic cause.'®** However, despite
significant advances in the understanding of the molecular basis of hearing loss, identifying

*The use of the capital D indicates the community of deaf people who use BSL as their language and identify with
other deaf people who share their language, culture and history.
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the precise genetic cause in an individual remains difficult. Using systematic investigation,
such as that described in Table 1.6, will increase the chances of finding the aetiology, but it
is estimated that a mutation in one of between 300 and 500 genes (around 1% of the total
number of genes) can cause hearing loss.'”> Approximately 120 of these genes have been
identified so far — around 80 causing syndromes that include hearing loss and over 40 respon-
sible for ‘non-syndromic’ hearing loss. Most of these genes are located on the autosomal
chromosomes, up to 20% on the X-chromosome and up to 20% in the maternally inherited
mitochondrial DNA. This confirms the findings from the questionnaire section of the Parker
et al.?® study based on the Trent cohort: the families of 526 hearing-impaired children (aged
4-13) were sent questionnaires asking about any family history of hearing loss, the results
pointing towards different genetic disorders with autosomal dominant, autosomal recessive
and sporadic inheritance.

Syndromic PCHI

If hearing loss is one of several clinical findings, the disorder is described as a syndrome.
Approximately 30% of genetic hearing impairment is syndromal.®*°* Over 400 syndromes
featuring PCHI have been described and many of the genetic abnormalities responsible identi-
fied. Syndromal hearing impairment can be sensorineural or conductive, due to structural
anomalies of the auditory system. McClay et al.'® report that the presence of any congenital
syndrome significantly increased risk of an abnormality of the temporal bone involving the
cochlear or vestibular system visible on a CT scan. This risk was found to be elevated regard-
less of the presence of PCHI, but higher still if PCHI was present. The presence of a genetic
syndrome in children with PCHI should not be overlooked as it can be important in determin-
ing prognosis and intervention measures — as well as for estimating the recurrence risks in the
family.**

Chromosomal syndromes may occur either during meosis or mitosis, resulting in too much
or too little genetic material, and many increase the risk of PCHI. Two of the most common
syndromes caused by chromosomal abnormalities are Down and Turner syndromes. Maatta
et al.'® studied 129 individuals (mainly children) with Down syndrome, and found that one-
third of the sample had hearing impairment or recurrent ear infections. Overall, the risk of
sensory impairments increased with increasing levels of intellectual disability.

Genetic syndromes caused by mutations, deletions or additions on the autosomal chromo-
somes can be inherited in a recessive or dominant manner. The majority of syndromal genetic
hearing impairments are inherited in an autosomal recessive way and are detectable at birth.
Recessive inheritance occurs when both parents — who may not necessarily exhibit the trait —
carry a mutated gene that may cause a genetic syndrome. If both parents carry one normal
copy of the gene and one mutated copy of the gene, there is a 25% chance of the child inherit-
ing both of the mutated genes (one from each parent) and manifesting the genetic disorder.
There is also a 50% chance that the child will inherit one of the mutated genes and become
a carrier for that disorder but not manifest the syndrome. Such disorders include Usher syn-
drome, Cockayne syndrome, Pendred syndrome, Jervell and Lange-Nielsen syndrome, Hurler
syndrome and Alstrom syndrome.'®® Usher syndrome is one of the most studied of these syn-
dromes. It was formally classified into three clinical types and was expected to be caused by
three corresponding mutations. However, recent work reported by Cohen et al.’®” suggests that
there are more than three genetic causes of Usher syndrome, each having different potential
effects in different individuals with very little evidence for phenotypic—genotypic correlations.
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For dominant inheritance, only one mutated copy of the gene is required for a syndrome to
be manifest. Usually, one parent will have the syndrome, and there is at least a 50% chance
of the child inheriting the gene and manifesting the genetic disorder. If both parents exhibit
the trait, there is a 75% chance of the child manifesting the disorder. Hearing impairment
inherited in this way usually manifests itself after the neonatal period, either because it is
congenital and progressive or because it is late-onset. Examples of autosomal dominant syn-
dromes include Marshall-Stickler syndrome, Waardenburg syndrome and Treacher Collins
syndrome.*®

Syndromes carried on the X-chromosome affect males predominantly because they have
only one X-chromosome. Females “carry’ the mutated syndrome-causing gene but are unaf-
fected if they have a normal copy on their other X-chromosome. Any male children of a carrier
will inherit the genetic material for their X-chromosome from their mother (their father con-
tributing the Y-chromosome instead), with a 50% chance that this will include the mutated
gene. If this occurs, since there is no copy of the gene on the Y-chromosome, the syndrome
will be manifest. Examples of X-linked syndromes include Hunter syndrome, Alport syndrome
and Norrie syndrome, all of which do not manifest at birth but develop in early infancy.'® It
is a mutation in an X-linked gene that is responsible for ‘deafness with fixation of the stapes’,
which gives a progressive hearing loss of sensory and conductive types. Although this muta-
tion is very rare, diagnosis is important because if this is not recognised, there can be further
damage to hearing if surgical methods to release the stapes are not attempted.'®®

Mitochondria are small organelles located within the cytoplasm of the cell and have their
own DNA (mDNA), which is independent of the nuclear DNA. Mitochondria are inherited
from the mother only. Thus, a mother who has hearing loss from a mutation on her mDNA
will pass this mutation onto her children of whatever sex, but a father with the same mutation
will not pass it on. There are multiple copies of MDNA in each mitochondrion, and, therefore,
expression of a syndrome-causing gene is not inevitable. Thus the clinical phenotype is
extremely variable. An important syndrome to recognise is the MELAS syndrome, where
permanent hearing loss may be the first manifestation; and recognition allows better manage-
ment of subsequent complications.*®

Non-syndromic

Autosomal recessive non-syndromic hearing impairment is the most common form of genetic
deafness, accounting for around 80% of all cases.™® Thus, it can be estimated to account for
around 40% of all profound PCHI. Numerous non-syndromal recessive hearing impairment
genes have been localised, with Petersen and Willems™° reporting 85 loci on 39 different genes.
Autosomal dominant inheritance is thought to account for approximately 15% of the cases.
X-linked inheritance accounts for approximately 2—3% of the inherited hearing impairments
(but 5% of those affecting males).

Mutations in the GJB2 gene are responsible for as much as 50% of autosomal recessive
non-syndromic PCHI. This gene codes for a protein called Connexin 26, a gap junction protein
regulating the passage of ions in and out of the cell, and was identified in 1997. As with the
mutations responsible for Usher syndrome, it has become obvious that genotype—phenotype
relationships are more complex than once thought.**'*2 Green et al.™ studied the prevalence
of mutations in the GJB2 gene in 52 people with congenital sensorineural hearing loss at a
clinic in lowa. Twenty-two were found to have GJB2 mutations, 19 of whom had a mutation
on both chromosomes. Of the 41 abnormal copies of GJB2, 29 had the same mutation — 35delG.



Epidemiology of permanent childhood hearing impairment 19

The siblings of these 52 people were also screened, and it was found that all those who had
two abnormal copies of the gene also had PCHI. A total of 560 unrelated children were also
screened and there were 14 in whom one copy of the GJB2 gene had a mutation. This
gives a carrier rate of 3.0% (probable range 2.5-3.6%). It is important to remember that
this carrier rate will be specific for this particular population — mid-western United States.
Pandya et al."** searched the DNA of children from the Annual Survey of Deaf and Hard of
Hearing Children and Youth, conducted at the Research Institute of Gallaudet University, and
found that GJB2 mutations accounted for 22.2% of deafness in the overall sample but differed
significantly amongst Asians, African Americans and Hispanics. Ethnic differences are
particularly marked where there is a small founder population, such as in some Jewish
communities.™®

PRENATAL FACTORS

Infections

Infections are considered to be the main cause of prenatally acquired hearing impairment. In
the 1970s-1980s, congenital rubella was the single most common reported cause of sensori-
neural hearing impairment in childhood, accounting for 16-22% of cases of hearing impair-
ment in babies.* If infected during the first month, there is a 50% chance of the developing
fetus being affected such that congenital rubella defects are detectable. This risk declines
throughout pregnancy to an approximate 6% chance in the fifth month and beyond. Problems
associated with congenital rubella (CRS) include learning disability, heart disease, cataracts,
microcephaly, hepatomegaly, splenomegaly, bone lesions, purpura, glaucoma and hearing
impairment. Hearing impairment is the most common permanent manifestation and affects 68
to 93% of children with congenital rubella.*® The hearing impairment is usually severe to
profound sensorineural hearing impairment and can be progressive.**’

Congenital rubella was a devastating syndrome that became a major public health issue. A
rubella vaccine was first licensed in 1969. By 1999, 105 (49%) of the 214 countries and terri-
tories reporting to WHO had introduced the rubella vaccine in their national immunisation
programme.™® In the UK, the rubella vaccine was offered to schoolgirls in the United Kingdom
from 1970, and post-partum susceptible women shortly after. Mass vaccination with MMR
(measles—mumps-rubella vaccine) of babies was introduced in 1988. Schoolgirl vaccination
was discontinued in 1996, although post-partum vaccination of susceptible women identified
through antenatal testing continues. Reported cases of CRS declined from about 50 a year in
1971-1975 to just over 20 a year in 1986-1990."° About 40 infants with CRS were reported
over all of the next 12 years. Women living in the UK who were born abroad have much
higher rubella susceptibility rates than UK-born women, and two-thirds of the CRS cases since
1991 have been to mothers born outside the UK. The previously high coverage of children
interrupted the epidemic transmission (which was mainly in children), but concerns over the
safety of MMR have led to a decrease in immunity amongst children. If an epidemic of rubella
occurred in the UK, women born in places without vaccination will be at increased risk of
acquiring infection in pregnancy. The likelihood of importation of infection is high, as the
developing world still has endemic rubella. Rittler et al.**® found 43 cases of CRS recorded
from the records of 3,883,165 live births collected by the Latin-American Collaborative Study
of Congenital Malformations, World Health Organization (WHO) Collaborating Centre for
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the Prevention of Birth Defects (ECLAMC), which suggests a prevalence of CRS in Latin
America of around 1:100,000 live births.

Another prenatal infection that causes congenital abnormalities is toxoplasmosis. Sever
et al." studied 23,000 mothers and children from around 20 weeks gestation until 7 years
old. Of these mothers, 38.7% had antibodies to toxoplasmosis during pregnancy, and children
born to these mothers had double the risk of developing PCHI by age 7 (0.4% vs. 0.2%,
p = 0.01).

Cytomegalovirus CMV is a common chronic asymptomatic infection in adults, which can
cross over the placenta to affect the developing fetus and child. Roizen'" has observed that
CMV infection occurs in 2.2% of all newborns, making it the most common intrauterine infec-
tion. Lipitz et al.*?report that from their sample of 18 babies with confirmed CMV, four (22%)
had neurological problems at birth. Fowler and Boppana**® summarised seven studies between
1982 and 2004, and found that the risk of PCHI was 22—-65% in those babies symptomatic at
birth and 6-23% in those asymptomatic at birth. Amongst those affected by PCHI, there were
progressive, fluctuating and delayed-onset cases. They were unable to identify any way of
predicting which babies were more at risk of PCHI from asymptomatic CMV infection, and
they flag up the fact that UNHS may miss many babies with PCHI due to CMV because of
its variable course. It is not yet established how much CMV infection contributes to the overall
prevalence of PCHI, as studies vary in their method of investigating infection. In the meta-
analysis by Morzaria et al.***, the mean of cases reportedly due to CMV in the studies from
1990 to 2002 was 0.92% (s.d. 1.07) of the total, but Peckham et al.®® reported that 14% of
those diagnosed with PCHI of unknown aetiology excreted CMV in their urine (compared
with a base rate of 7%), and Barbi et al.**® reported that of 130 children with PCHI, 24.7%
had CMV in blood retained from a sample at birth (base rate not given). Given the availability
of an antiviral treatment for CMV,'® there is an argument for screening newborn babies for
CM\/.125'127

Maternal drug therapy

Maternal drug therapy during pregnancy can also contribute to congenital hearing impairment.
Some substances may permanently injure or destroy the hair cells of the cochlea resulting in
a sensorineural PCHI. For example, alcohol, streptomycin, quinine and chloroquine phosphate
may destroy neural elements of the inner ear.® The loss is usually triggered by the ingestion
of ototoxic drugs during the first trimester, with damage to the auditory system occurring
especially in the sixth or seventh week after conception. Conductive PCHI can also result from
ototoxicity, primarily as a result of ossicular malformations of the middle ear. Brent™ empha-
sises the gene—environment interaction involved in teratogenic drugs.

Perinatal factors

Perinatal factors which may predispose to PCHI include prematurity, hyperbilirubinaemia
(kernicterus), anoxia (including apnoea and cyanosis), severe neonatal sepsis, rhesus incompat-
ibility, low birth weight and trauma.’”® Some perinatal problems that were known to cause
neurological damage have been much diminished in the modern maternity hospital, for example,
the introduction of photosynthetic lights to reduce jaundice (hyperbilirubinaemia) to non-toxic
levels and rhesus inoculation to prevent rhesus incompatibility in future pregnancies. On the
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other hand, medical advances have ensured that more premature, anoxic and low-birth-weight
(LBW) babies survive, leading to more babies graduating from NICU with a hearing impair-
ment. Davis and Wood*'showed that a baby admitted to NICU for any reason had a risk of
developing PCHI by 3 years old that was seven times higher than those who had not. Razi and
Das'® showed that even in children who had a hearing threshold within the normal range, the
mean high-frequency threshold was higher in children who had experienced an adverse peri-
natal event.

Prematurity is a risk factor for PCHI, but it is not clear whether this itself is the causal
factor or whether the causes are factors associated with prematurity such as anoxia, hyperbili-
rubinaemia, increased bacterial and viral infections, treatment with ototoxic drugs and/or
LBW. Veen et al.**® concluded that in their study of 890 5-year-olds who had very LBW or
had been very premature, the prevalence of sensorineural hearing impairment was 15 times
higher than the average Dutch population of 5- to 7-year-olds. Van Naarden and Decoufle™*
studied 320,000 children born in Georgia US in 1991-1993 and found that by age 3, 169
children had developed PCHI, of which 17 had been amongst the 3,362 children who had been
born weighing less that 1,500 g. This gives a relative risk of 13.9 (95% CI 8.2-23.4). In this
group of very low weight babies, it is hard to identify the precise cause of hearing impairment
due to the sheer numbers of possible complications those infants may experience.

Children with adverse perinatal events are also at risk of having other developmental dis-
abilities, making them particularly high need. Van Naarden and Decoufle™* estimated that for
a child who was born weighing less than 1,500 g, the risk of developing a hearing impairment
plus another disability was 27.8 times (95% CI 11.6-66.5) that of a child born weighing over
3,000 g. Davis and Wood* found NICU babies with a hearing impairment were considerably
more likely to have another disability (odds ratio 8.7 to 1). Yoon et al."*? suggest that UNHS
may not pick up all of the NICU graduates who develop PCHI due to the high incidence of
middle ear problems and delayed-onset sensorineural hearing loss.

Post-natal factors

It is possible for post-natal causes of acquired PCHI to be genetic due to delayed onset of
hearing impairment, but most acquired cases are caused post-natally by infection, ototoxic
agents or trauma.> Otitis media should be included even though permanent hearing impairment
secondary to otitis media is uncommon in the developed world, because it may delay the
detection of permanent hearing impairment. Systemic and neurological infections that have
been linked with PCHI are bacterial meningitis, measles, mumps, HIV*3and CJD."** Thanks
to a successful vaccination programme and better general health, new-onset measles and
mumps-related hearing loss is now rare in the developed world.

Bacterial meningitis is a serious infectious disease both in the neonatal period and through-
out childhood. It can be caused by a variety of pathogens, including Haemophilus influenzae
type b (Hib), Streptococcus pneumoniae (pneumococcus) and tuberculosis (TB). For children
who survive meningitis, there are often sequelae, which include learning disabilities, hydro-
cephalus, motor abnormalities, vestibular deficits, psychosis, hyperactivity and visual and
sensorineural hearing impairments. Reports have indicated that acquired hearing impairment
represents 9.5% of total PCHI, with 6.5% of these cases being caused by meningitis.*®*® Men-
ingitis-induced hearing impairment is often bilateral, severe or profound and rapid in onset.
Clinical and experimental studies have shown that the loss results from direct damage to the
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cochlea by the infection, but it may be exacerbated by additional cochlear damage resulting
from any ototoxic drugs used to treat the disease.**® Children who have lost their hearing to
meningitis are often considered to be amongst the best candidates for cochlear implants due
to their previous experience with language and their total loss of any auditory neural function.
The incidence of post-meningitic hearing impairment varies from 7 to 31%, depending on the
type of meningitis and type of hearing impairment included.”**** Wellman et al.**° and Kutz
et al.**! also compared the complication rate between Hib and pneumococcus, finding the latter
significantly more likely to lead to hearing impairment. In 2004, a Hib vaccine was added to
the routine childhood vaccination schedule in England, and from 2006, a vaccine against
invasive pneumococcal disease was also added. It is hoped that this will reduce the incidence
of acquired PCHI.

Children may be given a number of ototoxic treatments, for example, aminoglycosides
(such as gentamicin) for severe infections or those resistant to penicillin; platinum-containing
chemotherapy such as carboplatin for retinoblastoma a childhood cancer of the eye, and radio-
therapy for tumours in the glands of the neck. Many of these treatments are the best available'*
but often the adverse effects can be minimised by action such as co-administering aspirin with
gentamicin,**® careful dosing of carboplatin*** and well-placed radio-opaque shields.***

CONCLUSION

Hearing impairment is the most frequent sensory impairment in humans, with significant social
and psychological implications. In the light of the impact that PCHI can have on children and
their families, the importance of epidemiological studies cannot be underestimated. In devel-
oped countries, around 1 in 1,000 babies is born with at a serious permanent bilateral hearing
loss, and permanent hearing loss becomes more common as children grow older.

In developing countries, the prevalence may be higher and in some countries it may be
considerably higher, but there is a lack of large-scale, robust epidemiological studies.

Epidemiologal data were at the forefront of public health and audiological arguments for
universal hearing screening, and have also been used to plan and monitor primary prevention
such as vaccination. This chapter explained the difficulties in collecting data on incidence,
prevalence and aetiology. Recent results of studies from throughout the world on the preva-
lence and aetiology of deafness have been presented that show the changing nature of deafness
throughout the world. Clearly, a greater emphasis on collecting routine data on the pattern,
degree, aetiology and natural history of children with deafness is needed throughout the world.
It is only by recording these data that we will understand the extent and nature of childhood
deafness and propose realistic public health plans to provide support for these children and
their families.
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2 Screening and surveillance
J. Stevens and G. Parker

INTRODUCTION

In the absence of an effective hearing screen, the detection of permanent childhood hearing
impairment (PCHI; average hearing levels (0.5, 1, 2 and 4 kHz) measured at >40 dB nHL in
the better ear) can be delayed by as much as 2 to 3 years. Even with screening programmes
in place, considerable delays can occur. Thisisillustrated in Figure 2.1 where the cumulative
age of confirmation of PCHI from amagjor UK study is shown.* At the time of this study, the
UK had a universal screen at the age of 8 months using the infant distraction test (IDT) and
partial targeted newborn hearing screening (TNHS).

The lack of an effective screen has limited our knowledge of the age of onset of hearing
impairment in early life, as most studies have had to rely mainly on retrospective analysis of
case dudies? These studies have indicated that the mgjority of PCHI is probably present at birth.

There is aso the question of why is it important to detect PCHI at an early age. There is
evidence that early diagnosis with effective management can improve the outcome for lan-
guage development for those children with PCHI.>* Effective early hearing screening would
therefore appear to be an essential part of any child health programme. Until the introduction
of universal newborn hearing screening (UNHS) the only universal method used in the first
year of life was the IDT. Its implementation was variable between countries and, as will be
discussed later, its effectiveness in practice has been brought into question. Most countries
that carry out an early screen for PCHI are now adopting UNHS as the preferred universal
screen before school entry. However, as previously noted, not al PCHI is present at the time
of anewborn screen, and systems to detect acquired hearing impairment need to be part of an
overall screening and surveillance programme.

It is important to determine which types of hearing losses a screening programme should
aim to detect. Whereas there is agreement on the detection of PCHI of moderate or greater
degree, there isless agreement on the need to detect unilateral hearing impairment, temporary
hearing impairment or mild hearing impairment.

This chapter will start by considering the principles of screening (see Chapters 1, 13, 15,
26). It will then consider the implications of the prevalence of different types of hearing loss
and the rationale for different types of newborn screening. UNHS will be covered in detail as
this is the most important age to detect PCHI. Later screens carried out at 2 years and school
entry will then be considered.

PRINCIPLES OF SCREENING

Ten principles of screening were laid out by Wilson and Jungner.” These have been considered
by Haggard and Hughes® in areview of screening children’s hearing and by Daviset al. in the
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Figure 2.1 Age of confirmation of permanent hearing impairment (N = 309). Source: Fortnum and Davis
1997.

critical review of the role of newborn hearing screening in the detection of congenital hearing
impairment.’

Haggard suggested four further principles which were also included in the review by Davis
et al.? In summary, these principles, adapted for hearing impairment in a similar manner to
that by Davis et al.,° can be stated as follows:

Principles

1. The condition (hearing impairment) should be an important health problem.
2. There should be an accepted treatment, i.e. an acceptable means of habilitation for those
identified by the screen.
. Facilities for assessment, diagnosis and treatment should be available.
. The hearing impairment should be recognisable at an early stage.
. There should be a suitable test for use as the screen.
The test should be acceptable to the parents and to the child.
. The natural history of the condition should be known and understood.
. There should be an agreed policy on whom to treat.
. The cost of case finding (including all consequential costs of the screening programme)
should not be disproportionate to overall healthcare costs for the hearing-impaired child.
10. Case finding should be seen as a continuous process.
11. Theincidental harm should be small compared with the overall benefits.
12. There should be guidelines on how to explain results to parents with appropriate support.
13. All hearing screening arrangements should be reviewed in the light of changes in demog-
raphy, epidemiology and other factors.
14. Costs and effectiveness of hearing screening should be examined on a case type basis to
maximise the effectiveness and benefit for each type before considering overall costs,
effectiveness and benefit.

©COND U AW

Current knowledge of principles 1, 2 and 7 is presented elsewhere in this book. In summary,
hearing impairment is an important health problem as it can affect quality of life in severa
ways. Language development and the ability to communicate are affected with subsequent
effects on educational achievement, social development and employment prospects. Condition
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2 is satisfied for bilateral PCHI of moderate or greater level as there is an effective treatment
interms of amplification by using ahearing aid or, in some cases of severe and profound hearing
impairment, cochlear implantation. For unilateral PCHI, mild PCHI and temporary hearing
impairment, there is less evidence of the effectiveness of treatment, and there are a range of
views on whether or not a screen should aim to detect these cases. Evidence so far published
indicates that the majority of significant PCHI is present at birth. Under condition 7, knowledge
of the age of onset of hearing impairment is one of the most important factors when selecting
which screen to implement. As more UNHS is implemented, knowledge, not only about the
age of onset, but also about the rate of progression of hearing impairment, will improve.

Principles 3, 8,10, 12 and 13 relate to the quality of implementation, which is outside the
scope of this chapter. Clearly, good implementation of these principlesis needed if any screen
is to be successful. The chapter will therefore focus on principles 4, 5, 6, which relate to the
test method, and principles 9, 11 and 14, which relate to cost, effectiveness and benefit.

PREVALENCE OF HEARING IMPAIRMENT

The prevalence of significant PCHI is discussed at length in Chapter 1. A prevalence of 1-2
per 1,000 is generally reported in European studies, depending on population selection, defini-
tions and methodology.®™ Using results drawn from the Trent Ascertainment Study,* the
overall prevalence for permanent bilateral childhood hearing impairment >40 dB HL was
estimated to be 1.33 per 1,000 live births (1 in 750 children), with equivalent figures of 1.10
per 1,000 (1 in 900) for hearing impairment >50 dB HL, 0.59 per 1,000 (1 in 1,700) for hearing
impairment >70 dB HL and 0.31 per 1,000 (1 in 3,200) for hearing impairment >95 dB HL.

Davis et al.,° reviewing the literature, reported yields of 1-1.5/1,000 from UNHS.*>™ This
has been supported by similar yields reported from subsequent large-scal e programmes, includ-
ing the national screening programme (NHSP) in England.”® This is consistent with a high
proportion of PCHI being present at the time of UNHS.

Figure 2.2 compares the prevalence of PCHI with that of other conditions in the UK for
which screening programmes are currently available.

Provalence per
1000 births

1.8
1.6
1.4

1.2
14
0.8
0.6
0.4
024 .

PCHI* Down's Cystic fibrosis™* PKU***  Congenital***
syndrome** hypothyroidism

Figure 2.2 Graph to show relative prevalences of PCHI; Down syndrome; cystic fibrosis; PKU; primary
persistent congenital hypothyroidism. * Davis et al. 1997; ** Howe et al. 2000; *** Pollitt et al. 1997.
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RATIONALE FOR TARGETED SCREENING

TNHS haslargely been superseded by the introduction of UNHS, but in some situations where
funding or access to the screen is limited, it offers the opportunity of testing arelatively small
high-risk group, which is likely to provide a high yield of cases.

The awareness of an increased risk of hearing impairment in graduates from neonatal
intensive care units (NICUs) first led some centres to introduce screening of these babies.***
Davis and Wood*® provided epidemiological evidence which has further led to the concept of
key factorsfor permanent hearing impairment, which might be suitable for defining an ‘ at risk’
population. One of their most significant findings was that babies who were admitted to an
NICU for more than 48 hours were 10.2 (95% Cl 4.4-23.7) times more likely to have a per-
manent hearing impairment (=50 dB HL) than those who did not undergo intensive care,
assuming no other predisposing factors.

Three key risk factors were described:

e ahistory of admission to NICU >48 hours;
e afamily history of early childhood deafness; and
e asyndrome associated with hearing loss, e.g. craniofacial anomaly such as cleft palate.

It was estimated that 50% of all children with bilateral hearing impairment >50 dB HL had
one or more of these three factors.

This concept has been supported by subsequent epidemiological studies™*® and from UNHS
programmes. The Wessex UNHS study,* for example, reported that of over 25,000 neonates
screened, 8.1% (5.1% from the post-natal wards and 3.0% from the special care units) fulfilled
high-risk criteria for PCHI.

The feasibility of targeting the ‘at risk’ group for hearing screening, however, also depends
on the ease of identification of each factor. Whilst admission to NICU and the presence of a
craniofacial anomaly can be readily highlighted for inclusion in a screening programme, accu-
rate identification of babies with a relevant family history is likely to prove more difficult.?

The cost of atargeted newborn screening programme would depend, in part, on the propor-
tion of the population fulfilling the screen selection criteria. Davis and Wood?* found that 5.9%
of al births in the Nottingham Health District were admitted to NICU >48 hours, although
the percentage may be as high as 12% in other districts. Fortnum and Davis' estimated that,
in practice, the yield from atargeted screen using the three key factors noted above would be
50% or less.

SCREENING IN THE FIRST YEAR OF LIFE

Potential methods and opportunities

In order to produce a satisfactory method of screening, the test must be acceptable, non-
invasive, reliable, simple and quick to perform and have a high sensitivity and specificity
(relating to principles5, 6, 11 and 14). There are many physiological responses to sound which
might be used for a hearing screen in the first year of life. They originate at different levels
of the auditory pathway, from responses of the cochlea up to responses involving the central
nervous system. It is important to note that all of these tests check the function of only part
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of the auditory pathway. None are actually a complete test of hearing. However, as most
pathology of the auditory pathway occurs at the cochlear level, it is possible to use most of
these physiological responses as potential methods for screening.

Any screening method must determine that there is sufficient hearing present for the child to
learn normal language. This means that responses should be obtained to quiet levels of sound
(around 40 dB nHL or below) or it must be shown that the test can demonstrate that hearing is
present at this level. Many of the physiological responses only occur at high sound levels and
so are not useful as a screen (such as heart rate and respiration rate changes). Those that have
proved able to meet the above criteria at some point in thefirst year of life can be grouped under:

(a) oto-acoustic emissions (OAES) from the cochlea;
(b) electrical responses of the early auditory pathway; and
(c) behavioural responses.

The actual use of these methods in practice depends on such practicalities as the baby being
in a suitable state for the screen to be carried out efficiently and effectively. Methods (a) and
(b) require that the baby is quiet and still. The best opportunity for this is in the first 2-3
months of life, which has the added benefit of the earlier detection of a PCHI. Of the electrical
responses from the early part of the auditory pathway, the click-evoked auditory brainstem
response (ABR) has proved to be the most effective for use as a screen to date. With the need
to carry out follow-up tests, the screen needs to be done soon after birth and at the latest by
about 4 weeks corrected age.

Behavioural responses can be used at birth, but the levels of sound required to elicit them
are high, and it is not until around 8 months of age that responses can be readily obtained to
the required low levels of sound. At birth, reflex movement of head and body has generally
been used with the baby supine, whereas at 8 months, the reflex turning of the head towards
a sound source is used (the infant distraction test (IDT)).

In summary, the practical screening options in the first year of life are OAEs or the ABR
soon after birth (or a combination of the two) and the IDT at 8 months of age. Behavioural
responses soon after birth are a further possible method but a high stimulus level has to be
used. Each method will now be considered in detail.

NEWBORN SCREENING

In the 1980s and 1990s, many studies were carried out on the use of the aforementioned
methods (e.g. OAEsS'??* 22 ABRY2242", and auditory response cradle (ARC)®%). Studies
are difficult to carry out due to the large cohorts required and the follow-up of children to the
point at which their hearing levels are confirmed. If the number of missed or late-onset cases
is to be determined, then al children need to be followed up. A review of these studies was
compiled by Davis et a.° and the reader is referred to this document for more detail.

Otoacoustic emissions

In 1978, Kemp® recorded the presence of acoustic energy emitted from the ear in response to
sound. Studies have shown® that these emissions originate in the cochlea and relate to some
biomechanical process associated with normal hearing. The important property for screening
is that OAEs can be recorded only when a region of normal cochlear function is present. All
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Figure 2.3 Typical neonatal TEOAE response displayed in the time domain (a) and the frequency domain
(b). The response shown is the non-linear component between 2.5 and 12.5 ms post stimulus. For (b) the TEOAE
sound pressure level is shown in half octave bands; the darker shaded area is the noise component.

types of OAE are recorded by the placement of a probe into the ear canal. The probe contains
one or more miniature loudspeakers to generate the stimulus and a microphone to record the
sound in the ear canal.

Classification

OAEs are normally classified by the method of recording. The transient evoked oto-acoustic
emission (TEOAE) is the response to a short transient of sound. A typical stimulus and
response in a baby is shown in Figure 2.3a. The response is also commonly viewed in the fre-
guency domain as shown in Figure 2.3b. The response is small compared with the acoustic
stimulus presented to the ear and has a sound level around the threshold of hearing.

Recording method for TEOAE

Asit is below the background noise levels, a technique known as averaging is used to detect
the response. This is achieved by adding many hundreds of responses together. The response
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is aso filtered to remove unwanted low- and high-frequency components. To minimise
the chance of the response being an artefact (e.g. a mechanical echo of the stimulus),
it is normal to only consider the part of the response which is not proportional to the stimulus
(the non-linear component). High continuous background noise levels (e.g. incubator fan,
air conditioning, computer cooling fan) will prolong the test time or can make it impossible
for the test to be carried out. A test room with noise levels below 35 dBA SPL should
be used.

Properties of TEOAE and screen pass criteria

The TEOAE is unique to the individual ear, although the recording is dependent on the probe
characteristics. There is alarge variation in both amplitude and waveform among individuals.
As noted, the presence of a TEOAE indicates aregion of normal cochlear function. Its absence
could have many causes, such as poor recording conditions, too small an amplitude to record,
or the presence of outer-ear or middle-ear disease. The frequency spectrum of a typical
newborn TEOAE is shown in Figure 2.3b. This frequency range can vary among babies with
normally hearing ears; some will only give a narrow range of emission frequencies, whilst
others will produce a broad range. These factors lead to the following typical choice for a pass
criterion when using TEOAE as a hewborn screen.

e The response is present in a limited number of frequency bands, e.g. in two half-octave
bands from half-octave bands with centre frequencies at 1.5, 2, 3 and 4 kHz.

e Thereisahigh response to background noiseratio, e.g. the response is 6 dB or more above
the background level.

e The amplitude is in the physiological range.

e Thereisalow chance of artefact from the stimulus.

TEOAE recorded in babies are generally larger and contain higher frequencies compared with
those recorded in adults.** OAEs are not normally present when the hearing loss is greater
than about 30 dB HL.*

The distortion product otoacoustic emission (DPOAE) is the other type that has found
application in screening. The stimulus consists of two tones at different frequencies. Sounds
at other frequencies (called distortion products) at very low sound levels can be recorded.
There is awedth of evidence® that these sounds reflect the properties of a non-linear process
associated with outer hair cell motility. For clinical measurements the distortion product 2f;-f,
isnormally recorded at a number of frequency pairsf,, f,. The correlation between audiometric
threshold and DPOAE amplitude is weak, and it is not possible to use the DPOAE amplitude
to predict hearing threshold with any accuracy except to say that it isinside or outside normal
limits.®

Auditory brainstem response
Choice of ABR

It is possible in adults to record electrical responses from the auditory pathway from the
cochleato the cortex. In babies, at low stimuluslevelsused for screening, the cortical responses
are difficult to record and early potentials have been used. The non-invasive requirement
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Figure 2.4 Typical ABR waveforms at 50 dBnHL (upper traces ) and 40 dBnHL (lower traces) stimulus
levels from neonatal screening, showing waves I, V and SN10. The small divisions on the axes are 0.25 pV
(vertical) and 4 ms (horizontal).
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restricts measurement to potentials which can be recorded on the skin surface. The result is
that the ABR has become the method of choice in babies. The ABR records the electrical
activity occurring in the first 1520 ms after the stimulus. The so-called wave V, which is
recorded at around 8 msto click stimuli in neonates, is the most prominent wave at low sound
levels. A typical newborn ABR response at 40 dB nHL and 50 dB nHL stimulus levels is
shown in Figure 2.4. The wave Il and V complex (Figure 2.4) is normally used together with
the later slow wave (SN10) to determine whether a response is present.

Choice of stimulus and limitations of ABR for screening

For screening, aclick stimulus is normally used as it gives the maximum response amplitude.
However, it stimulates the whole of the cochlea. This limits the test, as it is only possible to
infer from the result that there is aregion of normal hearing function up to the brainstem level.
The relationship between the click ABR threshold and pure tone threshold in adults with dif-
ferent degrees of hearing loss is shown in Figure 2.5.* The click ABR is also therefore only
alimited measure of hearing. However, as with OAE, it is sufficient to detect the majority of
clinically significant hearing impairments.

Absence of a response can be due to several factors apart from a raised hearing threshold.
Poor recording conditions may affect the detection of the response, and any factor which
affects the nature and amplitude of the ABR response (such as delayed maturation) should be
taken into account.

The choice of stimulus level for the ABR screen needs to be carefully chosen so asto detect
the type of hearing loss targeted by the screen. Johnson et al.* note that much of the current
automatic ABR (AABR) screening equipment was designed to identify infants with moderate
or greater hearing impairment. They found that in a two-stage OAE /AABR protocol screen,
approximately 23% of babies with PCHI at 9 months of age would have passed automatic
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Figure 2.5 Relationship between the click ABR threshold (vertical axis dBnHL) and pure tone threshold in
adults (161 ears with sensori-neural hearing impairment). Source: Stapells and Oats 1997.

ABR screening. They concluded that this happensin part due to the choice of AABR screening
level to detect moderate or greater hearing impairments.

Recording method

The ABR responseislessthan 1 microvolt in amplitude. Like the OAE, the averaging of many
responses is required to detect the response above the background electroencephalogram. A
good electrical and acoustic environment is required. Protocols for good practice should be
followed to avoid errors being made (e.g. National Newborn Hearing Screening Programme
(England) 2007%"). As with TEOAE, pass criteria should include the conditions of a recogni-
sable physiological response, high repeatability and the absence of artefact.

An electrical response from the post-auricular muscle (PAM) can aso be recorded around
15 ms after the stimulus. The response is very dependent on muscle state and is not always
present. However, if the response is present, it can be used in place or in addition to the ABR
response in screening. On occasions, when a baby is too restless for an ABR to be recorded,
it may be possible to obtain a PAM response.

Automated OAE and ABR for screening

Due to the fact that a waveform is recorded for both OAE and ABR, it is possible to include
in the equipment a mathematical algorithm, which can be used to give a measure of the confi-
dence of the presence of a response. As well as determining a measure of the confidence in
the response, the algorithms can also check for potential artefacts and that the response is
within the physiological range. Several examples from early work have been incorporated into
clinical instruments. Their efficacy has been demonstrated in a number of trials. %3 Nearly
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all OAE and most ABR screening is now carried out with automated equipment making use
of arange of different mathematical algorithms. It is important that all automated equipment
is properly trialled to determine that it meets screening programme specifications for false
positive and false negative outcomes.

There is variation amongst the automated equipment being currently manufactured as to
whether the complete ABR/OAE responseis stored or not. One of the advantages of both ABR
and OAE over the IDT for screening is that a record of the response is available which can
be reviewed at a later stage. If screening equipment does not record the full response this
advantage is lost.

Head and body movement

The third method that has been tried in practice involves the measurement of chest wall move-
ment, head movement and general body movement to sound. The Cribogram® and the ARC*
were two attempts to use this method. Both require the use of high sound levels to evoke
responses. Evaluation studies for the ARC have been reported by Tucker and Bhattacharya?®
and by McCormick et al.*? Although these methods were used in some centres in the 1980s
and 1990s, they have been largely superseded by screens using AOAE and AABR.

NEWBORN SCREENING PROTOCOLS

As will be discussed later, universal newborn hearing screening has been recommended in
consensus statements in the USA and Europe.*** The statements also recommend using a
hospital-based system as it offers unique accessibility to a high proportion of babies with the
potential to achieve high coverage. Thisisthe model that will be described here. However, in
communities where the majority of babies are not born in large maternity units, a different
model may be more appropriate.

Universal newborn hearing screening

TEOAE, DPOAE and AABR are al being used for UNHS. The TEOAE or DPOAE methods
do not require the use of electrodes, resulting in lower disposable costs and a less-invasive
procedure. However, the pass rate for OAE methods is reduced in the period up to 24 hours
following birth. The NIH document recommends that a two-stage process be adopted with
TEOAE being used on all babies and ABR (or AABR) being used on those babies who do not
pass OAE to increase the specificity. The document also notes that some centres are using
ABR screening alone and encourages sites to continue these programmes. There are also
centres that have successfully used TEOAE only, achieving a high screening programme
specificity by retesting those babies not passing in hospital in a screening clinic at around 4
weeks of age. A typical hospital-based screening model is shown in Figure 2.6.

Method for NICU

A separate protocol is aso adopted in many centres for the testing of babies admitted to NICU
or those admitted to NICU for significant periods. There is evidence that a small proportion
of NICU babies with PCHI will pass OAE, although they would fail an ABR screen.® Babies
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Figure 2.6 Outline of a typical hospital-based UNHS screening programme.

developing hyperbilirubinaemia requiring exchange transfusion and infants requiring pro-
longed assisted ventilation are particularly at risk. Rance et al.* have also reported a series of
babies with the similar anomalous combination of raised ABR thresholds in conjunction with
recordable OAEs. The pathology is assumed to be ‘central’ (proximal to the cochlea) and cat-
egorised as ‘ auditory dys-synchrony/auditory neuropathy’. Audiological outcomein such cases
has been found to be variable™* and presents a dilemma with regard to aiding decisions or
decisions on cochlear implantation. Many programmes have therefore adopted the practice of
carrying out ABR or AABR on all long-stay NICU babies. Current data suggest that thismainly
occurs in babies admitted to NICU, but there may be babiesin the well-baby population where
thisis the case.®

Targeted newborn hearing screening

Although most centres that carry out newborn hearing screening have adopted a universal
approach, targeted screening, as noted earlier, still offers alower-cost method to detect a pro-
portion of the hearing-impaired babies where universal screening cannot be funded. A protocol
for atargeted newborn hearing screen (TNS) requires the implementation of a well-controlled
questionnaire. Typically, midwives will be asked to check for family history and refer cases
to the programme. The medical staff will be asked to refer on any baby that fits the high-risk
criteria. In some centres, a ssimple criteria of >48 hours in NICU is used for this risk group.
TNS involves much smaller numbers. Given the preferred use of ABR in long-stay NICU
babies and the higher specificity of ABR in the NICU group, most TNS programmes use ABR
on al babies.

Follow-up of newborn hearing screening

Assessment of hearing following failure to pass a newborn screen involves a range of tests.
The click ABR test is extended to include the use of tone pip stimulation to give more fre-
quency-specific thresholds.®* An alternative/complementary method is to use modulated test
tones (auditory steady state response).***® The conductive component of any hearing loss can
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be estimated by using bone conduction ABR.* This may be supported by the use of the
ABR latency-stimulus intensity function and high-frequency tympanometry.> OAE testing
is important on al babies who fail the ABR screen to check for auditory dys-synchrony/
neuropathy. Information may also be obtained from behavioural observation and parental
observation. The US Joint Committee on Infant Hearing 2000 position statement™ provides
specific recommendations for diagnostic testing following the newborn hearing screen. Magjor
screening programmes have also produced guidelines on the assessment of hearing in babies
that are referred from the newborn hearing screen.®*

SCREENING USING THE IDT OR SURVEILLANCE QUESTIONNAIRE

Ewing and Ewing® first described the IDT, a behavioural test suitable for use in babies over
6 months up to a developmental age of around 2 years. Its introduction as a universal screen
varied from country to country. By the 1960s, this test had been adopted throughout most of
the UK as auniversal hearing screen, usually performed by health visitors around 6-9 months,
the so-called Health Visitor Distraction Test (HVDT). It was also adopted in many other
European countries but was not introduced, for example, in the United States. The methodol-
ogy is described in Chapter 3.

Unfortunately, amost as soon as the HVDT was introduced, concerns began to emerge
regarding its effectiveness at detecting PCHI.*® Inaccuracy of the test became the prime suspect
when it was realised that fewer than 50% of children with bilateral PCHI >50 dB HL were
being diagnosed by the age of 3 years. It emerged that only 10-20% of cases with apparently
congenital hearing loss were generally being identified by the screen.® In fact, age at diagnosis
was not dissimilar to that in the USA, where no screen equivalent to the HVDT was employed.®
It was felt that the screen might even have delayed diagnosis in some cases due to false
reassurance.

During the 1980s, efforts were made to improve the performance of the HVDT in the UK,
by use of calibrated warblers and emphasis on training, particularly headed by McCormick
(1983) in Nottingham.®*® An improved sensitivity of 86% was subsequently reported in this
area,®! but Wood et al.®” also provide evidence of the difficulty of maintaining this quality of
service over the time span of a decade. Fonseca et a.®® surveyed the routes of identification
for 104 children with congenital PCHI in nine UK centres. Whilst the HVDT correctly identi-
fied 23 cases, a further 20 remained undetected. It was concluded that unreliability of the
HVDT was a significant factor in failure of the service to meet NDCS™ targets for early iden-
tification. Data from the more extensive Trent ascertainment study® indicated an overall test
sensitivity of only 65% (PCHI >40 dB HL), ranging from 54% for moderate to 80% for pro-
found impairments. Coverage was estimated to be in the range of 80-95%, but fell to around
60% in urban areas. The relatively high referral rate, generally around 5-10%, aso had
resource implications. In summary, for a typical district of 4,000 births per year, one would
expect 4-5 cases of PCHI >40 dB HL of which 1-2 might be identified by the HVDT, despite
generating 160280 referrals.

One of the reasons for the poor specificity of the HVDT is likely to be the relatively high
incidence of fluctuating hearing loss due to OME in the population at the time of screening.®
Whilst there is evidence of the impact of persisting OME on language devel opment and behav-
iour in older children,%% it is hard to justify a single screen in the first year of life for the
identification of such a fluctuant condition. Moreover, the benefits of intervention in such a
young age group have not yet been established.?¢-%°
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Although the HVDT has largely been withdrawn following the introduction of UNHS pro-
grammes, health visitor surveillance (HVS) continues to be practised, either in the form of
unstructured enquiry, language assessments or using a parental questionnaire, most often based
on the ‘Hints for Parents sheet.®® A survey of HV'S programmes prior to the introduction of
UNHS indicated that they performed as well but no better than the HVDT.*™ Vigilance by
health visitors, speech therapists and other professionals may be valuable however in the
identification of late-onset or progressive hearing impairment following UNHS.

TARGETED SURVEILLANCE PROGRAMMES

Even with the introduction of a well-implemented UNHS programme, some children will
present subsequently with significant permanent hearing loss.”Although afew such cases may
be false negatives, UNHS sensitivity is high and most cases will be due to failure to complete
the screen or due to late-onset or progressive hearing losses.”?” There is some evidence to
suggest that there may be identifiable risk factors for progressive hearing loss, which has led
to the introduction of targeted surveillance programmes following UNHS. The 2007 position
statement of the US Joint Committee on Infant Hearing™ recommends at |east one diagnostic
hearing re-evaluation by 24 to 30 months in high-risk children. In England, the national pro-
gramme (www.hearing.screening.nhs.uk) has introduced the following guidelines for hearing
assessments to be offered by the audiology service immediately or as soon as possible to:

babies excluded from the screen, e.g. neonatal meningitis, microtia/atresia;
babies referred from the screen;

meningitis or temporal bone fracture occurring any time after the screen™"; and
parental or professional concern at any age.

In addition, the following babies should be offered behavioural hearing assessments generally
around the age of 7-12 months:

e babies who missed the screen or audiological follow-up™;
e babies with craniofacial abnormalitiessDown syndrome (DSMIG, 20007, /cleft palate™;
e babies with specific risk factors for late-onset deafness®
— family history of PCHI in parents or siblings™®®82
— NICU/SCBU >48 hrs with no clear responses on OAES on both ears despite clear
responses on AABR*®
— NICU/SCBU >48 hrs who have required assisted ventilation (IPPV) for more than 5
days
— jaundice/hyperbilirubinaemia where bilirubin reached (normally unconjugated) a level
indicating the need for exchange transfusion
— proven or suspected congenital infection due to toxoplasmosis, cytomegalovirus, rubella
or herpes®®®
— neurodegenerative or neurodevelopmental disorders®’
e babies who have high levels of ototoxic drugs.

Of these criteria, the most debatable would seem to be those relating to admission to NICU
and the use of ototoxic drugs. The evidence for increased risk of progressive hearing loss in
NICU graduates is based on relatively small numbers of casesin the absence of any large-scale
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follow-up studies. Borradori et al.® followed up 547 infants <34 weeks gestation who had
undergone newborn ABR screening. Eight (1.4%) of these infants developed severe progres-
sive bilateral sensorineural hearing loss. All had required prolonged assisted ventilation com-
plicated by pneumothoraces and all had been administered aminoglycosides. Nield et al.®
described nine children with satisfactory responses on newborn ABR testing who were subse-
quently identified with late-onset severe losses and again the aetiology appeared to be linked
to a combination of mechanical ventilation and potentially ototoxic medication. Further
studies by Konkle and Knightly,® Borg® and Robertson et al.* report that preterm babies with
evidence of severe respiratory failure, hypoxic ischemic encephalopathy and persistent pul-
monary hypertension may be particularly at risk; several reports have emerged indicating an
association between extracorporeal membrane oxygenation for severe cardiorespiratory failure
and subsequent progressive hearing impairment and is particularly highlighted by the
JCI H .74,93—95

Whilst a number of drugs are known to be potentially ototoxic, those of most concern in
neonates are aminoglycosides (e.g. gentamicin) and frusemide.*®*” Although there are case
reports of late-onset hearing losses following use of ototoxics in neonates, most late-onset
hearing losses occur in infants with additional factors as discussed above. A small nhumber of
babies are abnormally susceptible to aminoglycoside toxicity associated with the A1555G
mitochondrial mutation and may have arelevant family history. Thereis limited evidence that
late-onset effects are dose-related and the inclusion of criteria relating to exposure to high
levels of ototoxic drugs is described as ‘pragmatic’.

The effectiveness of targeted surveillance programmes is yet to be established and the out-
comes of large-scale follow-up studies are awaited.

COST AND EFFECTIVENESS OF SCREENS IN
THE FIRST YEAR OF LIFE

The chapter has so far focused on the methodology of each of the screening optionsin the first
year of life and how they relate to screening principles 4, 5 and 6. Screening principles 9, 11
and 14 will now be considered, which relate to the cost, effectiveness and benefit of the screen-
ing programme.

In deciding which policy to adopt in the first year of life the cost, effect and benefit (or
disbenefit) of each option of screening policy would ideally be known. The costs should
include health service costs, costs to the family and costs to society.

Costs

Grill et al.”® report on the costs of the English newborn hearing screening programme. Their
data were taken from the first phase of this programme. They compared hospital and commu-
nity-based sites. The cost per infant screened was found to be similar, £36.9 in hospital
and £33.4 for the community. The cost of UNHS in the UK to the health service had been
reported earlier® using datafrom three sites carrying out UNHS before the English programme
started. The costs were around £14 per infant screened (at 1994 prices). This figure represented
the cost difference between no screen and UNHS, including the follow-up of false positives.
Davis et al.® compared this figure with those from programmes in the USA, noting that it fell
in the middle of the range. Using the change in average earnings index (Office of National
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Statistics, UK'®) between 1994 and 2006, the figure of £14 per infant screened becomes £23
per infant screened for 2006. This value is less than that reported by Grill et al.®® Factors such
as the introduction of a national database and differences in protocol could explain the differ-
ence in values.

Effectiveness of screens

The effect of UNHS can be measured in terms of yield. The yield of any screen is affected by
the coverage and the sensitivity of the screen. Studies on the performance of UNHS have
necessarily been limited due to the size of the study required (typically 1,000 babies required
per case identified). The majority of studies have therefore been carried out on an at-risk (AR)
population. Obtaining follow-up data has aso proved difficult, and very few studies have
complete follow-up data as a result. Davis et al.” summarised the results from such studies.
The Wessex trial™ represents the only randomised controlled trial amongst these studies. The
protocol used TEOAE followed by AABR. The yield for PCHI for the newborn screen was
1.2/1,000 (confidence intervals 0.8-1.7), which is close to the expected prevalence of
1.12/1,000.° Davis et al. also report the other large source of data on UNHS in the UK where
the yield was 1.5-2/1000."* Results from the USA (e.g. White et al.'®) generally give higher
yields but often include cases of milder hearing loss. Results from studies on targeted popula-
tions, e.g. Lutman et al. and Mason et al.,® suggest that the field sensitivity of both the OAE
and ABR should be high, although there is evidence of a significant number of cases of
acquired hearing impairment as noted earlier, e.g. Stevens and Webb.? Daviset al.,° reviewing
the available data, suggest a value nearer to 80% for the expected programme sensitivity when
using OAE, ABR or a combination of the two.

Cost per case

The cost per caseis very sensitive to the definition of the hearing threshold of the target popu-
lation. In the English programme, the target population is cases where the average hearing
threshold is estimated to be >40dB HL. Uus et al.*® reported on a study carried out within
the English newborn hearing screening program (NHSP), which aimed to assess the full eco-
nomic costs of implementing the programme. Average costs per case detected across sites was
£31,410 for the NHSP, which was approximately half that of the IDT at 8 months of age which
was being phased out. The NHSP had a higher yield. The difference was even greater when
family costs were included. They concluded that the findings supported the policy of imple-
mentation of NHSP and the phasing out of the IDT at 8 months of age.

In addition to being the most cost-effective hearing screen in the first year of life, UNHS
also has the benefit of an earlier diagnosis compared with later screens. The published evidence
from UNHS programmes has reinforced the conclusion in the NIH consensus document, which
recommended that universal screening for hearing impairment be carried out before 3 months
of age and which was the basis for similar statements made in the European consensus state-
ment on newborn hearing screening.

Finaly, it isimportant to consider the harm that a screen can produce (principle 11). Reports
to date indicate that the degree of anxiety raised by UNHS is very limited.'®*'® However, there
remains the potential to cause concern to parents particularly with false positive results. Pro-
grammes should ensure that follow-up of false positivesis quick and efficient.
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OUTCOMES OF UNHS PROGRAMMES

As more UNHS programmes are established, data are beginning to be published on the
outcome of these programmes. Weichbold et al.”™ report on a 10-year outcome of the Austrian
hospital-based UNHS programme. Children who had undergone screening were compared
with those who had not. At age 6 months, 69% of screened children were diagnosed with a
hearing impairment compared with 6% in the unscreened group. The figures for intervention
by 6 months for the screened and unscreened groups were 61% and 4%, respectively.

Uus and Bamford.™ report on the outcomes from the first phase of the English UNHS
programme. A total of 169 infants had been detected with permanent bilateral hearing impair-
ment from 169,487 screened. The median age of identification and early enrolment in the
support programme was 10 weeks and the median age of hearing aid fitting was 16 weeks.
Infants with moderate hearing impairments were fitted significantly later than those with a
severe or profound impairment,

SCREENING AFTER THE FIRST YEAR OF LIFE

Intermediate screens (12 months to school entry)

Fortnum et al.” ascertained 17,160 children with PCHI >40 dB HL and demonstrated that the
prevalence increased from an estimated 1.07 per 1,000 (1.03-1.12) at 3 years to 2.05 (2.02—
2.08) per 1,000 for children aged 9-16 years. In the past, a variety of methods were often
employed by health visitors or clinic doctors in an attempt to screen hearing in children over
12 months. These included speech discrimination tests, e.g. Kendal or McCormick toy tests,
or performance tests using warble tones or voiced sounds (' go/ss’).

Haggard and Hughes® reviewed the evidence relating to intermediate screens and found that
practice was highly variable, often with a lack of clear objectives and quality control. There
was little usable data on sensitivity, specificity or incremental yield and no comparison between
alternative arrangements. Whilst identification of children with previously undetected, acquired
or progressive permanent hearing impairment is obviously desirable, the number of such cases
would be relatively very small compared with the large number of children with conductive
hearing lossin this age group. A single screen could not determine which cases were transient,
so that specificity would inevitably be low. It was concluded that there was no justification for
an intermediate screen.

Most districts now operate a reactive system for this age group, referring for an audiological
assessment in cases where there is parental or professional concern regarding hearing or speech
development, a history of repeated ear infections, upper airway obstruction or developmental
or behavioural problems. There is, however, compelling evidence to support testing of the
hearing of all children following bacterial meningitis'® and temporal bone fracture.”®”

Local guidelines for continued surveillance of children with Down syndrome or congenital
cleft palate generally include hearing assessments at least annually until the age of 5 years
(Cone-Wesson et al.” (www.dsmig.org.uk)).

School-entry screening

The first attempts to test hearing in school in the UK date back to the 1920s when the ‘whis-
pered voice' test was introduced. In the 1940s, screening pure-tone audiometry became avail-
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able and was introduced as a universal screen throughout virtually al districts over the next
20 years. In 1976, the Court report in the UK recommended that hearing screens be carried
out at least twice at school, the initial screen including a test on school entry.'®

Previous reviews of hearing screening of school-aged children have commented on the
variation in practice, standards and lack of audit of outcome measures.®'%% |n 2007, a Health
Technology assessment reviewed the current practice, accuracy, effectiveness and cost-
effectiveness of the school-entry screen (SES) in the UK.*® This included the results of an
extensive postal questionnaire sent to lead clinicians responsible for the SES.

It was found that the initial screen is predominantly accomplished by an adaptation of pure
tone audiometry at specific frequencies, generally 0.5, 1, 2 and 4 kHz often performed at a
fixed level (the sweep test). The pass threshold is generally set at 20 or 25 dB HL, with some
districts accepting low-frequency thresholds up to 30 dB HL. One or two tests may be per-
formed, usually during the year of school entry, with test intervals ranging from the same day
to in excess of 12 weeks. The test is most often performed by the school nurse or their assis-
tants (85%), but some districts utilise audiometricians or health visitors. Testing is generally
carried out within the school, where excessive ambient noise may limit specificity. Guidelines
for training and testing by non-audiology professionals have been compiled™ but there has
been little monitoring or evaluation of quality standards.

The survey as reported in the HTA indicated that the SES is used in 90% of state schools
achieving over 95% coverage for those eligible. Referral rates are variable with a median of
8%. Whilst the yield from UNHS is estimated to be approximately 1.0 per 1,000°* the preva-
lence of bilateral PCHI >40 dB HL has been shown to increase through childhood to approxi-
mately 2 per 1,000 by the age of 9 years.” Obviously, post-newborn routes of referral including
IDT and professional/parental concern are important, but Davis et al.° estimated the yield from
SESfor bilateral PCHI >40 dB HL to be 0.4 per 1,000 children screened. More recently, valu-
able cohort comparisons provided by the Waltham Forest group were reported in the HTA
survey and indicate that prior to the introduction of UNHS, SES provided a yield of 0.48 per
1,000, compared with a yield of 0.27 per 1,000 following UNHS.*® The report argues that
although there is no RCT evidence, it is reasonable to assume that the effects of moderate or
greater bilateral hearing loss identified at school entry are marked and there is a long-standing
belief in the necessity for intervention.

Unilateral or mild sensorineural impairments may also be identified. In the Waltham Forest
study, 0.63 per 1,000 unilateral cases were newly identified in the pre-UNHS group compared
with 0.07 per 1,000 following the introduction of UNHS. The clinical implications and benefits
of intervention in this group, however, are not established.?

OME is highly prevalent at the age of school entry and can affect long-term cognitive
development and behaviour and ultimately educational achievement.®>%™ (The effectiveness
of referral and intervention, however, remains under scrutiny.) A recent meta-analysis con-
firmed that for well-defined cases, ventilation tubes do improve hearing for as long as they are
in place, but that recurrence in persistent cases may require re-insertion.™? Evidence from the
comprehensive UK TARGET study (Trial of Alternative Regimens for Glue Ear Treatment)
supports consistent if modest benefits to physical health and development from intervention
for children of school-entry age.'®

The value of a single screen for a fluctuating condition such as OME is questionable.
Specificity for persisting cases will be low, leading to costly, unnecessary referrals, whilst
sensitivity for OME may be affected by transient resolution, depending, for example, on sea
sonal variation.
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The use of screening tympanometry has been considered™34!5 put a range of sensitivities
relative to PTA from 40 to 90% has been reported, and tympanometry would not, of course,
identify sensorineural impairment.® The use of a parental questionnaire relating mainly to a
previous or family history of ear symptoms or current difficulties has also been tried as an
alternative to screening audiometry, but sensitivities similarly ranged from 34 to 71%.%*"
Other methods including spoken word tests and use of OAEs have produced variable results,
although notably Lyons™® reported a 98% sensitivity using a combination of DPOAE and
tympanometry.

There is no evidence to justify further screens after school entry. However, professional
vigilance should continue and a hearing test performed on any child experiencing learning or
behavioural difficulties or following specific conditions such as meningitis or significant head
injury.

CONCLUSIONS

The chapter has briefly reviewed the options for early identification of hearing impairment
with reference to principles of effective screening. In the first year of life, UNHS has been
shown on current evidence to offer the most cost-effective method of detecting PCHI. Pub-
lished reports indicate that with UNHS it is possible to achieve the screening goals of high
coverage, low-refer rate and a high yield. The application of electrophysiological techniques,
supported by OAE and tympanometry, alows for initial diagnostic assessment to be rapidly
completed. However, a significant minority of PCHI is not present at birth and there is a need
for a continuing hearing surveillance programme in infancy and early childhood.

There remain many questions. For example, screening for unilateral and mild hearing
impairment is still a subject of debate as, unlike moderate or greater bilateral PCHI, this type
of impairment does not fit the screening principles so well. There is little knowledge on the
precise degree of impairment at which a hearing aid should be fitted and the age at which this
should be carried out following failure to pass a UNHS. The proportion of PCHI present at
birth and the onset and time course of acquired hearing losses is not known with precision.
To answer these and other questions on screening and surveillance will require major research
programmes conducted on large birth populations.

After thefirst year of life, none of the potential methods for screening are able to meet fully
the screening principles set out at the beginning of the chapter. Universal school-entry screen-
ing is a practical screen and is still implemented in many countries. As UNHS is introduced,
further studies are needed to determine whether universal school-entry screening is cost-effec-
tive as part of the overall programme to detect permanent hearing impairment in childhood.
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3 Behavioural tests of hearing
F. Tweedy and R. Booth

INTRODUCTION

Behavioural tests of hearing assessment have been in clinical use well before electrophysio-
logical techniques. However, with the introduction of newborn hearing screening in some
countries, the identification of hearing loss for many children is through the application of
electrophysiological techniques. Nevertheless, behavioural confirmation of the frequency-
specific and ear-specific hearing thresholds as early as possible is essential to confirm the
results of electrophysiological testing, for effective ongoing management and optimisation of
any amplification. In addition, behavioural testing is appropriate for the identification of
hearing loss when onset occurs after screening and progressive losses which are too mild at
birth to be detected.

Strategies and methods for behavioural testing have been developed and refined over many
years to structure the conditions which optimise the elicitation of responses appropriate to the
child’s developmental level. Such responses can be to stimuli with specific acoustic parame-
ters, thus giving detailed information about a child’s complex auditory function. Not only do
behavioural tests demonstrate that the sound is being processed by the ears and auditory path-
ways, but the child can be observed to respond to sound due to high-level cortical processing.

The results of any behavioural hearing assessment should allow the clinician to comment
on hearing thresholds, the extent and nature of any hearing loss and the inter-aural symmetry
of hearing. This requires the clinician to routinely use sound-field, air and bone conduction
and ear-specific behavioural test techniques. This chapter discusses the behavioural techniques
applicable to routine clinical practice.

BEHAVIOURAL OBSERVATION AUDIOMETRY

Behavioural Observation Audiometry refers to a technique formerly used in the assessment of
very young babies (0—6 months) whereby changes in the state of activity of the child were
observed and judged as to whether they were in response to sound stimuli. Stimuli most likely
to produce behavioural responses in such young children were usually broad-band and high-
intensity. Unfortunately, this meant that the assessment was not frequency-specific, and
prediction of thresholds of hearing from the results was unreliable. Furthermore, there was
variability in judgement of responses among testers, and testers could have a high rate of
misinterpreting random movements as responses in control trials with no auditory presenta-
tions.! Thus Behavioural Observation Audiometry is a very questionable technique, particu-
larly since the advent of electrophysiological techniques. Behavioural Observation Audiometry
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should not, however, be considered a low-technology option for hearing assessments: Gans?
recommends that systematic scoring, without observer bias, is obtained using video recordings
of the procedure with presentation of sound and no-sound trials. On playback, the observers
score the behaviour of the child but are denied knowledge of the details of the stimulus or
whether a stimulus was presented. Automated systems for assessing the motor responses of
young babies have, however, been found to be much less reliable than electrophysiological
techniques for screening the hearing. Fortunately, as most babies mature, their behavioural
responses can be reliably assessed and normally be used to test hearing in a structured clinical
setting such as in the Distraction Test.

THE DISTRACTION TEST

This test has been developed from the ‘Distracting Test” described by Ewing and Ewing in
Manchester in 1944. It involves the attracting and releasing of the attention in front of the
child with a play activity, the presentation of a series of frequency-specific auditory stimuli
outside the child’s visual field and observing the child’s response of turning towards and
localising the sound source.

Distraction testing was traditionally used in the screening of infants at 8 months of age by
health visitors in the UK. Its role has diminished, although it is still used to quantify hearing
loss in children from around 6 or 7 months of age. Its reliability as a test decreases for older
children as discussed subsequently in the section Use of the Distraction Test.

The test arrangement

The testing is performed in a quiet, sound-treated room arranged as shown in Figure 3.1. Care
is taken to ensure that there are no reflective surfaces or shadows cast which might cause a
child to turn for reasons other than hearing the auditory stimulus. Background noise should
not exceed 30 dB (A).

The test involves two trained professionals, the distractor and the assistant, and the child
and one parent (or other adult). The child sits halfway along the parent’s lap supported at the
waist. The parent and child sit facing the distractor.

Role of the distractor

The distractor usually kneels or sits behind a low table facing the child. Examination of the
child should be made to see if the child can physically make a head turn sufficient to show a
response and can be visually distracted. Usually, this can be observed while the history is being
taken but with some handicapped children it will be necessary for preliminary tests to be
carried out, e.g. testing the child’s ability to visually follow a moving object in a 180-degree
arc from side to side.

The distractor is in charge of the test and is the person who controls the child’s attention,
indicates which stimuli are to be presented and judges whether there has been a true response
to the sound. Toys are used to engage the child’s attention forward and then, by reducing the
play activity, releasing the child’s attention prior to introduction of the stimulus. The common
technique is to cover the toy being used whilst continuing minimal movement of fingers or
toy. This ‘phasing’ of the child’s attention is an important aspect of the test. The developmental
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Figure 3.1 Test arrangement for the Distraction Test.

stage of a young infant’s attention and listening skills means that his or her attention will not
be oriented towards the sound if he or she is too engrossed in the activity in front. Pauses in
distracting should not be so long that they allow the child’s gaze to wander and care must be
taken not to distract in a manner which is so interesting that the child does not turn even though
the sound has been heard. The distraction activity can be modified to suit the child’s abilities,
and it may be that for an older child, the Distraction Test level of play activity can be modified
to prevent false positives occurring. Visually impaired children can be distracted using tactile
(stroking) stimuli, or the room lights can be dimmed and a light source, such as an otoscope,
can be used to control the child’s attention.

It is the responsibility of the distractor to indicate to the assistant which stimuli should be
presented, on which side and at which time (by phasing attention). It is the distractor’s role to
assess whether or not a turn was in response to the stimulus or for other reasons, such as visual
cues, competing auditory stimuli, or a random check, and whether or not there was correct
localisation of the sound source. The distractor needs to be able to observe the child’s face as
this may give clues that a stimulus has been heard prior to localisation, e.g. a look of recogni-
tion such as widening of the eyes or a smile prior to turning. Care must be taken not to maintain
eye contact with the child, which may fix his/her attention forward, and so it is better to con-
centrate the gaze a little below the eyes. The distractor must be careful not to glance towards
the stimulus and give cues of its presence and location. In some cases, where the child has
poor head control or is visually impaired, the test may be modified so that repeatable responses,
such as eye turns or reaching for the stimulus, may be accepted.
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Role of the assistant

The assistant introduces the auditory stimuli and gives the social reward as directed by the
distractor. Stimuli are presented on either side as follows:

e One metre from the child’s ear to enable the sounds to be presented at the ear at 30 dB (A).
(If a child has significant developmental delay, then sometimes the test is started at a dis-
tance of about 15 cm from the ear in order to stimulate the child within a distance in which
they might show interest.)

e At an angle of 45 degrees on either side behind the child to avoid visual cues being
given.

e On a level with the child’s ear, as this makes it easier for the child to localise.

e For up to 5 seconds at the initial intensity levels, with the intensity then raised if the child
does not respond.

Historically, distraction testing involved the use of noise-makers with varying bandwidth and
frequency specificity. Since the advent of electronically produced stimuli, both bandwidth and
specificity have been optimised by the use of warble tones. However, the high-frequency rattle
was developed for the purpose of this test and still has high credibility in testing.

The stimuli should be presented at the minimum intensity level. If the child does not turn,
then the sound is made at a higher intensity level. This can be done in two ways, either by
coming closer to the child’s ear or by raising the intensity of a sound from the same distance
of 1 metre. The advantage of the latter method is that one is much less likely to give uninten-
tional clues as to the presence of the stimulus or assistant. In addition, errors in replicating the
distance when measuring sound intensity have smaller effects at this larger distance. However,
the disadvantages are that one might not be able to produce sufficiently high intensity for some
hearing-impaired children to hear at that distance and some sounds will lose their frequency
specificity at higher intensities (e.g. sibilant /s/). If there is no response at maximum intensity,
the child is given a tactile or visual clue to see if this elicits a turning response. If so, this sug-
gests that the child’s state of arousal is appropriate for the test but that he or she has not heard
the auditory stimuli. The introduction of a visual or tactile stimulus is helpful in differentiating
the child who has not heard from the one who has not responded for other reasons.

When presenting the stimuli, care has to be taken to avoid presentation in a predictable
alternating manner and to avoid inadvertent sensory information, which may cue the child as
to the presence of the stimulus. Examples of such information include shadows or reflections
and the sight or sound of the assistant moving. If the child turns and localises the sound source
accurately, this is recorded as a response.

If a response is obtained, the intensity is measured using the dB (A) weighted scale on a
tripod-mounted sound-level meter with the ‘fast’ response of the meter in order to observe and
record the peaks in intensity of the stimulus. The intensity, type and side of the stimulus pro-
ducing the response are recorded. The maximum level at which the child failed to respond to
the auditory stimulus is measured and recorded (e.g. NR (no response) at 90 dB (A)).

Control trials in which all conditions of testing are met other than making the sound should
help the distractor in deciding if the child is turning genuinely to the stimuli or is turning for
some other reason. These should be performed periodically to ensure that the responses are
true. If there is random ‘checking’ behaviour by the child, this may be stopped by one of these

ploys:
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e phasing the child’s attention without presenting a stimulus until the checking ceases;

e keeping a toy in view to attract the child’s attention forward, i.e. a more interesting distrac-
tion in front; and

e the distractor and the assistant changing places.

The Distraction Test tests both ears together, and assessment of the responses from presenta-
tion of sounds on the right and left does not mean that ear-specific testing has been carried
out. Care must therefore be taken in the way in which results are reported to parents and pro-
fessionals. Presentation of sounds on the right and left can provide information about the
child’s ability to localise.

Any localisation difficulties should be noted, as these difficulties may indicate a difference
in hearing level between the two ears, though children with severe and profound bilateral
hearing loss may have difficulty localising generally.®> Most importantly, one should always
be vigilant that the apparent responses were not, in fact, random turns or in response to other
non-test stimuli. Certainly, mislocalisation is a criterion for failure of the baby in any screening
programme.

Test stimuli

Frequency-specific auditory stimuli are used to test high, middle and low frequencies sepa-
rately. This is necessary to measure hearing loss in those instances where auditory sensitivity
differs over the speech frequency range, e.g. those with a ‘ski-slope’ or ‘U’ shaped hearing
loss. Specification of spectra of frequency-modulated (FM) warble tones is variable amongst
the different manufacturers of signal generators but are generally preferable to mechanically
produced sounds, because of increased frequency specificity (Figure 3.2).

High-frequency stimuli

The Manchester high-frequency rattle (available from the Ewing Foundation, c¢/o
Human Communication and Deafness, University of Manchester)

The high-frequency rattle is often presented first. Its spectrum contains a broad band of high
frequencies, from about 6 kHz to above 20 kHz, which usually attracts the attention of babies.
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Figure 3.2 Spectrum of a frequency-modulated warble tone, centred at 1 kHz.
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Figure 3.3 Spectrum of sibilant /s/ at raised intensity.

Repetitive sibilant /s/

When correctly produced, this contains audible frequencies from about 3-10 kHz. It loses
frequency specificity when the sound is raised due to the noise of the increased airstream
(Figure 3.3).

Warble tones centred at 3 or 4 kHz

This gives more frequency specificity than the two previous stimuli, but young babies might
be less responsive to warbles because of their narrow bandwidth.

Middle-frequency stimuli
Warble tones centred at 1 or 2 kHz

These may be used and are more frequency-specific than other stimuli (Figure 3.2).

‘G’ chime bar (about 10 or 11 cm in length)

This produces frequencies around 1,600 Hz when struck with the knuckle or soft hammer
(Figure 3.4). Impact energy is problematic if the chime is hit with a hard striker such as a
hammer or fingernail, as the signal then becomes broad-band (Figure 3.5).

Low-frequency stimuli
Warble tones centred at 500 or 250 Hz

Warble tones are more frequency-specific than other low-frequency stimuli.

Humming sound

This is a continuous voiced low-frequency sound produced with the lips closed. A little intona-
tion in the voice makes a more attractive sound but care is needed that this does not produce
intensity fluctuations. The continuous nature of the voicing in this stimulus reduces intensity
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Figure 3.4 Spectrum of ‘G’ chime bar (struck with knuckle).
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Figure 3.5 Spectrum of ‘G’ chime bar (struck with hard hammer).

fluctuations which can be present at the initiation of each voicing in other voiced stimuli, such
as in a repetitive /oo/ stimulus or mumbled speech.

‘C’ chime bar (about 17 or 18 cm in length)

This produces frequencies around 512 Hz when struck with the knuckle or soft hammer. The
problems with this stimulus are the same as for the middle-frequency ‘G’ chime.

Additional stimuli
/baba/

This can be used if a high-intensity stimulus is required though it does contain low, middle
and high frequencies so does not facilitate testing at any particular frequency range.

A drum may be used if there is no response to the stimuli described earlier and may be
used to test for an auro-palpebral reflex (see below, The Auro-palpebral Reflex). Such stimuli
contain broad bands of frequencies.
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Use of the Distraction Test

Prior to newborn screening, the Distraction Test was the basis of health visitor screening of
infants in the UK at the ages of 7-8 months. Some babies with a hearing impairment were
found to pass the screen, and in some instances, this was attributable to poor test techniques.
McCormick* was able to show an improvement in test reliability when the testers were given
refresher courses. With the onset of newborn (neonatal) screening, using electrophysiological
techniques, fewer babies have their hearing loss detected using the Distraction Test.’ However,
not all pre-lingual hearing losses are present in the newborn (neonatal) period, or a hearing
loss may progress from a mild loss, facilitating a pass in newborn screening, to a more signifi-
cant loss in infancy. Typical surveillance programmes also require children with known risk
factors for progressive hearing loss to be seen again around 8 months of age, regardless of the
outcome of the screen.

The Distraction Test works well for the 6- to 8-month age group due to its use of a ‘social
reward’ to an infant’s response to a sound. As children become older, this reward becomes
less worthwhile to them. It is not sufficient as a reward for continued response to the sounds
and they quickly inhibit their response to the sounds. Further difficulties in the older infant
arise as they will be more able to pick up cues and to learn when the sounds will be presented
because of the phasing of attention prior to presentation of sounds. The Distraction Test can
sometimes remain the test of choice in a slightly older infant in the presence of developmental
delay or other needs. In general, it should be used in older children with caution. The Distrac-
tion Test should be carried out only by experienced testers because of the high risk of children
passing the test while having a hearing loss. In addition, the format of the test, the stimuli used
to test the hearing and the methods for measuring the sound levels means that the hearing can
be screened only at 30 to 35 dB (A). With the advent of newborn hearing screening, behav-
ioural tests must be more able to identify the mild and unilateral hearing losses which are not
targeted by the newborn hearing screen, but these can be missed by the Distraction Test. The
Distraction Test can be a tool in identification of hearing loss though vigilance is necessary to
ensure that the standard of test technique using this tool is high. The test can be a useful tool
when carried out well, but changes in the focus of paediatric audiology mean that the Distrac-
tion Test no longer provides all the audiological information required by current audiological
services.

The Auro-Palpebral (blink) Reflex (APR)

Examination is often made for the presence or absence of an APR whenever the responses
in the Distraction Test are at raised intensities. This is usually done by introducing a /ba/
sound near the ear at high intensities. A small screen or the assistant’s hand should be
placed over the assistant’s mouth to prevent tactile elicitation of the reflex. Usually the
sound is first introduced at about 80 dB (A). If there is no corresponding blink, the sound
is made at a higher intensity: if there is a reflex, it may be useful to find the APR threshold
by testing at lower intensities, though habituation may soon occur. The reflex threshold is
thus obtained. The test is carried out on each side separately. It provides limited informa-
tion about hearing levels. A reflex present at ‘normal’ levels of about 80-100 dB (A) does
not exclude a hearing impairment because the child may have a cochlear hearing loss
with accompanying loudness recruitment and/or hearing, which varies in sensitivity across
frequencies.
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VISUAL REINFORCEMENT AUDIOMETRY (VRA)

This procedure enables hearing thresholds to be measured in young children whereby a head
turn, in response to hearing a sound stimulus, or in some cases a tactile stimulus, is reinforced
by a visual reward. Localisation of the sound stimulus is not required, and, indeed, the stimulus
and the reinforcer may be spatially separated. The ability of the child to be conditioned to turn
is a prerequisite for the test. Since conditioning can be to a tactile stimulus in difficult cases,
the test does not depend on the auditory skill of localisation and, thus, is not confounded by
poor localisation ability, unlike the Distraction Test or Conditioned Orientation Audiometry.
VRA is usually possible from the age of 6 months. The test is applicable up to an age of 2
or 3 years at which age children quickly inhibit responses and become less motivated by the
visual reward. Habituation reduces the number of signals which can be used to determine
threshold levels, and the older the child, the more quickly he or she tends to habituate.®’

The test arrangement

Testing is usually carried out by two testers using two rooms arranged as depicted in Figure
3.6. (If necessary, the test can be performed in one room only and with a single tester.) The
visual reinforcer is placed next to or on top of the loudspeaker but they can be separated. When
they are close to each other, localisation of the sound may facilitate the turn to the reinforcer.
Primus® has shown that the VRA response is not contingent upon localisation but that the
performance in the test was affected by localisation of the sound. More infants were condi-
tioned and the number of trials needed for conditioning were fewer when the visual reinforcer
and sound source were adjacent than when they were separated.

The loudspeakers may be placed at angles of 45, 60 or 90 degrees from the child. The dis-
tance of the loudspeakers from the child’s ears was investigated by Magnussonet et al.® In one
arrangement, the loudspeakers were placed upon movable arms and positioned 15 cm from

TEST ROOM

LOW TABLE
R L

/" |AUDIOMETER REINFORCER

ONE WAY OBSERVATION CONTROLS
WINDOW TESTER

SOUND AND REINFORCER CONTROL ROOM

Figure 3.6 Test arrangement for Visual Reinforcement Audiometry. R: Right loudspeaker and adjacent
reinforcer; L: left loudspeaker and adjacent reinforcer.
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each ear. In the other arrangement, the loudspeakers were placed 50-70 cm from the child.
Real ear sound pressure measurements were made and compared between the two positions.
Predictably, it was found that in the 15-cm position the measurements were very variable due
to slight head movement, whereas the more distant positioning of 50-70 cm was found to be
more consistent; variations increased again at a distance of 1 metre. However, the International
Standard 1SO 8253 requires that the loudspeaker distance is at least 1 metre. This suggests
that clinicians should carefully calibrate their VRA clinic and should be aware of the magnitude
of fluctuations for their own particular acoustic conditions. The sound-field should be cali-
brated in dB HL to allow plotting on an audiogram for comparison with future ear-specific
results and use in hearing aid fitting procedures.

Reinforcers which are commercially available include revolving lights, toys with eyes
which light up, and puppets which illuminate; there is increasing use of video displays.

Test method

The test involves conditioning a child to respond, with a turn to a visual reinforcer, to a sound
introduced from a loudspeaker in the sound-field or through earphones or a bone vibrator. The
sound and visual reinforcer are initially introduced together with the assistant pointing out the
reinforcer, if necessary, at this stage. When the child begins to anticipate the visual reinforce-
ment, the sound is introduced alone and an appropriate turning response is rewarded subse-
quently with the visual reinforcer. Children unable to turn their head or unable to see the visual
reinforcer will need to have their hearing assessed using other methods or modifications made
to the standard VRA technique and set-up.

Before introduction of the test signal, the child’s attention is kept in a forward position by
the use of play activity. This should be maintained throughout, although the level of the play
activity should be modified according to the child’s developmental level. If there are two
testers, one in the test room and one in the adjacent room, then agreement between the two as
to whether or not a response was a true one may increase the validity of the testing procedure.
Computer control of signal level and time period for scoring a response can add objectivity to
the test execution, and storage of false positive responses (in control trials) can be used in
computer decision-making algorithms.*

Test signals

VRA may be performed using frequency-modulated warble tones usually centred at frequen-
cies of 0.5, 1.0, 2.0, 3.0 and 4.0 kHz. Narrow-band noise can be used if the tones fail to elicit
a response. The filter roll-off of most audiometric narrow bands is, however, usually very
gradual giving a much wider bandwidth than desirable. The duration of the signal is usually
about 2 seconds. The intensity of the sound in a particular clinic, at a particular location where
a child is normally seated for testing, may be calibrated using a sound level metre fitted with
octave or one-third octave band filters and the dial reading on the audiometer pre-calibrated
to read in dB HL.

The signal may be introduced through insert earphones, as shown in Figure 3.7. The ear-
phones are placed in the ear canal using a foam tip or, if the child wears hearing aids, they
may be attached to the earmould. Insert earphones enable more precise information to be
obtained about individual ear thresholds. Masking may be used, the narrow-band noise being
introduced at specific sensation levels in one earphone whilst the signal is applied through the
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Figure 3.7 Use of insert earphones.

other and conditioning re-established to ensure responses to the signal and not the masker.
Bone conduction testing can also be carried out using the same principles of testing as air
conduction.

Habituation of the response

Habituation of the response was studied by Primus and Thompson® in relation to the number
of reinforcers available and breaks in the test sessions. Two reinforcers led to more responses
than one before habituation and a 10-minute break in the session led to a minimum of five
additional responses in the rest of the session for 1-year-old but not 2-year-old children. Cul-
pepper and Thompson' investigated the effects of reinforcer duration of 0.5, 1.5 and 4.0
seconds on the response behaviour of 60 pre-term 2-year-olds using a 50 dB HL bandpass
noise stimulus. They found that significantly slower rates of habituation were obtained when
the duration of the reinforcer was 0.5 seconds compared with 4.0 seconds. It was thought that
decreasing the duration would be particularly helpful in increasing the duration of testing
opportunities in children at the older end of the VRA age range.

CONDITIONED ORIENTATION AUDIOMETRY (COA)

This technique has some similarities to both Distraction Testing and VRA, but is sometimes
confused with the latter as it involves visual reinforcement of a head turn. However, it requires
the child to be able to localise auditory stimuli on either side and thus is dependent on this
ability. COA uses stimuli presented further away from the child than in the Distraction Test
and thus localisation is more challenging. As such, it is important that the acoustic testing
environment, the acoustic stimuli and the angle of presentation are selected to facilitate this
ability in young children. For a child who is unable to localise, the test results may be com-
promised and the technique of VRA may be appropriate, i.e. the child is conditioned to turn
to one side only.

Localisation usually involves complex binaural processing of interaural cues at both brain-
stem and cortical levels, so that failure to exhibit such behaviour implies audiological impair-
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ment, which could be peripheral or central in origin. Since poor localisation is a recognised
impairment in auditory processing disorder, this could be an early indicator of this disorder,
though far more commonly the cause will be associated with a peripheral, and particularly
asymmetrical, hearing impairment.*? However, localisation is possible with hearing impair-
ment, whether symmetrical or not, so the ability to localise cannot be taken to imply binaural
hearing.

In COA, stimuli are presented from either side, and if the child localises the source cor-
rectly, he or she is rewarded by visual reinforcement. Localisation may, however, be impeded
by reverberation if the room is not well sound-treated and by the narrow bandwidth of fre-
quency-specific stimuli, such as frequency-modulated warble tones. Furthermore, some fre-
quencies are more difficult to localise than others; these are different in babies and young
children compared with adults due to the difference in head size impacting on head shadow
and interaural intensity cues. As a consequence of smaller head size, localisation of mid-
frequencies is more difficult for babies, although there is very little experimental data on the
developmental aspect of this function. However, the laws of physics suggest that for a child
of, say, 6 months, with an average head circumference of 42 cm, head shadow will not be
optimal for frequencies below 1.3 kHz. Thus attempting to condition a child to turn to a sound
of 1.0 kHz may compromise the child’s ability to carry out the test.. For low-frequency sounds
of 0.5 kHz and below, utilisation of interaural time cues would be predicted, regardless of head
size. Alternatively, narrow-band noise may be used, but this is less frequency-specific than
frequency-modulated tones.

When successful, COA demonstrates hearing and localisation ability but, in the absence of
the latter, VRA should be carried out if the child is able to maintain cooperation.

THE PERFORMANCE TEST AND PLAY AUDIOMETRY

The terms Performance Test and Play Audiometry are often used interchangeably. Both are
appropriate for the assessment of hearing of children of a developmental age of 2 % years and
older until cooperation with pure-tone audiometry is achieved.

The Performance Test was described by Ewing and Ewing®® and in its earliest form used a
voiced /go/, a sibilant /s/ and other consonants presented in the sound-field to assess the child’s
hearing. Now warble tones are more commonly used and clinicians more readily progress on
to ear-specific and bone-conduction testing. It is the latter that is sometimes referred to as play
audiometry.

The term is not particularly important; what is important is that both adopt a conditioned
play response to a sound stimulus to assess the hearing sensitivity. The response required is
often to put a man in a boat, a peg in a board or a ring on a stick or a similar simple action
each time the sound is heard. The conditioning process involves showing the child what to do
and does not depend on receptive language for cooperation in the procedure. Success of the
test does depend on the child’s ability to inhibit his or her response until the stimulus has been
detected. Often it is the younger child’s inability to wait for the stimulus that prevents the test
being used rather than his or her inability to respond when the sound is heard.

Toys which demand more advanced skills, e.g. those with assorted shapes which have to
be put into a particular hole, are generally unsuitable as they tend to distract the child’s atten-
tion from listening to the sound signal. Frequent changing of the play activity can be important
to maintain the child’s interest and active listening.
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Test method

The child is conditioned from in front to respond with the required play action to presentation
of the sound stimulus at a moderate level of intensity. Typically, conditioning is achieved by
the clinician and child doing the play action together. Once the clinician can sense the child
initiating the action, the clinician removes him- or herself from the activity, allowing the child
to respond on his or her own. The stimulus is presented at progressively lower intensities after
each positive response with variable inter-stimulus intervals. If the child fails to respond at a
reduced intensity, the tester progressively raises the intensity of the stimulus. A repeatable
response should be obtained at the level taken as the minimum response level. As for any
behavioural hearing test, it is important to establish from behavioural cues that the child is
hearing the sound during the conditioning procedure. As for VRA, a tactile stimulus can be
used to establish whether the child is developmentally ready for the performance test, in order
to distinguish between the child not hearing the sound and the child not responding for other
reasons. An alternative is to use visual cues in addition to the sound stimulus in the initial
stages, removing the visual cue once the child appears conditioned. If either of these leads to
conditioned responses not being achieved when using sound alone, concerns should be raised
about the hearing thresholds. Higher intensity levels can be achieved using insert earphones
and headphones than by presenting stimuli in the sound-field. For children who wear hearing
aids, conditioning may be carried out in the sound-field with the hearing aids in situ and then
taken out for threshold testing.

Presenting sounds in the sound-field either from a loudspeaker or hand-held warbler tests
the better-hearing ear or both ears, if equivalent. Without insert or headphone presentation, it
is not possible to ascertain ear-specific information due to transmission and diffraction of the
stimuli from one side of the child to the other with little or no attenuation. Even if a handheld
warbler is held close to each ear, the hearing levels within each ear are not tested. An apparent
interaural difference of 10 dB at the high frequencies (4 kHz) may suggest an asymmetry but
does not provide any ear-specific information. The transition from sound-field testing to use
of other transducers is possible even in children aged 2 % years and maximises information
about the symmetry of the hearing and nature of any hearing loss.

Neilsen and Olsen'* found that it was possible to obtain six thresholds from nearly 75% of
children from the age of 3 years. This can be achieved or even exceeded with changes in play
activity as the child gets bored, with praise and encouragement and with involvement of the
family. It is also important to realise that a child will concentrate only for a limited amount
of time, typically shorter for the younger child. It is therefore important to maximise the
amount of threshold information obtained by using larger step sizes and not wasting responses
on sounds that can easily be heard. The amount of time the child will sit and concentrate can
be optimised by using just one tester to control the child and his or her attention, to condition
the child, to control the play activity and to present the stimuli.

Thus one might obtain air-conduction information at three frequencies for each ear unless
the minimum values of transcranial attenuation are exceeded and the results confounded by
cross-hearing. Alternatively, or in addition, one or two unmasked bone-conduction thresholds
may be attempted at this age if the child has a bilateral hearing loss, in order to determine if
there is a sensorineural element present. However, the possibility of the thresholds being per-
ceived by tactile rather than auditory sensations increases at the higher intensity levels, espe-
cially the low frequencies.”® Masking can be attempted for the reliable responder. Even
masking just one frequency can provide important information about the true nature and extent
of any hearing loss.
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Test signals

Frequency-modulated warble tones are the preferred option as they have good frequency
specificity and can be used to test low-, mid- and high-frequency hearing in the sound-field or
with insert-phones. Also the transition from warble tones to pure-tone audiometry may be
easier than with other sounds. If warble tones are used, low-, mid- and high-frequency infor-
mation is sought, usually from stimuli centred at 0.5, 1, 2 or 4 kHz.

Stimulus durations should be of around 1 to 3 seconds, as younger children will typically
respond when the stimulus goes off, regardless of how they have been conditioned. It is
important to have variable inter-stimulus intervals. Use of variable inter-stimulus intervals is
essential to ensure that the child is not merely performing the task independent of hearing.

If a less abstract signal is needed by the child, the low-frequency live voiced /go/ and high-
frequency sibilant /s/ may be used. This can be used to get the child’s initial interest in the
game, allowing the clinician to proceed to frequency testing as the child becomes more confi-
dent. Some threshold can be obtained by using lower voice intensities but is no substitute for
frequency-specific results. It is also important that, when using the /go/ or /s/ in testing any
child with the performance test, thresholds of hearing may be obtained only when the whole
face is out of vision of the child. Even if the child sees only part of the face, a very small
muscle movement may be sufficient to indicate that the stimulus has been uttered, and thus
the procedure is no longer valid.

The minimum information to inform a management decision should be for repeatable
responses at three frequencies across the speech range in the sound-field to be obtained pro-
vided there are no risk factors indicating the need for ear-specific testing. Criteria for classifi-
cation as normally hearing for ear-specific testing and bone conduction should be the same as
for adults, that is, 20 dB HL. There can be arguments for screening at this level and also for
testing a child’s hearing sensitivity to threshold depending on the clinical question being asked.

PURE-TONE AUDIOMETRY

The conventional technique for obtaining frequency-specific and ear-specific information
about a person’s hearing is pure-tone audiometry using supra-aural headphones or bone con-
duction and masking. There are recommended procedures such as the British Society of
Audiology Recommended Procedures™ and results relate to an international baseline of average
normal hearing for adults.” This technique may be adapted for use with children, and results
may be interpreted from some children as young as 2 %2 years old where it is generally referred
to as play audiometry as discussed in the previous section.

The recommended procedure is generally followed for children 7 years and older, although
this can be very dependent on the child and his or her attention, listening skills and behaviour.
The procedure must be adaptable and changes made where appropriate as testing progresses
and the child’s attention reduces, while maintaining the principle of repeatable responses at
thresholds.

Insert earphones (Figure 3.8) are less cumbersome and may be accepted more readily than
headphones. Furthermore, they facilitate more transcranial attenuation of the sound source to
the non-test ear than headphones and prevent the collapse of the ear canal, which may occur
with supra-aural headphones.

Where minimum transcranial attenuation figures for headphone or insert earphone thresh-
olds have been exceeded or where ear-specific bone conduction thresholds are desired, masking
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Figure 3.8 Insert earphones.

of the non-test ear is required, but cooperation with this technique will depend partly on the
cognitive developmental level of the child. The technique used for masking should be a plateau
technique™® or a formula method,” the former being practised in Britain with the Recom-
mended Procedure of the British Society of Audiology.*® Calibration of narrow-band noise to
ISO 389-4 now allows masking to be performed with very young children as there is no need
for verbal explanation of the task; rather, the noise is introduced gradually and any superfluous
responses to changes in masking level can be ignored.

NON-ORGANIC HEARING LOSS

The elevation of thresholds above organic thresholds may occur in testing some children, either
subconsciously or consciously on their part. In most cases, this presents as a moderate—severe
bilateral sensorineural hearing loss with no relevant medical history.?® Occasionally, it may
present as a unilateral hearing loss, often severe or total with no shadow results from the
non-test ear for unmasked thresholds. In both cases, it is the role of the audiologist to try to
determine the true organic thresholds in order to manage any underlying hearing loss
appropriately.

There are several methods of determining organic hearing thresholds in the presence of a
non-organic pathology, most of which entail distracting the child’s attention away from the
loudness of the signal to some other task such as in an ear-pointing technique for bilateral
cases where the child concentrates on lateralising the sound, as described by Nolan and
Tucker.* Other successful techniques are to ask the child to say ‘yes’ or ‘no’ when the sound
is heard; with a ‘no’ response revealing to the clinician that the sound must have been heard.
Speech audiometry, using pre-recorded word lists such as the AB wordlist,”> may also be
helpful if a child is asked ‘if he or she knows’ the words to be presented and repeated, and
the intensity of which is surreptitiously reduced in order that the level required for discrimina-
tion of speech may be compared with normal values. For unilateral non-organic hearing losses,
the Stenger Test should give organic thresholds for pure tones with relative ease due to the
listener being unaware of sound being present in the admitted normal ear if louder sounds are
perceived in the opposite ear.?®
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CHILDREN WITH COMPLEX NEEDS

Behavioural testing of children with complex needs is preferable to electrophysiological
assessment, where possible, as results can often be more frequency-specific and there is no
need for sedation or anaesthetisation. Testing children with complex needs should follow the
same principles as testing children without additional needs, but some adaptations may be
needed.

Repeatable motor responses are required to verify true responses with the usual requirement
of control trials as part of the procedure. For some children with poor head control this can
be as simple as a repeatable eye deviation. Often the response is much more delayed because
of the time needed to process the sound and to initiate the response. In addition, a longer dura-
tion stimulus can be helpful to allow the child to recognise the stimulus and respond to it.

Carers may be able to help suggest appropriate motor responses that can be used in perfor-
mance or play audiometry when a child has difficulty with fine motor control. For children
being tested with VRA, modifications may be needed such as re-positioning or changing types
of reinforcers. Dimming of room light may make the reinforcers more effective in some cases
while tangible rewards may be more effective for others.

For a child who cannot be conditioned to respond, has limited movement towards a visual
reinforcer, or has severe visual problems, Distraction Testing is the most appropriate test.
When responses to acoustically specific stimuli cannot be obtained, one might resort to broad-
band noise-makers and sounds which carers know arouse the child, but responses to these do
not ensure auditory access to all the necessary speech frequencies required for language devel-
opment. Changes in the stimulus may also be required. For example, a longer duration stimulus
to help recognition may be helpful.

When testing children with complex needs, it is important to involve the carers in planning
for the behavioural hearing tests and in the interpretation of the child’s responses. Even though
there are difficulties obtaining behavioural responses in this group, it is important to work
towards testing which gives repeatable responses and not to rely on subtle behavioural
changes.

AUDITORY DISCRIMINATION OF SPEECH

The testing of auditory discrimination of speech has high face validity in the assessment of
young children. Although speech discrimination is not a frequency-specific function, it illus-
trates a prime function of hearing in the developing young child and can correlate highly with
hearing sensitivity in normally hearing and mildly or moderately hearing-impaired children.
Increasingly, there has been an interest in testing children’s hearing of speech since the use of
cochlear implants in young children®. As for severely and profoundly hearing-impaired,
conventionally aided children, threshold testing is a poor predictor of a child’s ability to dis-
criminate speech. Similarly, since the introduction of compression hearing aids, speech dis-
crimination scores rather than aided thresholds have become more useful. Marriage and
Moore® demonstrated the benefit of fast-acting compression for consonant discrimination in
a group of children with hearing aids.

Developments in the field of speech discrimination include the use of technological devices
for the presentation and response mode of tests to improve signal reproducibility and facilitate
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compliance appropriate to the child. In particular, spoken responses are generally avoided
when assessing auditory discrimination to eliminate the confounding variability of children’s
articulation.

THE COOPERATIVE TEST

The Cooperative Test, first described by Ewing and Ewing,* is suitable for children with the
normal linguistic development level of about an 18-month-old child or older. Usually, other
tests requiring a greater receptive vocabulary are more appropriate to the normally linguisti-
cally developing child by the age of 2 % years.

In this test, the child is required to carry out instructions in response to simple verbal com-
mands. The object is to record the minimum intensity required for the comprehension of simple
verbal instructions.

The stimuli for the Cooperative Test are voiced instructions and, thus, contain a wide range
of frequencies. Results of the test are not frequency-specific. Usually, three different instruc-
tions are used. For example, the instruction may be ‘Give it to Mummy’ or ‘Give it to Daddy’
or ‘Give it to Teddy’ or ‘Put it in the box’.

A peg or similar small toy is handed to the child and the instruction is given. It is often
important for the tester to hold on to the peg until the command has been given, otherwise the
child may pre-empt the command and deposit the peg elsewhere. Further pegs and instructions
are given at conversational voice levels, in random order and initially in front of the child to
ascertain his or her comprehension and cooperation in the procedure.

If the child fails to respond, the tester should ensure that the child is watching the tester’s
face and help the child carry out the commands in the first few instances. If the child seems
uncertain, it may also be appropriate to raise the intensity of the voice slightly to about 60 dB
(A). Many children with temporary conductive losses can do this test if the commands are
given at a sufficient intensity level.

For a child who cooperates, the test should proceed by preventing lip-reading by covering
the tester’s mouth, or going behind the child and reducing the intensity of commands until the
child fails to respond and then increasing them until he or she responds again. The lowest
intensity at which the child consistently discriminates the commands correctly without visual
cues is then measured. For a child with normal hearing and speech discrimination ability, the
threshold for the Cooperative Test will be at 35-40 dB (A). Failure to discriminate without
lip-reading or a tendency to look for visual information should be noted as indicators of hearing
loss.

For some children who, owing to shyness, inhibit their responses, other methods within the
child’s limited receptive vocabulary may be necessary, such as in McCormick’s Four Toy Eye
Pointing Test.

The Toy Discrimination Test (McCormick, 1977)%*

By the age of 2 ¥ years, the receptive vocabulary of children has grown to include many nouns
which can be represented in toy form and used in a test involving discrimination of pairs of
similar sounding words such as /tree/ and /key/. The Toy Test uses seven such pairs of words
so that consonant discrimination of young children can be tested. Administration of the test,
using live voice, has been detailed by McCormick.?® Presentation of a digitised recording of
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the speech stimuli via a loudspeaker can also be used in the IHR-McCormick Automated Toy
Discrimination Test and more recently in the Phoenix version of the test whereby predictions
of average better ear thresholds can be made from the results of this test.?” This version of the
test uses an algorithm to vary the intensity of presentation according to the child’s responses.
A portable digital version of the test, the ‘Parrot’, allows the tester to choose the presentation
level.?® A derived version of this test for children with limited knowledge of English, the E2L
test, is also available in this format.? The Phoenix version of the test also has a speech-in-noise
format of the test, though published normative data for this are not yet available. For children
with less developed language or those who inhibit their finger-pointing response, the McCor-
mick Four Toy Eye Pointing Test may be utilised.

McCORMICK’S FOUR TOY EYE POINTING TEST (1988)

In this test, two pairs of the McCormick Toy Discrimination Test items are spaced apart on a
low table in front of the child who is asked where the items are, in random order, initially at
conversational levels of intensity. Observation of the child’s eye movements by the tester is
made and the intensity of the voice reduced, visual cues are obliterated by covering the tester’s
mouth, until threshold levels of 80% correct discrimination are achieved. Details of this test,
to ensure avoidance of pitfalls, are given by McCormick.*

The Manchester Picture Vocabulary Test

This test, developed by Watson® using language found to be familiar to 5-year-olds, involves
a pointing response to pictures consisting of vowel and consonant confusion matrices. This
test has had several updated versions,* the latest being in a recorded digitised format.

The Consonant Confusion Test (CCT) and Auditory Performance
Task 1 (APT1)

These are two monosyllable, consonant confusion tests with picture matrices and the target
words recorded on CD along with optional speech-shaped noise on the second recording
channel. The difficulty of the CCT is lower than that of the APT1 so that the appropriate test
may be selected dependent on the discrimination ability of the child; these have been used to
demonstrate the benefits of wide-dynamic, fast-acting compression hearing aids.”®

The Three-Interval, Forced Choice Test of speech pattern contrast
perception (the THRIFT test)

For children with cognitive skills of 8 years of age or more, Boothroyd’s THRIFT test gives
a detailed examination of discrimination ability.* This tests abilities such as auditory discrimi-
nation of place of articulation, intonation pattern and consonant voicing, which is useful in the
assessment of hearing-impaired children. The test is computer-controlled, with the option of
a visual presentation of the speaker and with a touch screen for the child to select his or her
response. Age-related normative data for this test have been published.®

Such technological devices enable controlled replication of the speech stimulus at known
intensities and thereby increase the reliability of the test. Use of pre-recorded or computer-
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generated material can also be presented using headphones or insert earphones to give ear-
specific information.*

CONCLUSION

Hearing assessment, using the methods described in this chapter, can be used to determine
frequency-specific hearing thresholds and speech discrimination ability of young children by
observation of the child’s behaviour in response to sound. Such behaviour is observed within
a structured clinical context and in response to defined acoustic stimuli from which a child’s
auditory function for the real world might be predicted.

With the introduction of newborn hearing screening, the demands for behavioural testing
have become more challenging. There is still the need to identify those children with transient
hearing losses related to middle-ear effusion and those children identified through the newborn
screen who need to be monitored and managed. In addition, the behavioural testing adopted
in all clinics needs to identify those children with mild hearing losses or sloping hearing losses
who are likely to have passed the newborn hearing screen. Furthermore, whilst carrying out
behavioural testing, the clinician should not be blinded to an expected result based on the
results of any newborn screen because there remain the possibilities of late-onset or progres-
sive hearing losses and the possibility of false negatives on the screen.

Thus, the development of newborn screening places demands on the behavioural assessment
to use frequency-specific stimuli and obtain reliable ear-specific information. This allows the
clinician to test children using criteria of normality of hearing as close as possible to criteria
used in adult assessment.
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4 Nevuro-diagnostic paediatric audiology
JW. Hall lll and L.M. Bondurant

INTRODUCTION

Historical overview

Audiology as a profession, and formal audiological assessment as a clinical service, dates back
only to the middle of the twentieth century. About 60 years later, however, the profession and
the techniques available to evaluate auditory function have advanced remarkably. Our knowI-
edge of the auditory system — from the cochlea to the cortex — has also expanded exponentially,
especially within the past 20 years. Application of computer-based technology for assessment,
coupled with the newly identified principles of auditory neuroscience, are perhaps most
obvious in neuro-diagnostic paediatric audiology, that is, the thorough description of type,
configuration and degree of hearing impairment in children from the perinatal period onwards.
Our audiological armamentarium extends far beyond the simple audiogram. Hearing screening
of newborn infants within hours after birth is rapidly becoming the universal standard. The
application of two techniques — otoacoustic emissions (OAEs) and auditory brainstem response
(ABR) — in combination for newborn hearing screening yields multiple important benefits
including refer rates less than 2%, information on the site of auditory dysfunction for screening
“failures’, and earlier identification of communicatively significant hearing loss. With a test
battery of electro-acoustic and electrophysiological measures, it is possible to diagnose audi-
tory dysfunction during infancy and to differentiate amongst middle ear, cochlear, neural and
central auditory system sites of lesions. Fortunately, paediatric audiology is by no means
limited to the diagnosis of peripheral hearing impairment, as we really hear with our brain as
much as with our ears. Behavioural and electrophysiological measures are available for evalu-
ating central auditory pathways and processes. Indeed, there is unprecedented research and
clinical interest in the assessment of central auditory nervous system function with sophisti-
cated techniques and technology, such as the mismatch negativity (MMN) response and func-
tional magnetic resonance imaging (fMRI). In this chapter, we provide a summary of exciting
trends in neuro-diagnostic paediatric audiology.

AN UPDATED CROSS-CHECK PRINCIPLE

Over 30 years ago, Jerger and Hayes' (1976) defined fundamental clinical guidelines for
audiological assessment of children — ‘the cross-check principle’. In an era when behavioral
audiometry was relied on almost exclusively in paediatric hearing assessment, the authors
presented a compelling argument for the evaluation of children with a test battery consisting
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of behavioral audiometry, aural impedance measurements and the ABR. Jerger and Hayes®
(1976) supported their argument with ample clinical evidence. The cross-check principle is
now updated and expanded with the inclusion of such techniques as frequency-specific ABRs
elicited with tone-burst stimuli, the auditory steady state response (ASSR) and, of course,
OAEs. As noted in Table 4.1, OAEs have earned a unique and valued complementary clinical
role in the ‘standard-of-care’ paediatric audiologic test battery.

DIAGNOSTIC PAEDIATRIC AUDIOLOGY IN THE ERA OF
UNIVERSAL NEWBORN HEARING SCREENING (UNHS)

Introduction

The importance of hearing integrity within the first 3 to 4 years after birth for normal acquisi-
tion of speech and language has long been appreciated (see, e.g. Lenneberg et al.?). During
this sensitive period, speech and language will almost always develop rapidly and normally if
the auditory and language regions of the brain are adequately stimulated by sound and, espe-
cially, the sounds of communication. Unfortunately, by the time hearing impairment in infancy
and early childhood is suspected, audiologically evaluated and appropriately managed, two or
more of these communicatively important years have elapsed and the child has lost an enor-
mous developmental advantage.

The trend towards UNHS has led predictably to a demand for paediatric diagnostic audio-
logical assessment of infants within months after birth. Infants who do not pass the hearing
screening at birth must, within 1 or 2 months, undergo diagnostic audiological testing to
confirm and to define hearing impairment so that intervention can be initiated no later than 6
months. Yoshinaga-Itano and colleagues® at the University of Colorado have provided defini-
tive evidence of the benefits of early intervention on language abilities of children with hearing
impairment. An important message taken from this investigation is the definition of ‘early’
intervention for hearing impairment, namely, the intervention for hearing impairment by 6
months of age. Secondary to the marked positive influence of early intervention on language
acquisition are clear academic, cognitive, social and economic benefits.* Early intervention is
entirely dependent, however, on prompt and accurate definition of hearing impairment as soon
as possible after birth. A detailed discussion of neonatal hearing screening is presented in
Chapter 2.

The rationale for early identification of and intervention for hearing impairment in infants,
of course, is to optimise language and communication development. During the 1960s, an
international collection of papers revealed increasing interest in hearing screening of young
children.>" At the time, however, screening was conducted with behavioural techniques that
lacked adequate sensitivity and specificity. Early identification of infant hearing impairment
was altered dramatically by the discovery of the ABR by Jewett and Williston® and a subse-
quent paper by Hecox and Galambos® describing the clinical application of ABR in auditory
assessment of infants and young children. As clinical experience accumulated and screening
equipment, techniques and strategies were modified, test performance improved steadily and
automated techniques were introduced.*®

OAESs were discovered by Kemp in 1978™ and, within several years, were used in newborn
hearing screening (see Hall*2 for review). Experience with OAES in newborn hearing screening
has led to major modifications in equipment design and, more recently, lower failure rates.
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Table 4.1 Summary of diagnostic audiological techniques and strategies for children as a function of
age (ages are approximate). Techniques are arranged with the most important first.

Birth to 4 Months
Auditory brainstem response (ABR)
* Latency-intensity functions for click stimuli
* Analysis of inter-wave latencies (cochlear vs. retrocochlear status)
* Threshold estimation for frequency-specific stimuli (tone bursts)
* Threshold estimation for bone-conduction stimuli (as indicated)
Otoacoustic emissions (OAEs)
* Distortion product OAEs or transient OAEs
* Verify cochlear hearing impairment
* Rule out auditory neuropathy
Aural immittance measurement
* Tympanometry to assess middle-ear status
* Acoustic reflexes (pure-tone vs. broad-band noise thresholds) to estimate hearing impairment
Behavioural audiometry (if feasible)
* Behavioural observation audiometry (BOA) in the sound-field (not ear-specific)
* Evaluate responses to pure tone and speech signals

5 to 24 Months
Behavioural audiometry
* Visual reinforcement audiometry (VRA)
* Evaluate ear-specific responses (with earphones)
* Estimate pure-tone thresholds for speech frequencies
* Estimate speech reception thresholds
Otoacoustic emissions (OAEs)
* Distortion product OAEs or transient OAEs
* Verify cochlear hearing impairment
* Rule out auditory neuropathy
Avural immittance measurement
* Tympanometry to assess middle-ear status
* Acoustic reflexes
Auditory brainstem response (ABR)
* Essential if behavioural audiometry findings are inconsistent, incomplete or inconclusive
* Latency-intensity functions for click stimuli
* Analysis of inter-wave latencies (cochlear vs. retrocochlear status)
* Threshold estimation for frequency-specific stimuli (tone bursts)
* Threshold estimation for bone-conduction stimuli (as indicated)
* Sedation usually required

24 to 48 Months
Behavioural audiometry
* Visual reinforcement audiometry (VRA), tangible reinforcement audiometry (TROCA), visual
reinforcement conditioned audiometry (VROCA), or conditioned play audiometry
* Evaluate ear-specific responses (with earphones)
* Estimate pure-tone thresholds for speech frequencies
* Estimate speech reception thresholds
* Measure word recognition scores (e.g. speech discrimination)
Otoacoustic emissions (OAEs)
* Distortion product OAEs or transient OAEs
* Verify cochlear hearing impairment
* Rule out auditory neuropathy
Avural immittance measurement
* Tympanometry to assess middle-ear status
* Acoustic reflexes to confirm hearing impairment
Auditory brainstem response (ABR)
* Only if behavioural audiometry findings are inconsistent, incomplete or inconclusive
* Latency-intensity functions for click stimuli
* Analysis of inter-wave latencies (cochlear vs. retrocochlear status)
* Threshold estimation for frequency-specific stimuli (tone bursts)
* Threshold estimation for bone-conduction stimuli (as indicated)
* Sedation required
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Both OAEs and AABR techniques are now endorsed for newborn hearing screening.****
Indeed, the application of both OAEs and AABR in combination, a recent development in
newborn hearing screening, results in lower refer rates, differentiation amongst types of
hearing impairment even in the neonatal period, lower overall costs associated with hearing
screening and follow-up assessments and, most important, earlier and more precise interven-
tion strategies.'®

AUDITORY ELECTRO-ACOUSTICAL MEASURES

Avural immittance measures

Aural immittance (impedance) measures are an important part of the basic paediatric audio-
metric test battery. Immittance measures are, in fact, standard-of-care for audiological assess-
ment of infants and young children, as defined by the Joint Committee on Infant Hearing®
(see Table 4.1). Immittance is a term derived from the terms for two related techniques for
assessing middle-ear function (impedance and admittance) — techniques that have been applied
clinically since 1970. Briefly, the external ear canal is sealed with a soft rubber probe tip. The
probe tip is connected to a device that produces a tone, which is delivered towards the eardrum.
Middle-ear impedance or admittance is calculated from the intensity, and other physical prop-
erties (such as phase) of the tone in the ear canal. A middle ear (tympanic membrane and
ossicular system) with low impedance (higher admittance) more readily accepts the acoustic
energy of the probe tone, whereas a middle ear with abnormally high impedance (lower admit-
tance) due, for example, to fluid within the middle-ear space tends to reject energy flow. Thus,
impedance (admittance) characteristics of the middle-ear system can be inferred objectively
with this technique and related to well-known patterns of findings for various types of middle-
ear pathology.

Tympanometry is the dynamic recording of middle-ear impedance as air pressure in the ear
canal is systematically increased or decreased. The technique is a sensitive measure of tym-
panic membrane integrity and middle-ear function. Compliance (the reciprocal of stiffness) of
the middle ear, the dominant component of immittance, is the vertical dimension of a tympa-
nogram. Tympanometry is very popular clinically, in part because it requires little technical
skill and only several seconds of time; it is an objective (as opposed to behavioural) method
that does not depend on the cooperation of the patient and is a very sensitive index of middle-
ear function. Tympanometric patterns, in combination with audiogram patterns, permit differ-
entiation amongst and classification of middle-ear disorders. The most clinically widespread
approach for describing tympanograms was first reported in 1970 by James Jerger."”

The stapedius muscle within the middle ear is the smallest muscle in the body. Measure-
ment of contractions of the middle-ear stapedius muscle to high sound intensity levels (usually
80 dB or greater) is the basis of the acoustic reflex. Acoustic reflex measurement is clinically
useful for estimating hearing sensitivity and for differentiating amongst sites of auditory dis-
orders, including the middle ear, inner ear, eighth cranial nerve and auditory brainstem. The
afferent portion of the acoustic reflex arc is the eighth cranial nerve. There are complex brain-
stem pathways leading from the cochlear nucleus on the stimulated side to the region of the
motor nucleus of the seventh (facial) nerve on both sides (ipsilateral and contralateral to the
stimulus) of the brainstem. The efferent portion of the arc is the seventh cranial nerve, which
innervates the stapedius muscle. The muscle then contracts, causing increased stiffness
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(decreased compliance) of the middle-ear system. The small change in compliance that follows
stapedius muscle contraction within 10 ms is detected by the probe and immittance device,
much as compliance changes are detected during tympanometry. Acoustic reflex measurement
is very useful clinically because it can quickly provide objective information on the status of
the auditory system from the middle ear to the brainstem. Distinctive acoustic reflex patterns
for ipsilateral and contralateral stimulation and measurement conditions characterise middle
ear, cochlea, eighth nerve, brainstem and even facial nerve dysfunction.

Although the essentials of aural immittance measurement remain constant for most paedi-
atric applications, different strategies should be followed in selected populations to achieve
specific clinical objectives. For example, tympanometry measurement in infants younger than
6 months old should be performed with a higher frequency (e.g. 1,000 Hz) probe tone than
the 226 Hz typically employed clinically. Due to anatomical characteristics of the infant ear
canal, principally a highly compliant cartilaginous ear canal wall, systematic change in ear
canal pressure during tympanometry may produce a corresponding apparent change in compli-
ance mimicking changes in middle-ear compliance. The practical consequence of this phe-
nomenon is the possibility that infants with abnormal middle-ear function, e.g. restricted
mobility secondary to otitis media as reflected by a type B (flat) tympanogram, may, instead,
yield a normally appearing type A tympanogram. The end result is a false-negative immittance
finding — the suggestion of normal middle-ear function in an infant with, in fact, significant
middle-ear dysfunction.

The specific approach taken for measurement of the acoustic reflex may also vary within
some patient groups, depending on clinical goals. With infants under the age of 6 months, the
high-frequency probe tone noted above should be used also in acoustic reflex measurement.
Depending on how it is performed, acoustic reflex measurement can be applied in estimation
of hearing sensitivity or as an objective neuro-diagnostic index of retrocochlear and central
auditory functioning (at the brainstem level), as well as facial (7th cranial nerve) status.

In the early 1970s, when acoustic reflex measurement was introduced as a clinical test
procedure, papers appeared describing estimation of auditory sensitivity by comparison of
acoustic reflex thresholds for pure-tone versus noise signals.’®!®* The most popular of such
approaches was the SPAR (Sensitivity Prediction by Acoustic Reflex). Later clinical investiga-
tion in a large series of children with varying degrees of hearing loss?® showed that analyses
of acoustic reflex thresholds for a broadband noise (BBN) signal alone provided a quick and
reasonable accurate technique for identification and estimation of the degree of sensory hearing
loss. Specifically, in normal hearing persons the acoustic reflex threshold for a BBN signal
was typically recorded at intensity levels of less than 80 dB HL and often for levels as low as
65 to 70 dB HL. Then, the acoustic reflex threshold systematically increased directly with
increased sensory hearing loss. As a rule of thumb, acoustic reflex thresholds for BBN signals
of less than 85 dB HL were associated with generally normal hearing sensitivity, whereas
acoustic reflex thresholds for BBN signals of greater than 90 dB HL almost always reflected
a communicatively important sensory hearing loss (greater than 30 dB HL). In young children
with limited cooperation and who must be assessed quickly, acoustic reflexes elicited by a
BBN stimulus alone can be useful for objective estimation of auditory thresholds® using the
guidelines summarised above.

Finally, comparison of acoustic reflex thresholds amongst four different measurement con-
ditions — right and left ear stimulation and ipsilateral and contralateral stimulation — offers a
quick and objective means of differentiating amongst sites of lesions affecting the peripheral
auditory system, portions of the auditory brainstem and the facial nerve.??? In the assessment
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of children for auditory processing disorders (APD), measurement of acoustic reflex thresholds
for each ear in the ipsilateral versus contralateral conditions is a clinically feasible initial step
in the identification of central auditory dysfunction, even for very young or difficult-to-test
children.?

Aural immittance measures in combination with other electro-acoustical, electrophysiologi-
cal and behavioural auditory procedures contribute to the confident differentiation amongst a
wide variety of disorders affecting the auditory system. It is appropriate to note at this juncture
the recent emergence of more sophisticated techniques for objective measurement of middle-
ear mechanical status and acoustic reflex functions. Keefe and colleagues®2® and Feeney and
Sanford?® describe clinical investigation of what is referred to as a ‘wideband acoustic transfer
function (WATF) system’ to measure middle-ear function and acoustic reflexes in children,
including newborn infants, and adults. In part, the approach involves the use of a broadband
(click) probe sound, rather than a conventional 226 or 1,000 Hz probe tone. The system, which
is based on detection of either admittance magnitude or energy reflectance, appears to result
in acoustic reflex thresholds lower than expected for typical aural immittance measurements.
The WATF system also helps to explain curious DPOAE findings in infancy, e.g. amplitudes
larger in neonates than adults, and may contribute in other ways to the analysis and interpreta-
tion of clinically recorded OAEs.

Otoacoustic emissions

OAES are low-intensity sounds produced by the cochlea in response to an acoustic stimulus
(see Hall* for review). A moderate intensity click, or an appropriate combination of two tones,
can evoke outer hair cell movement or motility. Outer hair cell motility affects basilar mem-
brane biomechanics, resulting in a form of intra-cochlear energy amplification, as well as
cochlear tuning for more precise frequency resolution. The outer hair cell motility generates
mechanical energy within the cochlea that is propagated outwards, via the middle-ear system
and the tympanic membrane, to the ear canal. Vibration of the tympanic membrane then pro-
duces an acoustic signal (the OAE), which a sensitive microphone can measure. According to
conventional taxonomy, there are two broad classes of OAEs: spontaneous and evoked. Spon-
taneous otoacoustic emissions (SOAEs), present in only about 70% of persons with normal
hearing, are measured in the external ear canal when there is no external sound stimulation.
A significant gender effect characterises SOAEs, with females demonstrating SOAEs at twice
the rate of males. Evoked OAEs, elicited by moderate levels (50 to 80 dB SPL) of acoustic
stimulation in the external ear canal, are generally classified according to characteristics of the
stimuli used to elicit them or characteristics of the cochlear events that generate them.
Distortion-product otoacoustic emissions (DPOAESs) are produced when two pure-tone
stimuli at frequencies f1 and f2 are presented to the ear simultaneously. The most robust
DPOAEs occur at the frequency determined by the equation 2f1-f2, whereas the actual cochlear
frequency region that is assessed with DPOAE is between these two frequencies, and probably
close to the 2 stimulus for recommended test protocols.* Transient-evoked otoacoustic emis-
sions (TEOAEs) are elicited by brief acoustic stimuli such as clicks or tone bursts. Although
there are distinct differences in the methodology for recording DPOAEs versus TEOAEs, and
the exact cochlear mechanisms responsible for their generation are also different, each type of
evoked OAE is now being incorporated into routine auditory assessment of children and adults,
including newborn hearing screening.'? As with ABR, devices permitting automated OAE
measurement and analysis, and designed primarily for newborn hearing screening, are now
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available from a variety of manufacturers. Most of these devices are hand-held and very simple
to operate. A recent report of accumulated experience with OAE screening of over 50,000
babies confirmed a failure rate of approximately 10%, with a final false-positive failure rate
of less than 2%.% The use of OAESs in paediatric diagnostic assessment is, perhaps, more valu-
able and more powerful than any other application in children or adults.

Why are OAEs a necessary component of the modern paediatric test battery? The answer
is their remarkable sensitivity and specificity. OAEs are the product of the highly metabolic
activity of outer hair cells. Virtually any insult to the cochlea, including even subtle disruptions
in blood flow to the stria vascularis, will be reflected by OAE changes. There is no more sensi-
tive measure of cochlear function. OAEs are almost entirely sensory and ‘pre-neural’. Their
measurement does not depend on the functional status of any synapses, nor on the rest of the
auditory system, i.e. retro-cochlear pathways. This site specificity is a distinct clinical advan-
tage for a component of a diagnostic test battery. In addition to these two essential features —
sensitivity and specificity — OAEs are electro-acoustical, requiring no behavioural response
from the paediatric patient. These fundamental features of OAEs take on very practical every-
day importance in paediatric audiology. Most audiological management of children is predi-
cated on the premise that the hearing impairment is sensory, affecting the cochlea. By definition,
audiologists are responsible for evaluation and diagnosis of all types of auditory impairment.
Conductive hearing impairment, however, is traditionally treated medically or surgically by
physicians. Although the audiologist is integrally involved in the detection of eighth nerve
(retrocochlear) and central auditory nervous system dysfunction, treatment (if available) is
most often a team effort, which may or may not include the audiologist. Determining whether
the hearing impairment is sensory or neural (or some combination) depends very much on
results of OAE measurement. If the hearing impairment is sensory, then the audiologist is the
professional with primary responsibility for implementing and coordinating management with
amplification and a complement of habilitation or rehabilitation strategies and techniques. For
auditory assessment of children, the measurement of OAEs is now considered standard-of-care.
This serious clinical conclusion is amply supported by diverse OAE applications that are
reviewed in this chapter. In short, OAEs are not simply a handy or convenient procedure for
assessing auditory function but, rather, an essential component of the paediatric test battery.
They can play a pivotal and critical role in decisions regarding audiological or medical man-
agement of auditory impairment. The clearest example of this role is in patients with suspected

‘auditory neuropathy’.*?

AUDITORY ELECTROPHYSIOLOGICAL MEASURES

Auditory brainstem response (ABR)

Auditory-evoked responses are electrophysiological recordings of responses to sounds. With
proper test protocols, the responses can be recorded clinically from activation of all levels of
the auditory system, from the cochlea to the cortex (see Hall?® for review) (Table 4.2). Amongst
these responses, the ABR (often referred by neurologists as the brainstem auditory evoked
response, or BAER) is applied most often clinically. The ABR is generated with transient
acoustic stimuli (clicks or tone bursts) and detected with surface electrodes (discs) placed on
the forehead and near the ears (earlobe or within external ear canal). Using a commercially
available, computer-based device, it is possible to present rapidly (e.g. at rates of 20 to 30 per
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Table 4.2 A protocol for measurement of frequency-specific auditory brainstem response (ABR). The
conventional ABR protocol for air conduction click signals must be modified to successfully record ABRs for
tone burst signals. The main differences between protocols for click versus tone burst ABRs are noted

under comments.

Parameters

Suggestions

Comments

Stimulus Parameters

Transducer

Polarity

Ramping

Duration

Intensity

Insert

Alternating

Blackman

Variable

Variable

Insert earphones offer many advantages in clinical ABR measurement,
especially with infants and young children.

Instead of the usual rarefaction polarity, alternating polarity stimuli can
be used to minimise the possibility of a frequency-following type
response.

Ramping refers to how the rise/fall portions of the tone burst are
shaped. Some non-linear ramping or windowing techniques reduce
spectral splatter and increase frequency specificity of tone burst
stimulation. Blackman windowing is the best, and most current AER
systems include it in their stimulus package.

The rise/fall, and plateau, times for the tone burst stimuli vary
depending on the frequency. As a rule, it is desirable to use longer
times for lower frequencies so as to include more cycles to increase
the chance that the stimulus sounds like the desired frequency, and
not a click. However, as discussed in this section of the chapter, the
use of a very brief (0.5 cycles or 2 ms) 250 Hz tone burst will
generate a more well formed and distinct ABR, albeit not quite as
frequency-specific (an energy band within the frequency range of
100 to 600 Hz). The most common approach for signal duration is
to use 2 cycles rise time, O cycle plateau, and 2 cycles fall time or,
in milliseconds (ms):

500 Hz: 4 ms rise/fall and 0 ms plateau
1,000 Hz: 2 ms rise/fall and 0 ms plateau
2,000 Hz: 1 ms rise/fall and 0 ms plateau
4,000 Hz: 0.5 ms rise/fall and 0 ms plateau

Keep in mind that the intensity levels on the screen for your ABR
system will usually not be defined in dB nHL, as they are for a click.
More often, the values are in dB SPL. That is, 95 dB may be
selected, but the intensity range for the tone burst frequency may go
as high as 115 dB. Always obtain behavioural threshold data for
each tone burst stimulus to be used for ABR recording (with the
earphones specific to the evoked response system and in the room
where ABRs will be recorded), and then develop a biologic
normative data for tone burst intensity. For example, if the maximum
dial setting for a 500 Hz tone burst is 115 dB, but normal subjects
have an average threshold of 30 dB for this stimulus, then at 115 dB
on the dial the intensity level is really 85 dB nHL (referenced to the
normal behavioural threshold for the stimulus). With most evoked
response systems, these ‘correction factors’ can be incorporated into
the intensities displayed on the screen so that all intensity values are
in dB nHL according to clinic normative data. It is then advisable to
actually record ABRs for this 500 Hz stimulus from a few of these
normal hearing subjects to estimate the lowest intensity level that
produces an observable and reliable ABR wave V.
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Table 4.2 Continved

Parameters Suggestions Comments

Acquisition Parameters

Electrode sites ~ Fz-Ai Non-inverting (positive) electrode is located in the midline on the high
forehead (Fz) and the inverting electrode is located on the earlobe
ipsilateral to the stimulus ear (Ai). With an ear clip electrode design,
the earlobe electrode is easily applied, impedance is low, and the
electrode is removed from the mastoid region. The earlobe electrode
records a larger wave | than the mastoid electrode, and is
associated with less stimulus artefact in bone-conduction ABR
recordings. The ground electrode can be located on the low
forehead (Fpz) or the contralateral earlobe (limits recordings to a
single channel).

Filter seftings 30 to 3,000 Hz A low-frequency cut-off for the high pass filter (e.g. 30 Hz) is very
important because the tone burst ABR is dominated by low-frequency
energy, especially in infants.

Analysis time 15 to 20 ms For click signals and higher frequency tone burst signals, an analysis
time of 15 ms is adequate to encompass the wave V component
even under conditions associated with delayed wave V latency, e.g.
low signal intensity level, hearing loss, very young age (immaturity of
the auditory pathways). For tone burst signals of 1,000 Hz and
below, a 20 ms analysis time is recommended.

Sweeps Variable The number of sweeps (stimulus repetitions or number of signal
averages for an ABR recording) is dependent on the signal-to-noise
ratio. When the signal (ABR amplitude) is larger (e.g. at a high
intensity level with a normal hearing patient) and/or when
background noise is low (e.g. the patient is sedated or
anaesthetised), then relatively fewer stimulus repetitions are needed.
On the other hand, when ABR amplitude is smaller (e.g. at lower
signal intensity levels and/or in a patient with hearing loss) and
noise is greater (a restless un-sedated child), more signal averaging
(more stimulus repetitions) will be needed. As a rule, fewer stimulus
repetitions are required for the second (replication) ABR run when
the goal is to simply verify that the response is reliable (and not just
artefact).

second) thousands of sound stimuli and to average reliable ABR waveforms in a matter of
minutes. Extensive research confirms that the ABR wave components arise from the eighth
cranial nerve and auditory regions in the caudal and rostral brainstem. Wave | unquestionably
represents the synchronously stimulated compound action potentials from the distal (cochlear
end) of the eighth cranial nerve. Wave Il may also arise from the eighth nerve, but near the
brainstem (the proximal end). Waves | and Il are generated by structures ipsilateral to the ear
stimulated. All later ABR waves have multiple generators within the auditory brainstem. Wave
111, which is usually prominent, is generated within the caudal pons, with likely contributions
from the cochlear nuclei, the trapezoid body and the superior olivary complex.® The most
prominent and rostral component of the ABR — wave V — is thought to arise in the region of
the lateral lemniscus as it approaches the inferior colliculus, probably on the side contralateral
to the ear stimulated.

In ABR waveform analysis, the first objective is to assure that the response is reliably
recorded. Minimally, two replicated waveforms should be averaged until the presence of an
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Figure 4.1 Example of auditory brainstem response (ABR) waveforms elicited with click and tone-burst
stimulation delivered via air conduction, and click stimuli delivered via bone conduction.

ABR is confirmed. To permit maximum use of test time, ABR averaging is not always repeated
for each intensity level, particularly if the waveform morphology is good and the latency for
wave V occurs within an expected latency region, i.e. slightly longer than for the next highest
intensity level. Examples of ABR waveforms for click and tone burst air conduction stimula-
tion, and for bone-conduction click stimulation, at progressively lower intensity levels are
illustrated in Figure 4.1.

If the response is not highly replicable, however, modifications in the test protocol must be
made, and potential technical problems must be considered and systematically ruled out.
Remember, ‘when the ABR does not repeat, the assessment is not complete’. When a replicable
response is confirmed, absolute latencies for each replicable wave component, and relative
(inter-wave) latencies between components, are calculated in milliseconds, and usually com-
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pared with appropriate normative data. Stimulus intensity is then decreased in an attempt to
determine the lowest intensity level that still produces a reliable ABR wave VV component.
ABR minimum response level is then used to estimate behavioural auditory threshold for click
and tone burst stimuli.

When applying the ABR in newborn hearing screening, waveform analysis is typically
limited to the identification of a reliable wave VV component within the expected latency region
for a single stimulus intensity level (e.g. 35 dB nHL). There are now automated ABR (AABR)
devices on the market designed specifically for newborn hearing screening by non-professional
testers.® With automated ABR devices, stimulus presentation and response analysis is under
the control of computer-based algorithms and statistical criteria. Data for one automated ABR
system (the ALGO-2 device from Natus, Inc.) confirmed failure rates as low as 2% in a healthy
baby population and only 4% for an intensive care nursery infant population.?

One of the newest, and exciting, advances in clinical ABR application in children is the
elicitation of the response with speech stimuli. Kraus and colleagues concluded from clever
clinical investigations in children with psycho-acoustical evidence of temporal processing
deficits that ‘speech-evoked brainstem responses are a biological marker for auditory temporal
processing ability’.®

Auditory steady state response (ASSR)

The ASSR is an electrophysiological technique that is very useful for estimation of auditory
thresholds in infants and young children.?®% The ASSR is elicited with pure-tone (steady-state)
signals that are rapidly modulated or changed in amplitude and, usually, frequency. Fast
stimulus modulation rates (e.g. >80 Hz) are utilised when the ASSR is recorded from children
who are sedated or lightly anaesthetised. As with ABR measurement, sedation or anaesthesia
is necessary in recording the ASSR from children to eliminate the deleterious effects on
response detection of muscle or movement-related measurement artefact. ASSR measurement
is now possible with commercially available evoked response systems used also for ABR
assessment.

The ASSR offers three potential advantages over the ABR for auditory assessment of young
children. First, because the response is elicited with pure-tone (steady-state), rather than tran-
sient (very brief) stimuli, it is possible to present stimuli with intensity levels up to 120 to
125 dB HL. Second, depending on the extent of the modulation, especially the frequency
modulation, the stimuli used to elicit the ASSR can be rather frequency-specific, and valuable
for electrophysiological estimation of the audiogram. Finally, the analysis of either the phase
and/or the frequency content of brain activity elicited by the modulated pure-tone signals is
fully automated, and independent of the skills and experience of the tester. Clinical experience
confirms that the ASSR complements the ABR in the electrophysiological assessment of audi-
tory function of infants, in particular the estimation of auditory thresholds for those with severe
and profound hearing loss. Application of the ASSR in hearing assessment of infants and
young children in isolation is not advised. Without valuable information provided by the ABR,
and other audiological procedures appropriate for infant hearing assessment, e.g. aural immit-
tance measures, it is not possible to differentiate confidently amongst very diverse types of
auditory dysfunction, such as conductive hearing loss, sensory hearing loss, auditory neuropa-
thy and brainstem auditory abnormalities. However, in combination, the ABR and the ASSR
offer a powerful diagnostic duo for early assessment of hearing in children in the era of
UNHS.
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Electrocochleography (ECochG)

Since the 1960s, electrocochleography (ECochG) has been applied in the assessment of periph-
eral auditory function in paediatric populations, in addition to intra-operative monitoring of
cochlear and eighth nerve status and in the diagnosis of Méniere’s disease. Over the past three
decades, stimulus and acquisition parameters for recording ECochG have undergone consider-
able refinement.?® Optimal ECochG waveforms are recorded from a small needle electrode
placed through the tympanic membrane onto the promontory, although tympanic membrane
and, to a lesser extent, ear canal electrode locations are also clinically useful. The three major
components of the ECochG are the cochlear microphonic (CM), the summating potential (SP)
and the action potential (AP). The CM and SP reflect cochlear bioelectric activity, whereas
the AP is generated by synchronous firing of distal afferent eighth nerve fibres, and is equiva-
lent to ABR wave |. For this reason, the application of ECochG techniques and principles in
paediatric audiological assessment has reinforced their value in diagnosis of infants with sus-
pected ‘auditory neuropathy’.

CORTICAL AUDITORY EVOKED RESPONSES

More than a dozen subtypes of auditory evoked responses can be recorded beyond the brain-
stem, from auditory regions of the thalamus, hippocampus, internal capsule and cortex. Promi-
nent amongst them in clinical audiology are the auditory middle latency response (AMLR),
the auditory late response (ALR), the P300 response and the mismatch negativity response.?®
In fact, cortical auditory evoked responses were reported as early as the 1930s, and, with the
exception of the MMN, all of the above responses were well described before the ABR was
even discovered. Cortical auditory evoked responses are characterised by longer latencies (100
to 300 ms) than ECochG and ABR because they arise from more rostral regions of the auditory
CNS and are dependent on multi-synaptic pathways. Amplitudes of the cortical responses are
considerably larger (two to 20 times larger) than those of the earlier responses because they
reflect activity evoked from a greater number of neurons. Measurement parameters are dis-
tinctly different for the cortical versus cochlear or brainstem responses. For example, stimulus
rate must be slower and physiological filter settings lower. As a rule, stimulus intensities are
moderate, rather than high. Cortical evoked responses are best elicited with longer duration,
and therefore frequency-specific, tonal stimuli, rather than the click stimuli that are optimal
for evoking the ECochG and ABR. The analysis time must, of course, extend beyond the
expected latency of the response (>300 ms) for the cortical responses. Recording electrode
sites also are different for the cortical responses, with more emphasis on scalp sites over the
hemispheres and less concern about electrode sites near the ears.

The AMLR consists of a prominent positive voltage (labelled Pa) component in the 25 to
30 ms region. When recorded with electrodes located over the temporal-parietal region, the
AMLR is generated by pathways leading to the primary cortex and from this region of the
temporal lobe. The AMLR is reasonably reliable in children, as well as adults. It is thus a good
selection for electrophysiological assessment of higher-level auditory CNS function in patients
at risk for or undergoing evaluation of neurological disease or dysfunction involving the thala-
mus or primary auditory cortex. The P300 response is recorded using what is typically referred
to as the ‘oddball paradigm’. Two types of stimuli are used. One — the frequent stimulus — is
presented frequently in a very predictable manner. The other — the rare or deviant stimulus — is
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presented infrequently and pseudo-randomly. The rare stimuli account for less than 20% of
the total stimuli presented. The patient is instructed to ignore the frequent stimuli and to attend
to the rare stimuli. The waveform for the frequent stimulus is essentially an auditory late
response consisting of a positive peak of 5 to 10 mV within the 150 to 200 ms region. In con-
trast, the waveform averaged from the attended rare stimuli is characterised normally by a
large positive peak in the 300 ms region, hence the term ‘P300 response’. Presumed generators
of the P300 response include regions of the medial temporal lobe (hippocampus) that are
important in auditory attention.

One limitation of the conventional P300 response paradigm is the requirement for patient’s
conscious attention to the rare stimulus. This requirement may preclude measurement of the
P300 response in patients for whom objective, electrophysiological information on higher-level
auditory CNS function is most desired, such as infants, children with language-learning dis-
orders, children with attention deficit disorder and brain-injured adults. However, the P3a
auditory evoked response, recorded with a passive test paradigm and occurring with a latency
of about 250 ms, is ‘automatic’ and not dependent on active subject attention.*> The passive
P300 response appears to be a reflection of automatic detection of a different signal, e.g. signal
novelty.

Another cortical response — the MMN response — is an automatic and unconscious index
of differences between acoustic stimuli. The MMN is also recorded to frequent and rare
(deviant) stimuli, although the distinction between the two types of stimulus is very small. For
example, if the two types of stimulus differ along the frequency domain, the P300 response
might be elicited by 1,000 Hz (frequent) versus 2,000 Hz (rare) tones, whereas the MMN might
be elicited by 1,000 Hz versus 1,200 Hz tones, or even speech sounds, such as /da/ versus /ga/.
The MMN is thought to be generated before conscious perception by the neuronal mismatch
in the brain created when the repetitive frequent stimuli are followed by an acoustically dif-
ferent deviant stimulus. Importantly, the MMN does not require attention to the stimuli. Rather,
the patient can be sleeping or involved in some non-auditory task (such as watching a silent
movie). Another clinical advantage of the MMN is the wide range of stimulus possibilities,
including rather complex speech signals. Whether the MMN will someday be applied in clini-
cal assessment of auditory CNS function remains to be seen. The MMN response, however,
is already a powerful research tool for uncovering fundamental auditory processes and mecha-
nisms in normal-hearing persons and identifying the nature of APD in clinical populations (see
Hall® for review).

BEHAVIOURAL MEASURES: PERIPHERAL
AUDITORY ASSESSMENT

Whilst electro-acoustic and electrophysiological evaluation of auditory sensitivity has proved
to be a fundamental tool for achieving the goal of early detection of hearing loss, it is essential
to remember that the diagnosis of hearing impairment in children does not end with the abnor-
mal results of these procedures, e.g. aural immittance measures, OAEs, ABR and ASSR. A
complete behavioural hearing evaluation is crucial for providing information about how the
auditory system functions from the peripheral auditory pathway through the auditory cortex.
Even in infants, accurate behavioural evaluations can yield ear- and frequency-specific infor-
mation beyond that obtained by ABRs and OAEs. Description of behavioural audiometric
techniques and clinical strategies is reviewed in detail in Chapter 3. There is a substantial
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literature on the strategies and protocols for diagnostic paediatric assessment (e.g. Hall and
Mueller®). However, there is no ‘one-size-fits-all’ set of instructions for obtaining the neces-
sary information to diagnose and manage hearing loss in children, so in order to achieve this
goal, the audiologist must be efficient, accurate and, above all, flexible. A general outline of
age-appropriate approaches for paediatric audiometry was summarised in Table 4.1. Today’s
basic paediatric audiological test battery must include, minimally, aural immittance measures,
otoacoustic emissions, pure-tone audiometry and speech audiometry. Furthermore, in the clini-
cal assessment of auditory function of young children, these procedures are best performed in
the order just listed, of course after obtaining a thorough case history.

Beginning an evaluation with aural immittance measures and otoacoustic emissions allows
the clinician not only the chance to obtain a wealth of information in a very short time, but
also the invaluable opportunity to observe the behaviour of the child. Armed with this informa-
tion, the audiologist has a better idea of how to approach the behavioural portion of the evalu-
ation; for example, if the child had flat tympanograms or normal tympanograms with absent
OAEs or acoustic reflexes, the audiologist should consider increasing the initial level at which
they present speech stimuli to obtain the speech awareness or speech recognition threshold.
Doing so may save valuable time and decrease the likelihood of premature habituation or
fatigue. Additionally, by noting the child’s behaviour during immittance and OAEs, the audi-
ologist should be able to adapt the test paradigm appropriately for the needs of that particular
child.

During the past 60 years, a number of procedures have been added to the paediatric audiol-
ogy test battery and virtually none have been abandoned along the way. In today’s healthcare
environment, however, the clinician must strive for efficiency in constructing the test battery
to be used for the hearing assessment of a particular child. Although it is inappropriate to
eliminate certain test procedures simply to ‘save time’, there is on the other hand no logical
reason to perform any and all procedures that have, traditionally, been a part of the test battery.
To be incorporated into the test battery for paediatric hearing assessment, each procedure must
be selected based on the likely value it will add to the diagnosis and management of the child.®
That is, procedures must pass the “value added test’ criterion before they are included within
the test battery to be used for a specific patient. With the addition of relatively new procedures,
such as OAEs, some of the older and time-tested procedures, e.g. bone-conduction pure-tone
threshold measurement, may not always be necessary for thorough assessment of peripheral
auditory function in children.

BEHAVIOURAL MEASURES: CENTRAL AUDITORY ASSESSMENT

In the early years of the profession of audiology, Mylkebust* noted that ‘hearing is a receptive
sense . . . and essential for normal language behaviour’ (p. 11), and he noted that ‘the diagnosti-
cian of auditory problems in children has traditionally emphasized peripheral damage. It is
desirable that he also include considerations of central damage’ (p. 54). He also explained that
‘central deafness [central auditory processing disorder] is a deficiency in transmitting auditory
impulses to the higher brain centres while receptive aphasia [language disorder] is a deficiency
in the interpretation of these impulses after they have been delivered’ (p. 153). During this
era, Bocca et al.*® reported that surgically confirmed central auditory system pathology could
be detected with sufficiently sensitive audiological procedures. These pioneering observations
and studies have since been validated by many clinical investigations. There are now a variety
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of behavioural, electro-acoustic and electrophysiological techniques for the assessment of
peripheral and central auditory system function, including APD. The term APD is used to
describe a deficit in the perception or complete analysis of auditory information due to dys-
function anywhere within the auditory nervous system, usually but not invariably or exclu-
sively within the central auditory nervous system.?2*3” APD may be found for very simple
auditory tasks (e.g. detection of the presence of sound, as in pure-tone threshold measures) to
complex tasks (e.g. dichotic listening tests). Auditory processing takes place before language
processing or comprehension. The evaluation and management of APD is well within the scope
of audiological practice and an accepted clinical activity within the field of communicative
disorders as defined by the professional organisations representing audiology. The topic of
audiological assessment and management of APD is addressed in Chapter 11 of this
textbook.

NEURO-DIAGNOSIS OF AUDITORY DYSFUNCTION

Electrophysiological estimation of auditory sensitivity in
infants and young children

The first and essential step in confirmation of hearing impairment is the estimation of hearing
sensitivity. A sizable proportion of newborn infants who do not pass hearing screening, and
also older children suspected of hearing impairment, will have hearing sensitivity within
normal limits bilaterally throughout the frequencies important for speech perception and
acquisition. For children whose developmental age is greater than about 6 months, definition
of hearing sensitivity may be made with behavioural audiometry, at least for the better-hearing
ear (Table 4.1). Electro-acoustical and electrophysiological techniques (e.g. OAEs and ABR)
should be considered routinely, however, for ear-specific hearing assessment and to confirm
incomplete, inconclusive or inconsistent behavioral findings. Applied in combination, these
electrophysiological techniques permit reasonably accurate frequency-specific and ear-specific
estimation of the configuration and degree of hearing sensitivity loss, and permit the early
differentiation amongst sites of auditory dysfunction (e.g., middle ear, cochlea, neural, and
central auditory pathways).

The clinical demand for reasonably accurate information on auditory thresholds of infants
under the age of 6 months prior to initial management steps, such as hearing aid fitting, has
generated unprecedented interest and investigation of auditory electrophysiological techniques
and strategies. ABRs elicited by tone burst stimuli are now regularly applied for frequency-
specific estimation of auditory thresholds within the speech frequency region (500 to 4,000 Hz).
Within the past 30 years, accumulated clinical experience and formal clinical research have
led to a proven protocol for ABR measurement with tone-burst stimuli. An example of a tone-
burst ABR protocol was displayed in Table 4.2. Successful and reasonably accurate electro-
physiological estimation of auditory thresholds for selected audiometric frequencies is greatly
enhanced by the use of the proper test protocol and, of course, a sleeping, sedated or lightly
anaesthetised child.

Auditory thresholds at frequencies important in speech perception, e.g. 500, 1,000 and 4,000 Hz,
are estimated by analysis of ABR waveforms, specifically the presence of a reliable wave V,
at the intensity levels within 10 dB of actual behavioural auditory thresholds. A clear and reli-
able ABR waveform is first recorded for a high intensity level (e.g. 80 to 85 dB nHL).
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The ASSR is also available as a clinical tool for frequency-specific threshold estimation,
particularly for children with severe and profound hearing loss. A full explanation of the pro-
tocols and procedures for tone-burst ABR measurement and ASSR recording is beyond the
scope of this chapter. The reader is referred to recent resources on the topic.? The temptation
to critically compare the two procedures and to ask questions such as ‘Which technique is the
best?’ should be avoided. Rather, clinical use of frequency-specific ABR and ASSR techniques
should be guided by the question ‘“Which procedure is likely to provide the information I
require to properly and promptly assess and manage this child?’ In many cases, the ABR and
ASSR both should be included in the paediatric test battery.

Differentiating amongst sites of auditory dysfunction

There are at least three principles of paediatric hearing assessment today that contribute to
accurate description of auditory status and, therefore, lead to a rational and evidence-based
strategy for effective management. First, a test-battery approach is essential in the evaluation
of hearing in children of any age. With the advent of newborn hearing screening there is
increased demand for diagnostic audiological assessment of infants under the age of 4 months.
That is, infants who do not pass a hearing screening at birth require follow-up evaluation within
months to confirm and define the hearing impairment so that intervention can begin before 6
months after birth. This initial description of the type and degree of hearing impairment for
each ear is based typically on electrophysiological procedures (see Table 4.1). This information
is essential for determining whether hearing aids are indicated and, if so, the specifications of
the hearing aid selection and fitting. Reasonably accurate electrophysiological estimations of
auditory thresholds for three or four data points within the speech frequency region permit
precise ‘prescriptive’ hearing aid selection and fitting,® even in infants as young as 2 to 3
months. The hearing aid fitting will later be adjusted and refined as the hearing impairment is
better defined with behavioural audiometry (Table 4.1). Although electro-acoustic and elec-
trophysiological measures of auditory function are invaluable during infancy, only behavioural
measures truly reflect a child’s hearing status.

Second, the audiological evaluation should lead to a differentiation of the type of hearing
impairment, the general site of lesion and, along with other medical studies, a diagnosis.
Examples of types of hearing impairment include conductive (middle-ear dysfunction), sensory
(cochlear dysfunction), neural (eighth cranial nerve and/or central auditory nervous system)
or combinations of these types. Thus, in addition to estimation of hearing thresholds, the objec-
tive of audiometry in infants must provide accurate information on the site of dysfunction
within the auditory system. The importance of diagnostic paediatric assessment is easily
appreciated by considering the distinctly divergent management approaches taken with three
clinical entities all presenting with elevated (abnormal) auditory thresholds for air-conducted
signals, but otherwise very different patterns of auditory findings. Middle-ear disease or mal-
formation can be identified by abnormal immitance findings, and better auditory thresholds
for bone- versus air-conduction stimulation with either ABR or pure-tone audiometry. Prompt
identification of middle-ear disease with proper referral can lead to successful medical manage-
ment and eliminate the need for amplification. A variety of paediatric diseases are associated
with cochlear dysfunction. Some are amongst the Joint Committee on Infant Hearing® risk
indicators. Diagnosis of the cause for sensory hearing impairment may require radiological
studies and laboratory tests. Audiological findings for OAEs and ABR and pure-tone audiom-
etry for older children can almost always confirm a sensory hearing impairment and even
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differentiate between outer and inner hair-cell dysfunction. Amplification, rather than medical
therapy, is the most common management strategy for a pure sensory deficit. Management is
radically different for a third clinical entity — ‘auditory neuropathy’ — described in more detail
in Chapter 12. The term auditory neuropathy is rather misleading, as some children falling
into this category of auditory dysfunction may actually have inner hair-cell abnormalities.
Gravel and Rapin® recently reviewed the disorder and offered guidelines for more accurate
terminology. Comprehensive diagnostic audiometry for a small proportion of infants with
hearing impairment show normal cochleae, or at least outer hair-cell, function. Based on ABR
or behavioural measures, the hearing impairment may initially appear to be sensory in nature.
Yet OAE recordings are normal, confirming cochlear outer hair-cell integrity.

Complete medical diagnostic work-up typically yields the diagnosis of a disorder secondary
to neurological dysfunction, such as cerebral palsy, developmental delay or even neuro-
degenerative diseases. Although children with auditory neuropathy are most often graduates
of the intensive care nursery, there are reports of auditory neuropathy in the well-baby popula-
tion. Management of auditory neuropathy is not straightforward, and varies substantially
depending on the pattern of auditory findings (e.g. pure-tone hearing thresholds) and the site
of the dysfunction. Cochlear implants are now recognised as an effective management option
for some children with auditory neuropathy.
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5 Radiological abnormalities of the ear
F. Calzolari and A. Martini

INTRODUCTION

In addition to clinical, genetic and audiological examination, diagnostic imaging is essential
to precisely define ear abnormalities in newborns and children, in order to plan a complete
therapeutic/habilitative programme as soon as possible and to select the eventual candidates
for aesthetic and functional surgery.

The vortical and continuous development of new diagnostic imaging techniques during
recent years has presented several ways of diagnosing and representing ear malformations.
The radiologist plays an important role in suggesting and employing modern diagnostic tech-
niques appropriately. Ear abnormalities are often associated with other malformations or may
be an expression of inherited syndromes. The knowledge of up-to-date embryological and
genetic concepts enables the production of aradiological report, which is not only descriptive
but also interpretative, suggesting further investigations or genetic counselling.

IMAGING TECHNIQUES

Computed tomography (CT) and magnetic resonance (MR) represent the imaging techniques
of choice for a complete description of congenital abnormalities of the external, middle and
inner ear. Often CT and MR are both necessary to obtain a precise characterisation of extremely
small structures of the ear. In the temporal bone region, airy spaces, bone and a wide range
of soft tissues are present. CT accurately depicts the osseous portion of the external auditory
canal (EAC), the tympanic membrane, the tympanic cavity, the ossicular chain, other petrous
and mastoid cavities as well the inner-ear bone structures. On the other hand, MR well dem-
onstrates soft tissues of the external ear, the liquids of the inner ear and the nerves within the
internal auditory cana (IAC) and cerebellopontine angle. CT and MR are complementary for
representation of the main vessels close to the ear.* Nowadays, many CT and MR techniques
of image acquisition are available.

CT images should be acquired in high resolution with a bone algorithm using a single-
detector or multi-detector technique (multislice CT), and displayed with awide window of the
grey scale for correct bone representation. Images must be thin, 1 mm or less. Both axial
(Figure 5.1) and coronal images (Figure 5.2) should be obtained for an exhaustive CT exami-
nation of the petrous bone.

Direct axial images are easily obtained with the patient supine, with the canthomeatal line
perpendicular to the tabletop.* The axial plane can be differently inclined. Usually, sections
are made in a plane rotated 30° superior to the anthropological baseline, aline intersecting the
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(b)

(d)

Figure 5.1 High-resolution CT of the right petrous bone: axial images. (a) External auditory canal (eac),
malleus handle (arrowhead), tensor tympani (white arrow), basal turn of the cochlea (black arrow); (b)
malleus head (straight arrow), incus (curved arrow), stapes (angled arrow), cochlea (arrowhead), mastoid
antrum (a); (c) malleoincudal joint (arrow), cochlea (arrowhead), mastoid antrum (a); (d) vestibule (arrow-
head), lateral semicircular canal (black arrow), vestibular aqueduct (white arrow), internal auditory canal
(iac) (‘b" and ‘¢’ reproduced from Calzolari F., 2006, with permission of Omega Edizioni).

inferior orbital rim and the external auditory meatus. This plane allows a good separation of
the main petrous structures, so that they are better visualised, with less overlap and fewer
partial volume artefacts.® For instance, this plane is particularly useful for incudo-malleolar
joint and foramen lacerum representation. Moreover, using this plane avoids direct exposure
of the lens, particularly important in paediatric patients.® Axial images are usually acquired
and displayed from bottom to top, in a range between the temporomandibular joint and the
superior edge of the petrous bone.® Visualisation of axial images only can lead to misinterpre-
tation of structures parallel to the plane of section, such as the floor of the EAC, the tegmen
or the convexity of the superior semicircular canal; for this reason, an exhaustive study of the
ear implies also obtaining the coronal view.
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Figure 5.2 High-resolution CT of the right petrous bone: coronal images. (a) External auditory canal (eac),
tympanic membrane (white arrowhead), malleus head (angled arrow), incus (curved white arrow), stapes
(straight arrow), facial nerve (curved black arrow), cochlea (c), vestibule (v), lateral semicircular canal (arrow-
head), superior semicircular canal (double arrowhead), internal auditory canal (iac), internal carotid artery
(ica); (b) Tympanic membrane (white arrowhead), Prussak pouch (angled arrow), lateral tympanic wall
(curved arrow), malleus head (black straight arrow), malleus short process (white straight arrow), cochlea
(black arrowhead), internal carotid artery (ica) (reproduced from Calzolari F., 2006,° with permission of
Omega Edizioni).

Corona images can be obtained directly or through data reconstruction. Direct coronal
images are acquired with discomfort for the patient, who lies on the cradle supine or prone,
with the head overextended. Overextension of the head is not tolerated in patients with a
short neck, particularly in the supine position in patients with vertigo and cervical spine
diseases, and in the prone position in dyspnoeic and obese subjects; direct corona scans
are difficult to acquire in unsedated paediatric patients.® The corona plane should be, as
much as possible, parallel to the ascending branch of the mandible.® Coronal sections are
taken and displayed from the loop of the posterior semicircular cana to the bony eustachian
tube.*

Today, multi-slice CT scanners not only allow fast imaging but also enable usto reconstruct
very thin images every 0.5 or even every 0.1 mm.® This obviates the need to scan in a second
plane, making an excellent reconstruction possible, not only in coronal, but also in other
planes.” The possibility of acquiring a single volume of data and reconstructing images in dif-
ferent planes allows X-ray exposure to be reduced. Moreover, through post-processing of CT
multislice datasets three dimensional (3D) imaging and virtual endoscopy of the middle ear
can be obtained, particularly useful for surgical planning.®®

MR imaging of the ear is achieved through a wide range of techniques, usually using a
head coil. During MR examination, the patient remains still, but in a comfortable position.
For analysis of inner-ear malformations axial, corona and 3D images are more frequently
displayed; oblique images can be useful for representation of the nerves in the IAC.*%°
The membranous labyrinth is only 12 mm high, so it should be examined in detail using sub-
millimetric (0.7 mm thickness) images.?

T2-weighted images allow a high contrast between intral abyrinthine/cerebrospinal fluid and
nerves and bone. In these images, intralabyrinthine/cerebrospinal fluid appears white in the
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Figure 5.3 Axial T2-weighted MR images. (a) basal turn of the cochlea (arrow); b) cochlea (straight arrow),
vestibule (arrowhead), posterior semicircular canal (curved arrow); c) cochlea (straight arrow), lateral semi-
circular canal (angled arrow), posterior semicircular canal (curved arrow), cochlear nerve (arrowhead), infe-
rior vestibular nerve (double arrowhead).

grey scale (Figures 5.3 and 5.4). 3D-T2 weighted sequences such as constructive interference
in the steady state (CISS) or fast imaging employing steady-state acquisition (FIESTA) (Figure
5.5) are frequently used for high-resolution imaging of the labyrinth and the IAC.*35°

Using high-resolution T2-weighted MR imaging, the scala vestibuli and scala tympani can
be differentiated through an optimised combination of an imaging protocol and a 3D visualisa-
tion technique.™

In MR imaging, the signal-to-noise ratio (SNR) can be improved with high magnetic field
machines: MR machines characterised by power of the magnet: or >3.0 Tesla. A suitable
technique permits high-resolution representation of the inner ear with a clinically acceptable
imaging time even at 3.0 (T).” The MR representation of the inner ear is clearly improved at
3.0 T (Figure 5.6); to obtain the same SNR at 1.5 T, approximately, double the measuring time
would be required, with areduction of patient comfort and increased risk of movement of the
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Figure 5.4 Coronal T2-weighted MR images. (a) vestibule (white arrowhead), superior semicircular canal
(curved arrow), lateral semicircular canal (angled arrow), superior vestibular nerve (black arrowhead), inferior
vestibular nerve (double arrowhead); (b) cochlea (straight arrow), vestibule (white arrowhead), superior
semicircular canal (curved arrow), lateral semicircular canal (angled arrow), internal auditory canal (iac);
(c) cochlea (arrow).

head.®® Both 3D fast recovery fast spin-echo (FRFSE) and 3D CISS techniques provide high-
resolution images of the labyrinth and cochlear nerve at 3.0 T. Moreover, excellent 3D recon-
structions of the inner ear can be obtained (Figure 5.7). Unfortunately, differentiation of
endolymph and perilymph fluid cannot be achieved using a high-magnetic field.*

Imaging for ear abnormalities is often requested for paediatric patients. Newborn babies,
infants and young children are not cooperative, so sedation or genera anaesthesia may
be necessary. Sometimes newborns can be examined during the physiological sleep, after
aregular breast or bottle feed; a sound sleep is usually more easily obtained if sleep depriva
tion occurs during feeding.® Actually, ‘fast imaging’ on both CT and MR has reduced the
need for sedation and the time of anaesthesia. In particular, the short time taken for data
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Figure 5.5 3D-T2 weighted MR sequence (FIESTA): image parallel to the internal auditory meatus: facial
nerve (f), coclear nerve (c), superior vestibular nerve (vs), inferior vestibular nerve (vi) (courtesy of S. Battaglia
and M. Leonardi, Neuroradiology Bellaria Hospital, Bologna, ltaly).

Figure 5.6 T2-weighted MR axial images at 1.0 T (a) and 3.0 T (b): the representation of the inner ear
and nerves is clearly improved al 3.0 T (‘b’ courtesy of S. Battaglia and M. Leonardi, Neuroradiology
Bellaria Hospital, Bologna, ltaly).

acquisition using multi-slice CT reduces the probability of motion artefacts and the need for
sedation.

CT and MR are both invasive, not only for the need of anaesthetic drugs. Invasiveness of
CT examination may be reduced by use of low-dose techniques and multiplanar reconstruc-
tions as an alternative to direct scans.’® There are also potential risks related to MR examina-
tion, so that precise safe practice guidelines must be followed.”*® Many MR sequences are
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Figure 5.7 3D-FRFSE T2-weighted MR sequence: three-dimensional representation of the inner ear
(courtesy of S. Battaglia and M. Leonardi, Neuroradiology Bellaria Hospital, Bologna, ltaly).

noisy and particular care must be taken to protect the ear, especially with babies.”® Thermal
injury from excessive radio frequency power deposition represents another possible risk. The
probability of this injury is especially greater on higher field scanners (e.g. 1 T and above);
sedated, anaesthetised, unconscious or young patients may not be able to express related
symptoms.*” In the neonatal and paediatric population, special attention is needed in monitor-
ing body temperature in addition to other vital signs.*®* Newborns and young infants are more
sensitive to tissue heating and acoustic noise, present in particular using MRI scanners operat-
ing at >3 T.%

Nowadays, ear abnormalities may be diagnosed even during fetal life. The advent of 3D
ultrasound has improved the possibility of prenatal diagnosis of anomalies of the auricle.®! On
the other hand, fetal MR may recognise inner-ear abnormalities.?? Ear malformations are often
associated with more complex fetal malformations, so that fetal ultrasound and MR are very
important for prenatal diagnosis and genetic counselling.

ABNORMALITIES OF THE EXTERNAL EAR

The auricle develops from six mesenchymal swellings, called auricular hillocks, which arise
at 6 weeks' gestation around the margins of the first branchial groove. The mesenchyme in
these hillocks is derived from mesoderm in the first and second branchial arches.” All the
auricle except the tragus develops from the second (hyoid) arch, whereas the tragus derives
from the first (mandibular) arch.* The auricle begins to develop in the upper part of the future
neck region; as the mandible develops, the auricle moves to the side of the head and ascends
to the level of the eyes.?

The EAC arises from deepening of the first branchial groove in the 9th week, but opening
of the bony part of the EAC starts only in the 30th week, after complete differentiation of the
external, middle and inner ear.? The ectodermal lining cells of the developing external meatus
proliferate to form a meatal plug that subsequently recanalises.®
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Figure 5.8 Coronal CT scan. Abnormal angulation of the external auditory canal.

Mild errors of morphogenesis of the auricle are predictive of the identification of major
malformations, genetic syndromes and metabolic and psychiatric diseases.® Microtia is a
congenital malformation characterised by an underdeveloped auricle. It can be classified in
three degrees, varying from a small auricle to its total absence. In the most serious cases, there
are only rudimentary remnants; anotia is the complete lack of the auricle®” Microtiais easily
diagnosed at birth by simple clinical examination; otherwise imaging should be utilised in
order to depict other ear malformations present. Microtia is often associated with external,
middle and, less frequently, inner-ear malformations,'62425-%

Because of abnormal development of the first branchial groove, microtia is often associ-
ated with abnormalities of the EAC.?%%%% The failure of auricle development and its caudo-
crania migration in neck region may allow abnormal angulation of the EAC (Figure 5.8).
The failure of groove deepening or of recanaisation of the meatal plug results in various
degrees of soft-tissue and bony EAC stenosis or atresia?® (Figure 5.9). Congenital stenosis and
atresia of the EAC may involve the cartilaginous portion, bone portion, or both (Figures 5.10
and 5.11).

Duplication of the EAC is another rare malformation where a second, more or less rudi-
mentary EAC coexists with a usually normal EAC.*' Generally, congenital abnormalities
of the EAC are bhilateral in 30% of cases and occur more often in males and in the right
eal,_16,24

Moreover, dysplasia of the EACs often associated with other craniofacial malformations,
regarding anatomical structures which develop from the same branchial derivative.”* On the
side of the atresia, frequently there is hemifacial microsomia, mandible hypoplasia and tem-
poromandibular joint dysplasia (Figure 5.12), mastoid hypoplasia and small middle cranial
fossa (Figure 5.13).

The position of the mandibular condyles may be highly variable. In the absence of a normal
tympanic bone, the condyle articulates with the mastoid directly and often assumes a more
posterior and superior position.*
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(a) (b)

Figure 5.9 Coronal CT scans. Right atresia (a); normal left external auditory canal (b) (reproduced from
Calzolari F., 2006,° with permission of Omega Edizioni).

Figure 5.10 Coronal CT scan. Stenosis of the left external auditory canal, involving the soft tissue only.

Figure 5.11 Coronal CT scan. Stenosis of the bone portion of the left external auditory canal.
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(b)

Figure 5.12 Axial CT scan. Microtia and absence of the posterior wall of the glenoid cavity (arrow) on
the right (a), normal EAC and glenoid cavity on the left (b).

Figure 5.13 Axial CT scan. Hypoplasia of the middle and posterior fossa on the left side in patient with
left microtia and atresia.

ABNORMALITIES OF THE MIDDLE EAR

Microtia and congenital malformations of the EAC are frequently associated with middle-ear
abnormalities, probably because of the common embryological origin of the external and
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middle-ear structures.>*5%*? The eustachian tube and tympanic cavity are formed from the first
pharyngeal pouch, so that they are of entodermal origin; the medial constricted portion becomes
the eustachian tube, whilst the remainder becomes the tympanic cavity. The terminal end of
the first pharyngeal pouch lies against the epithelium of the infolded first branchial groove at
the site of the future tympanic membrane.

However, this close relationship is of short duration because tissue soon grows between
them.?* Here, the ossicular chain develops from the mesodermal first and second branchial
arches.?® In particular, failure of differentiation of the first branchial arch leads to malforma-
tions of the tensor tympani muscle and incudomalleal joint, whilst failure of the second bran-
chial arch affects the stapedius muscle, the facial canal, the styloid process and the lower part
of the ossicular chain, with the exception of the vestibular portion of the stapes footplate.*
The vestibular portion of the stapedial footplate develops from the otic capsule, so that the
stapes has a dual origin.*

The ossicular chain develops by condensation of mesenchyme; the development of the
stapes starts during the 4th week, the malleus and incusin the 7th week. Concerning the stapes,
chondrification begins at the 8th week, ossification around the 18th week; the final remodelling
of the stapes is complete by the 38th week. Chondrification of the malleus and incus begins
at the 8th week; ossification starts first in the incus at the 16th week, followed shortly by the
malleus at week 16.5. Malleus and incus are largerly completed by week 30.%

The normal condition of the middle ear at birth should not mistaken for congenital malfor-
mations. At birth thereis still aremnant of unresorbed embryonal tissue that fills the tympanic
cavity. Mesenchyme occupies 20% of the middle ear at birth and disappears by 1 year of age.
On the other hand, in middle ears with congenital anomalies, mesenchyme occupies about 30%
of the middle ear at birth and does not resolve until 3 years of age (Figure 5.14). Mesenchyme
is found most frequently in the mesotympanum, followed by epitympanum, aditus ad antrum
and mastoid antrum. Amniotic fluid can be also detected in the middle ear of newborns.*

Ossification of the ossicles seems to occur steadily throughout fetal life and after birth.
Bone marrow was observed in both the malleus and incus in children until 25 months of age,
whilst after the age of 25 months, no bone marrow tissue was present in either of the ossicles.®

Figure 5.14 Axial CT scan. Two-month-old female with left atresia and absence of the ossicles. Mesen-
chyme occupies the middle ear.



Radiological abnormalities of the ear 101

Figure 5.15 Axial CT scan. Seven-month-old male. Abnormal fusion of the head of the malleus with the
body of the incus. Hypodensity due to incomplete ossification of the head of the malleus (arrow), normal at
this age.

Figure 5.16 Axial CT scan. Three-month-old male. Small tympanic cavity and atresia. Mesenchyme occu-
pies the middle ear (arrow).

So, on CT examination performed before 25 months of age, hypodensities of the ossicular
chain should not be misinterpreted as congenital abnormalities or acquired lesions (Fig.
5.15).

The most frequent abnormalities of the middle ear are the reduction of the tympanic cavity
and dysplasia of the ossicles; these anomalies are often associated. The tympanic cavity may
be completely absent or very small. Hypoplasia of the tympanic cavity is frequently associated
with atresia of the EAC (Figure 5.16). Moreover, volumetric reduction of the middle ear is
often correlated with the degree of microtia. In general, thereis a high correlation between the
degree of microtiaand the frequency of EAC and middle-ear malformations.?*® In other words,
‘the better developed the auricle, the better developed the middle ear’; thus, the degree of
microtia can be used as an indicator of middle-ear development.?*
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Figure 5.17 Axial CT scan. Abnormal fusion of the head of the malleus with the body of the incus; fixation
of the head of the malleus to the tympanic wall (arrow).

A close relationship between the formation of the EAC and that of the malleal manubrium
has been demonstrated in humans. The manubrium wasidentified in all earswith EAC stenosis,
wheress it was absent in all ears with EAC atresia® Nevertheless, congenital middle-ear
defects may coexist with an intact external ear.®

Amongst the anomalies of the ossicles, dysplasia or absence of the malleocincudal joint and
incudostapedial joint are relatively frequent.>5'® Malleoincudal joint abnormalities are highly
correlated with third-degree microtia and atresia.’® CT enables representation of the character-
istic appearance of incudomalleal joint dysplasia, with fusion of the head of the malleus with
the body of the incus (Figure 5.15). The ossicular chain may be completely absent (Figure
5.14) or dysplastic. Other frequent ossicle malformations are fixation of the head of the malleus
to the epitympanic wall (Figure 5.17), fixation of the short process of the incus to the wall of
the incudal fossa, malleocincudal fixation, absence of the long process of the incus and incu-
dostapedial disconnection.

Incudostapedial disconnection is supposed to be the most common isolated ossicular abnor-
mality; it is thought to be secondary to alack of development of the long process of the incus
rather than underdevelopment of the head of the stapes.® The stapes is not involved as fre-
quently as the rest of the ossicular chain.>*® Even in severe microtia, about 30% of the stapes
remains normal. In minor microtia, the results are similar, so stapes anomalies have no signifi-
cant correlation with the degree of auricular anomalies. The most commonly observed abnor-
mality isamissing stapes.? Congenital absence of the stapes and the oval window is an anomaly
reported in only sporadic cases®® However, this anomaly was found in two relatives and it
may be related to inheritance.®

Anomalies of the stapes and the ova window are frequently associated with abnormal
development and malposition of the horizontal facial nerve canal.”*** If the stapes is absent,
the horizontal tympanic portion of the nerve may run just in front of the oval window, as well
demonstrated on both axial and coronal CT images (Figure 5.18).

Displacement of the nerve and lack of abony cover are two conditions that place the facial
nerve at risk of being injured by the unwary surgeon.** In general, paediatric otorhinolaryn-
gologists should be cautious when exploring patients with ear malformations because associ-
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Figure 5.18 Axial (a) and coronal (b) CT scans. Tympanic dehiscence of the facial nerve (arrow); incudo-
stapedial dysplasia (curved arrow) (reproduced from Calzolari F., 2006,° with permission of Omega
Edizioni).

(a)

Figure 5.19 Coronal CT images. (a) Right atresia and anterior dislocation of the mastoid segment of the
facial nerve (arrow); (b) normal situation of the nerve on the left (arrow) (reproduced from Calzolari F.,
2006,° with permission of Omega Edizioni).

ated facial nerve anomalies may be present.*? Abnormalities of the vertical portion of the facial
nerve coexist very often with external and middle-ear malformations.?*** In the case of EAC
atresia, tympanic cavity reduction and mastoid hypoplasia, coronal CT images show precisely
anterior dislocation of the mastoid segment of the nerve, which runs obliquely, media to
lateral, in the frontal plane (Figure 5.19).
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Figure 5.20 Axial CT scan. Dilation of the eustachian tube (arrow) and atresia (reproduced from Calzolari
F., 2006,° with permission of Omega Edizioni).

Figure 5.21 Axial CT scan. Persistence of the tubotympanic recess (arrow) (reproduced from Calzolari F.,
2006,° with permission of Omega Edizioni).

The mastoid segment of the facial nerve has been described as being 3 mm more anteriorly
displaced in patients with 2nd and 3rd grade microtia than in those with 1st grade microtia.®
Bifurcation of the intratemporal facial nerve has been also reported.®

Direct axial CT images and oblique ‘reconstructions’ are useful to represent eustachian tube
abnormdlities. Dilation of the tube can be found in cases of atresia (Figure 5.20) or other skull base
anomalies characterised by persistence of the first branchial pouch or the tubotympanic recess
(Figure 5.21). A eustachian tube of reduced volume has been described in patients with chro-
mosomal aberrations, such as trisomies 13, 18, 21 and 22 and inversion of chromosome 1.*

ABNORMALITIES OF THE INNER EAR

The inner ear has an embryological origin completely different from that of the external and
middle ear. The inner ear develops from neuroectoderm between the 4th and 8th week of ges-
tation. The otic placode, an ectodermal thickening in the neighbourhood of the myelencepha-
lon, invaginates and becomesthe otic vesicle (or otocyst) by week 5. The otic vesicle subdivides



Radiological abnormalities of the ear 105

into two pouches: a ventral (cochlear) pouch, which is the precursor of the cochlear duct and
saccule, and the dorsal (vestibular) pouch, the precursor of the endolymphatic duct, utricle
and semicircular canals. Cochlear development is complete at the 8th week. The saccule,
endolymphatic duct and utricle are completed at 11 weeks, the semicircular canals between
the 19th and 22nd weeks. The superior semicircular canal is completed first, followed by the
posterior and finally by the lateral semicircular canal. Ossification of the inner-ear structures
begins at week 15 or 16 and is complete by week 23; 14 ossification centres have been dem-
onstrated for ossification of the periotic capsule of human fetuses.®*

Development of the inner ear requires intrinsic and extrinsic factors that regulate prolifera-
tion. Most inner-ear malformations arise when formation of the membranous labyrinth is
interrupted during the first trimester of pregnancy. The cause of interruption may be the result
of an inborn genetic error or a consequence of teratogenic exposure (i.e. virus or radiation)
during the period of inner-ear organogenesis.”

A universally accepted classification of inner-ear abnormalities does not exist yet.** Anoma-
lies may involve all inner-ear structures: cochlea, vestibule, semicircular canals, IAC, vestibu-
lar aqueduct and cochlear agueduct. Generally, two types of malformations may be present:
single-branch and multi-branch abnormalities; single-branch abnormalities involve only one
anatomical structure, whilst in multi-branch abnormalities, two or more structures are invol ved.
The abnormalities may be symmetrical or asymmetrical. A genetic defect would be expected
to cause identical anomalies on both sides; on the other hand, in cases of asymmetrical defor-
mities, the cause is more probably represented by an external factor.”’

In 1987, Jackler et al.*® proposed a widely accepted classification of inner-ear malforma-
tions, which were categorised as complete labyrinthine aplasia (Michel deformity), cochlear
aplasia, cochlear hypoplasia, incomplete partition (Mondini deformity) and common cavity;
incomplete partition cases were classified as mild and severe. The Jackler classification was
quoted by the European Congenital Ear Anomaly Inventory.*® In 2002, Sennaroglu and Saatci®’
outlined the limits of the Jackler classification in cases of incomplete partition and proposed
asimilar classification, which distinguished incomplete partition type | (IP-I) and type Il (1P-
11).4 Moreover, the same authors asserted that it is more appropriate to classify these malfor-
mations as ‘ cochleovestibular malformations’ than as ‘ cochlear malformations’ .’

Michel deformity is a malformation characterised by absence of all cochlear and vestibular
structures (complete labyrinthine aplasia); it results from developmental arrest at the 3rd
week.” This deformity is very rare; the diagnosis is made on CT and MR when the complete
inner ear is absent or when a single fluid-filled cavity (otocyst-like cavity) replaces the normal
labyrinthine structures.®*

Cochlear aplasiaisthe anomaly characterised by acompletely absent cochlea; it may coexist
with anormal, dilated or hypoplastic vestibule and semicircular canals. This abnormality israre
and results from arrest of development late in the 3rd week.*” The region of the cochlea is
replaced by dense labyrinthine bone; because of the absence of the cochlea, the labyrinthine
segment of the facial canal is more anterior than its usual location in the cochlea®* It is
important to differentiate cochlear aplasiafrom cochlear ossification. In complete ossification of
the cochlea, the basal turn of the cochlea produces the characteristic bulging in the middle ear, the
so-called promontory; conversely, in the aplastic cochlea bulging of the promontory is absent.*

The common cavity represents a further step of failure of development, at the 4th week of
gestation. The cochleaand vestibule form acommon cavity, without any differentiation (Figure
5.22); asmall common cavity probably represents earlier arrest than a large common cavity.”’
One-fourth of all cochlear malformations are common cavity; in this maformation, the IAC
can be recognised, in contrast to complete labyrinthine aplasia.®
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Figure 5.22 Axial CT scan. Inner ear malformation: the cochlea and vestibule form a ‘common cavity’
(arrow). Patient with BOR syndrome.

Figure 5.23 Axial CT scan. Unpartitioned completely empty cochlea (c) and dilated vestibule (v):
‘incomplete partition type I".

IP-I isacystic cochleovestibular malformation: an unpartitioned completely empty cochlea,
without interscalar septum and modiolus and associated with a grossly dilated vestibule
(Figures 5.23 and 5.24). In this case, the arrest of development is thought to occur at the 5th
Wed(.47'50

Cochleovestibular hypoplasia is a further differentiated malformation so that the cochlea
and vestibule are separate from each other, but their dimensions are smaller than normal
(Figures 5.25 and 5.26): this probably represents failure of development at the 6th week. The
vestibule may be hypoplastic or absent, no vestibular agueduct malformation is observed, and
the IAC is usually normal or smaller.*’
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Figure 5.24 ‘Incomplete partition type I': coronal CT (a) and T2-weighted MR (b) images.

Figure 5.25 T2-weighted axial MR image: ‘cochleovestibular hypoplasia’.

IP-11 represents later developmental arrest at the 7th week of gestation. The cochleahas 1.5
turns and its interna organisation is more developed. There is a normal basal turn, whilst the
middle and apical turns form a cystic cavity (cystic apex); the basal part of the modiolus is
present. Vestibular dilation is minimal in IP-1I compared with I1P-I; the vestibular aqueduct is
always enlarged*’* (Figure 5.27).

Recently, a previously undescribed anomaly of human cochleae with three turns has been
reported; histological sections showed the basilar membranes to be longer than normal. This
finding of an extra apical turn of the cochlea is different from those deformities produced by
an interruption in development because it represents a hyperplasia of the cochlea; so, it should
be considered a new category of anomaly.*

Cochleovestibular malformations are well demonstrated on both CT and MR imaging. The
interscalar septal defect and absence of the osseous spiral lamina of the middle and apical turns
can be best demonstrated on heavily T2-weighted MR images. Sometimes defects between the
scala tympani and scala vestibuli can be found as the only detectable malformation in an oth-
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(@)

Figure 5.26 ‘Cochleovestibular hypoplasia’: T2-weighted MR (a) and CT (b) axial images.

Figure 5.27 Axial CT scan. ‘Incomplete partition type II: cystic apex of the cochlea (c), minimal vestibular
dilation (v), enlargement of the vestibular aqueduct (arrow).

erwise normal cochlea. These anomalies can be diagnosed only on high-resolution T2-weighted
MR images and remain invisible on CT.2

The saccule and utricle are completely formed at the 11th week of gestation. Absence,
hypoplasia and dilation of the vestibule alone are rare, and most often these malformations are
associated with other inner-ear malformations such as semicircular canal anomalies or cochlear
anomalies. Vestibular malformations may also be isolated.®**

The semicircular canals devel op between the 6th and 8th week together with other inner-ear
structures, and their embryology is completed between the 19th and 22nd week of gestation.
The superior semicircular canal develops first, whilst the lateral semicircular canal last. A short
broad cystic lateral semicircular canal confluent with the vestibule, the so-caled lateral
semicircular canal / vestibule dysplasia, is one of the most frequent inner-ear malformations
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Figure 5.28 Axial CT scan. Cystic lateral semicircular canal confluent with the vestibule (arrow).

Figure 5.29 Axial CT scan. Short lateral semicircular canal (arrow).

(Figure 5.28). It may occur inisolation or bilaterally and can be associated with other inner-ear
anomalies. Other more subtle malformations such as short (Figure 5.29), wide, narrow, par-
tially or totally absent and ectatic or narrowed semicircular canals can also be easily diagnosed
on CT and MR.2

Semicircular canal dehiscence consists of a defect of the bone over the superior or posterior
semicircular canals, which normally separates the canal from the intracranial subarachnoid
spaces. This anomaly should be sought for in patients with vertigo induced by loud noise
and/or pressure changes in the middle ear or intracranial spaces. Dehiscence of the superior
and posterior semicircular canal is readily detected by CT on coronal (Figure 5.30) and axial
images. Heavily T2-weighted MR images can diagnose the dehiscence with a sensitivity of
96% and specificity of 98% compared with CT; the subarachnoid space gives a high signal
similar to that of the fluid-filled semicircular canals: if the former is narrow, connection of the
semicircular canal to the subarachnoid space might difficult to identify.>
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Figure 5.30 Coronal CT scan. Superior semicircular canal dehiscence: defect of bony wall (arrow).

An enlarged vestibular aqueduct (EVA) with alarge endolymphatic duct and sac (LEDS) is
one the most common mal formations associated with congenital and progressive sensorineural
hearing loss (SNHL). The pathogenetic mechanism by which LEDS causes progressive SNHL
remains speculative. Cerebrospinal fluid pressure waves transmitted through the enlarged
endolymphatic structures to the cochlea or reflux of hyperosmolar fluid of the endolymphatic
sac into the cochlea may damage hair cells.®?%® LEDS is commonly associated with other
cochlear and vestibular anomalies, such as an enlarged and rounded vestibule, hypoplastic
cochleaand abnormal appearance of the semicircular canals.>** This malformation is probably
due to an arrest of the normal development of the endolymphatic duct and sac: instead of the
normal inverted J shape, the duct and sac remain enlarged in their early embryological form.>*
The vestibular agueduct is considered enlarged when its anterior-posterior diameter or lateral-
medial dimension, measured at its mid-portion, is 1.5 mm or greater.>** Sometimes, the
transverse midpoint diameter on MR images may be minimally larger than that on CT scans;
a ‘blooming effect’ of the bright endolymph on MR images may explain this small discrep-
ancy.> However, CT and MR both should be performed in order to evaluate a large vestibular
aqueduct and large endolymphatic duct and sac: in fact, CT shows the bony vestibular aqueduct
very well, whilst the extraosseous endolymphatic sac is demonstrated only by MR* (Figure
5.31). Some patients with SNHL have vestibular aqueducts not dilated on CT, because only
the extraosseous sac is enlarged, so visible on MR images, but not on CT.>** Axia T2-
weighted MR images are the best to visualise the endolymphatic duct and sac and to differenti-
ate them from subarachnoid spaces because of visualisation of the dura between the sac and
cerebrospina fluid (Figure 5.31). Usually, the signal intensity of the fluid within the enlarged
endolymphatic duct and sac is similar to that of cerebrospinal fluid; an abnormal hyperintense
signal on T1- and T2-weighted MR images could be due to protein-rich and hyperosmolar
endolymph.®** (Figure 5.32).

Enlarged cochlear aqueduct is a distinct entity that has been described with other inner-ear
malformations. This abnormality is easily detected by CT thin scans (Figure 5.33). This mal-
formation is extremely rare.*’ Isolated enlargement of the cochlear aqueduct has still not been
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(b)

Figure 5.31 Axial CT (a) and T2-weighted MR (b) images. CT shows dilation of the vestibular aqueduct
(white arrow), while enlargement of the endolymphatic duct (d) and sac (s) is demonstrated by MR. The dura
(black arrow) separates the sac and subarachnoid spaces. Patient with Pendred syndrome.

() (b)

Figure 5.32 T1-weighted (a) and T2-weighted (b) axial MR images. Bilateral dilation of the endolymphatic
duct and sac. The high hyperintensity of the left sac on both T1 and T2-weighted images could be due to
protein-rich and hyperosmolar endolymph.

documented by imaging, nor it has been implicated as an actual cause of perilymph/cerebro-
spina fluid fistula®

I AC malformations are described as absent, hypoplastic (Figures 5.34 and 5.35) or enlarged*’
(Figure 5.36). The IAC can be dilated and bifid (Figure 5.37). When the diameter of the IAC
meatus is smaller than 2-2.5 mm, congenital absence of the cochlear nerve should be sus-
pected.®® However, absence of the 8th nerve has been demonstrated in patients with normal-
sized IAC.%° Absence of the cochlear nerve occurs at the 5th week of gestation; it isdueto a
failure of development of the cochleo-vestibular nerve and connection with the inner ear,
meanwhile the facial nerve is normally developed.® It can be very difficult to distinguish the
facial nerve and the three branches of the vestibulocochlear nerve inside a stenotic IAC, so
that the nerves should be demonstrated in the cerebellopontine angle. The best way to visualise
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Figure 5.33 Axial CT scan. Slight dilation of the cochlear aqueduct (arrow).

Figure 5.34 Coronal T2-weighted MR image. Malformations of both internal auditory canals: stenosis on
the right and absence on the left.

Figure 5.35 Coronal T2-weighted MR image. Stenosis of the right internal auditory canal.

the nerves in the cerebellopontine angle is to evaluate T2-weighted images perpendicular to
the nerves and |AC meatus acquired through sequences such as 3D CISS or FIESTA .2 (Figure
5.5). Both the narrowing and the dilation of the IAC have been described in association with
other inner-ear abnormalities; in particular, dilation has been found in cases of common cavity,
IP-1 and IP-11.%4

Accurate imaging of inner-ear malformations must be performed in candidates for cochlear
implants. Clinical studies have found that patients with minor anomalies (such as an EVA or
IP-11) may be implanted with standard techniques; hearing results are approximately equal to
those with normal imaging.®* Ganglion cells in humans are found in the lower 1.5 turns of the
cochlea; as aresult, if the basal part of the modiolus is present, the likelihood of the presence
of the spiral ganglions and nerve endings is much greater in IP-I1 than in IP-1.*” On the other
hand, patients with magjor anomalies (such as common cavity) require specialised surgical
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Figure 5.36 Axial CT scan. Dilation of the internal auditory canal (reprinted from Calzolari F. et al.
Malformazioni dell’ orecchio nelle anomalie congenite cranio-facciali. Rivista di Neuroradiologia 2003;
16: 411-420 [36]. With permission of Edizioni del Centauro).

Figure 5.37 Coronal CT scan. Left internal auditory canal enlarged and bifid.

techniques, and the outcome can be variable. Otherwise, bilateral agenesis of the inner ear
(Michel deformity) and bilateral absence of the cochlear nerve represent absol ute contraindica
tions to an implant.35%6*

Measurement techniques for inner-ear structures using CT have recently been suggested
for precise diagnosis of inner-ear anomalies. For instance, quantitative measurements of the
cochlea may increase the detection of cochlear hypoplasia compared with relying on ssimple
visual inspection.*®

Congenital abnormalities of the inner ear have aso been described in connection with
cerebrospinal fluid leaks and/or recurrent meningitis. The possible route of infection in patients
with dysplastic inner-ear structuresis an abnormal pathway connecting the cerebrospinal fluid
with the middle ear via the perilymphatic spaces of the inner ear. Patent cochlear agueduct or
small defects in the fundus of the IAC are possible explanations for oozing. Moreover, when
the basal turn of the cochlea is dilated and communicates with the vestibule, thereis arisk of
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Figure 5.38 Intracranial complications of oto-mastoiditis. (a) Axial T1-weighted MR image with contrast.
Enhancement of the walll of the petrous bone (arrowheads) and leptomeninges of the posterior fossa (curved arrow),
suggesting inflammatory tissue and meningitis. Hyperintensity of the transverse sinus suggesting thrombosis
(straight arrow). (b) Coronal FLAIR T2-weighted image. Sinus thrombosis (straight arrow) and cerebritis (curved
arrow). (c) 2D-TOF MR angiography. Absence of blood flow into the left transverse sinus due to thrombosis.

recurrent meningitis as well as spontaneous cerebrospinal fluid leak because of possible com-
munication with the subarachnoid spaces in the IAC.2*

Cerebrospinal fluid leakage occurs more often during otological surgery: congenital anoma-
lies discovered during preoperative imaging studies cannot only be the cause of SNHL but
also can increase the surgical risk for having a ‘gusher-ear’, e.g. during electrode insertion in
implant surgery.®® MR represents the technique of choice in order to diagnose meningitis or
other intracranial complication such as sinus thrombosis (Figure 5.38).
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VASCULAR ABNORMALITIES

Correct imaging representation and analysis of normal and abnormal vascular structures close
to the ear may explain some clinical pictures such as tinnitus, pulsation, SNHL or other symp-
toms related to neuro-vascular conflict. Moreover, it is mandatory to plan surgery and to avoid
serious or even lethal haemorrhages during ear surgery. Furthermore, description of anomalies
of calibre and course of the arterial and venous structures may influence, together with other
factors, the choice of the side for a cochlear implant.®

For imaging of the main petrous vessels, CT and MR are the techniques usually employed.
High-resolution CT shows in detail skull base structures, for instance the carotid canal or the
jugular fossa. MR imaging can easily demonstrate the rel ationships between arterial or venous
vessels and adjacent anatomical structures. MR angiography (MRA) is a non-invasive
technique: through flow-dependent 3D or 2D time-of-flight sequences the main arteries and
veins may be displayed, without need of contrast enhancement. Actually, the use of digital
subtraction angiography is limited to clarify dubious cases or for endovascular therapeutic
procedures.

An aberrant internal carotid artery (ICA) in the middle ear is a congenital finding
easily diagnosed by CT (Figure 5.39). If the diagnosis is hot made before middle-ear surgery,
haemorrhage, stroke or death may occur.®*® MRA may be useful to confirm the presence of
an anomalous vessel in the middle ear.®*®

The interval between the cochlea and the ICA varies widely amongst subjects. Mid-tone
SNHL at audiometric examination may be a characteristic finding of absence of bone between
the petrous | CA and the basal turn of the cochlea or the thin cochlea—carotid interval. Detailed
CT evaluation of these structures may help to prevent inadvertent carotid canal penetration,
in particular during cochlear implant surgery.®

A duplicated ICA is a rare congenital variant; the clinical symptoms and signs are often
non-specific or absent. If ear, neck or tonsil surgery is planned, the knowledge of this variant
isvery important because a misdiagnosis could have disastrous consequences.®*” However, MRA
may be useful to confirm or to exclude the carotid canal duplication suspected by CT.®

Other rare congenital anomalies are agenesis and hypoplasia of the ICA. MR and MRA
may not be able to distinguish between agenesis and hypoplasia and may suggest acquired

Figure 5.39 Coronal CT scan. Protrusion of the internal carotid artery (ica) into the middle ear
(reproduced from Calzolari F., 2006, with permission of Omega Edizioni).
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Figure 5.40 Axial CT scan. Large jugular bulb (arrow) on the right side (reproduced from Calzolari F.,
2006,° with permission of Omega Edizioni).

Figure 5.41 Axial CT scan. Tympanic dehiscence of the jugular bulb (arrow).

stenosis or occlusion. CT of the base of the skull provides the final proof for the diagnosis of
ICA agenesis or hypoplasiaif the carotid canal is absent or thin.%%

A persistent stapedia artery is another vascular anomaly due to failure of regression of a
vessel transiently present in normal fetal life and connecting the future external carotid artery
to the ICA; it may be isolated or associated with an aberrant ICA. If the stapedia artery per-
sists, the middle meningeal artery arises from it and the foramen spinosum is consequently
absent. CT findings, such as a small canaliculus exiting the carotid canal (in cases in which
aberrant ICA is not present), the presence of a linear soft tissue crossing the middle ear over
the promontory, an enlarged facial nerve canal or a separate parallel canal, may suggest the
presence of persistent stapedial artery. It can cause tinnitus and hearing loss. In the presence
of this anomaly, stapes surgery is complicated because the stapedial artery passes through the
obturator foramen of the stapes.®"

Amongst the venous anomalies, a large jugular bulb is undoubtedly the most frequent
(Figure 5.40). Abnormal dilation of the jugular vein and its eventual tympanic dehiscence
(Figure 5.41) may influence the choice of the side for cochlear implantation.
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Figure 5.42 Axial CT scan. Large mastoid emissary vein (arrow).

The mastoid emissary vein is a venous variant which should not be mistaken for the lamb-
doid suture (Figure 5.42). Its presence can make difficult a retro-mastoid surgical approach or
the placing of the external component of the cochlear implant.>®

The petrosguamosal sinusis another variant characterised by an embryonic venous remnant,
which usually regresses during fetal life. It courses over the extreme lateral part of the petrous
bone and connects the lateral sinus with the retromandibular vein, e.g. theinternal jugular vein
with the external jugular vein. Both CT and MR can demonstrate the presence of this vein.
Venous drainage through the petrosquamosal sinus could have a potential role in the spread
of infection of the EAC and in complications of middle-ear surgery, such as bleeding or
thrombophl ebitis.™

EAR ABNORMALITIES IN CRANIOFACIAL DEFORMITIES AND
GENETIC SYNDROMES

Many syndromes with associated ear malformations detectable on CT and MR have been
reported. Craniofacial syndromes are described in detail in Chapter 7. In these cases, diagnostic
imaging is mandatory for the coordination of treatment, both aesthetic and functional, by the
otorhinolaryngologist, maxillo-facial surgeon and eventualy neurosurgeon. The majority of
these patients must be examined not only with CT of the external and middle ear, but also by
CT and MR of the inner ear, 3D-CT of the skull and finally MR for the study of the temporo-
mandibular joint and for searching for brain malformation.®

Amongst the most frequent syndromic craniofacial deformities with associated ear abnor-
malities are Treacher-Collins syndrome, Goldenhar syndrome, branchio-oto-renal (BOR) syn-
drome, Apert syndrome and Crouzon syndrome.

Treacher-Collins syndrome is an inherited disorder with autosomal dominant transmission
characterised by anomalies of the structures developing from the first and second branchial
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Figure 5.43 A 4-year-old male with Treacher-Collins syndrome. (a) Skull 3D-CT: incomplete zygomatic
arch, mandibular hypoplasia and condilar dysplasia, mastoid hypoplasia. (b) CT axial scan: stenosis of the
external auditory canal, small tympanic cavity, fusion of the malleoincudal joint (arrow).

arches. In general, there is compl ete penetrance and variable expressivity of the trait.”> Abnor-
malities are frequently bilateral and symmetrical, in particular external and middle-ear mal-
formations (Figure 5.43); inner-ear malformations are exceptional .57

Goldenhar syndrome, also known as oculo-auriculo-vertebral dysplasia, is awide spectrum
of congenital anomalies mainly affecting the first and second branchial arches. Its occurrence
is predominantly sporadic, but inherited forms, both autosomal recessive and dominant, have
been described.”"® Various associated malformations can be present: ocular (epibulbar der-
moids, coloboma, microphthalmia), facial (median facial cleft), cranial (lipomaand dermoids),
spinal (vertebral fusion and spina bifida), cardiovascular (ventricular septal defects, mitral
stenosis) and visceral (portal vein absence). Amongst ear abnormalities, not only frequent
external and middle-ear malformations, but also inner-ear malformations have been reported;
in particular, a case of semicircular canal malformation (absence of the common crus) has
been described.”” Eustachian tube anomalies have been described.” Congenital facial nerve
palsy is reported in a case of Goldenhar syndrome.”

BOR syndrome has an autosomal dominant transmission and comprises preauricular pits,
branchial fistulas and ear and renal abnormalities. In some families, the phenotypic expression
is limited to branchial anomalies, without renal dysplasia (branchio-otic syndrome); in other
families, branchial and renal anomalies occur without hearing impairment.”® Concerning ear
abnormalities, cochlear malformations (Figure 5.22) and EVA are frequently diagnosed,
but hypoplasia of the tympanic cavity and ossicular chain abnormalities may also be
present_e,so,sl

Apert syndrome, or acrocephalosyndactyly type 1, is a congenital craniofacial synostosis
associated with syndactyly of the hands and feet. Many other multi-organ malformations may
be associated. Most cases are sporadic, but autosoma dominant transmission is possible.
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Figure 5.44 Crouzon syndrome. (a) Skull 3D-CT: craniosynostosis with abnormal dilation of the bregmatic
fontanel and metopic suture. (b) Axial CT scan: tympanic dehiscence of the jugular bulb (arrow) (reproduced
from Calzolari F., 2006,° with permission of Omega Edizioni).

Associated ear abnormalities include malformations of the auricle and the eustachian tube,
stenosis of the EAC and ossicular chain dysplasia, in particular stapes footplate fixation. Wide
cochlear aqueduct has also been described.®

Crouzon syndrome is a severe craniosinostosis with hypoplasia of the maxilla, hyper-
telorism and proptosis. It may be sporadic or autosomal dominant transmitted. Stenosis and
atresia of the EAC, tympanic hypoplasia and dysplasia of the ossicles are frequent. Hydro-
cephalus and absent septum pellucidum may coexist.**# Tympanic dehiscence of the jugular
bulb isfrequent in Crouzon syndrome (Figure 5.44). These patients have a distorted nasophar-
ynx, which frequently leads to middle-ear secretions and necessitates myringotomy. Conse-
quently, patients with Crouzon syndrome are at risk for inadvertent puncture of the jugular
bulb during myringotomy; CT performed previously may be helpful in preventing this
complication.®

External and middle-ear abnormalities are typical in patients with hemifacial microsomia,
a disorder characterised by microtia, macrostomia and mandibular hypoplasia; neither facial
nor ear abnormalities seem to correlate with the type or degree of hearing l0ss.85#

Ear maformations have been described in many other genetic syndromes. For instance,
radiological abnormalities of the external, middle and inner ear were demonstrated in Down
syndrome (trisomy 21)% and Klippel-Feil syndrome (short neck, low occipital hairline, cervical
and thoracic vertebrae dysplasia).2® Clumping of the ossicle, stapes fixation and sclerosis of
the footplate are described in cleido-cranial dysplasia, a rare autosomal dominant skeletal
dysplasia affecting both membranous and endochondral bone formation.*® Abnormalities of
the middle and inner ear may be found in other congenital syndromes such as CHARGE
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association (Coloboma, congenital Heart disease, Atresia of choanae, mental Retardation
and/or central nervous system anomalies, Genital hypoplasia and Ear anomalies),”™% Noonan
syndrome (short stature, facial dysmorphism, webbed neck, heart defects)®* and VATER
syndrome (Vertebral, Anal, TracheoEsophageal, radial and Renal defects).® CT and X-ray
findings of inner-ear deformity were described in Wildervanck syndrome (deafness, Klippel-
Feil deformity and ocular motility disturbance — the so-called Duane retraction syndrome).%”
Enlargement of the vestibular aqueduct and the vestibule, narrowing of the |AC and hypoplasia
of the modiolus were detected by CT in patients with Waardenburg syndrome, an autosomal-
dominant syndrome characterised by dystopia canthorum, eyebrow hyperplasia, iris hetero-
chromia, white forelock and sensorineural hearing loss.*%

Finally, CT and MR findings of inner-ear malformations are typical in Pendred syndrome,
an autosomal recessive disorder characterised by goitre and progressive sensorineural deaf-
ness.’® Pendred syndrome is the only known genetic disorder with dilation of the vestibular
agueduct (Figure 5.31) aside from BOR syndrome.’® Moreover, mutations in the SLC26A4
gene, coding for the protein pendrin, have been implicated in the pathophysiology of both
Pendred syndrome and non-syndromic EVA.'%

CONCLUSION

Nowadays, newborn hearing screening enables early identification of deafness. However, this
isof little importance if it is not combined with quality services that can provide children and
families with the potential advantages of significantly earlier diagnosis.’®® A newborn with a
congenital malformation arouses a great anxiety in his or her parents. Furthermore, if this
defect is of the craniofacial region, the abnormality cannot be hidden from the world. So, the
parents want to know not only why their child is deaf or affected by a congenital defect, but
also what can be done immediately to correct the hearing defect or evident abnormality. The
paediatrician plays an extremely important initial rolein providing valuable reassurance, direc-
tion and surveillance for deaf children with auricular malformations. On the other hand, from
the otorhino-laryngologist’s point of view, clinical, audiological and diagnostic imaging exam-
inations are essential to manage the child and his or her parents.’®

Early and complete imaging of ear malformationsis necessary not only to give an indication
of the eventual aesthetic and audiological therapy, but also to plan surgical treatment. CT
represents the imaging technique of choice for showing external and middle-ear abnormalities,
CT and MR are complementary in the study of the inner ear.

Imaging showsthat external and middle-ear congenital malformations are frequently associ-
ated, probably related through acommon embryological origin. However, children with micro-
tiaand atresia may have severe inner-ear malformations despite the fact that the outer, middle
and inner ear develop from embryologically separate structures. Finally, it should be kept in
mind that outer-, middle- and inner-ear malformations can be found also in children with
normal auricles.
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6 Genetics of hearing loss
A.P. Read

INTRODUCTION

About half of all profound childhood hearing loss, and a significant but unknown proportion
of milder or later onset loss, is caused by mutation of a single gene (different in different
cases).! Remarkable progress has been made in the last 15 years in mapping and identifying
the genes involved. | will first briefly discuss the methods that have made this possible, then
summarise the data for the more significant genes, and finally consider the implications of this
scientific advance for the working clinician.

METHODS: HOW THE GENES ARE IDENTIFIED

This brief overview describes some of the tools and limitations of current approaches. For
more detailed discussion of methods, the reader should consult a suitable textbook.?* Refer-
ences are given in the succeeding discussions to the appropriate section of these books.

Thereisno universal correct way to identify the gene underlying agenetic disease. However,
all the many possible methods (summarised in Strachan and Read,? fig. 14.1, p. 296) converge
on testing a candidate gene for mutations. One way or another, one gene is chosen from
amongst the 24,000 or so in the human genome. If it is the correct gene, then people with the
disease should have mutations in that gene. DNA from patients is analysed to see if the
sequence of the gene in the patients differs in any way from the normal sequence. Numerous
laboratory techniques are available to answer that question (Strachan and Read,? section 18.3;
Read and Donnai,® chapter 4), but problems are still common. None of the techniques is 100%
sensitive, and when a deviation from the normal sequence has been found, it may be difficult
to know whether the change is pathogenic or just a coincidental neutral variant (a ‘ polymor-
phism’). For that reason it is desirable to have a panel of unrelated patients available for
mutation testing. If a good proportion of the patients have a mutation, and if the mutations
include several different sequence variants, none of which isfound on testing, say, 100 healthy
controls, then it is highly likely that the correct gene has been identified. Further confirmation
requires functional studies. These might be conducted in a cell-free system, in cultured cells
or in genetically engineered mice.

How is the candidate gene chosen? There are many different ways, but almost always the
first step is to narrow down the choice by defining the approximate chromosomal location of
the gene (mapping it). Thisis done by studying large families in which the disease is segregat-
ing. We need DNA samples from a good number of people (typically 20-30) who could have
inherited either the disease gene or its normal alele from their parents, and where we know
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by clinica examination which possibility in fact happened. We then study DNA markers
(common non-pathogenic DNA variants) to try to find one whose transmission through the
family tree parallels the transmission of the disease gene. Thisis called linkage analysis (see
Strachan and Read,? section 13.3, or Read and Donnai,® chapter 9). If a marker is found that
satisfies the statistical test for linkage (measured by the lod score), then the disease gene must
be located on the same chromosomal segment as the marker.

Given large families that are good samples to study, this method typically narrows the
candidate region down from 3,000 million base pairs of DNA (the size of the whole human
genome) down to 1-5 million base pairs. Such aregion might contain anything from a handful
to a score or more genes. Public databases list the genes in each chromosomal region, and with
the completion of the Human Genome Project, the lists are fairly reliable and complete. It then
remains to prioritise candidates for mutation testing from amongst the genes on the list. Clues
include the temporal and spatial pattern of expression (presumably the correct gene will be
switched onin the inner ear, whether or not it isfunctional elsewhere aswell; genesresponsible
for developmental defects should be active at the appropriate stage of embryonic devel opment).
Genes come in families, and another clue might be a relationship to a gene already known to
beimplicated in asimilar phenotype, in man or amodel organism. Knowledge of the biochemi-
cal function of the gene may also be relevant, though our ignorance of cell biology means
that it is often very difficult to guess the clinical result of mutations in a gene from such
knowledge.

From the foregoing, it follows that progress in identifying the genes underlying genetic
hearing loss depends crucially on collaboration between clinicians and laboratory workers.
However clever the molecular geneticists are, they can achieve nothing unless their clinical
colleagues can identify good large families, and collect their DNA for linkage and mutation
analysis. A particularly important role of the cliniciansis in identifying heterogeneity. Unde-
tected heterogeneity in a collection of families can make linkage analysis almost impossible,
whilst identification of subtle distinguishing features can point the way to identifying new
disease genes. Finally, adert clinicians picking out patients with chromosomal abnormalities
as well as a known Mendelian disease have often provided the vital clue to launch successful
gene identification projects. In all these ways, one of the pleasures of working in clinical
molecular geneticsis the opportunities it provides for fruitful collaboration between insightful
clinicians and cutting-edge scientists.

SOURCES OF INFORMATION

This is a fast-moving area, and for up-to-date information, the reader should consult one of
the excellent Internet resources.

e For general information on simply inherited diseases and the underlying genes, OMIM
(Online Mendelian Inheritance in Man)* is the first choice. Searching this database for a
word or phrase will return a series of numbers, each pointing to one entry, e.g. Waardenburg
syndrome Type 1 is 193500. Clicking on the number brings up a brief clinical description,
a more detailed summary of the genetics, lists of references and links to other Internet
resources. OMIM entries are reliable and generally up to date, but note that new material
isusually simply added on to the end of the previous content of a section, so the early parts
of an entry for a disease may have been written many years ago.
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e Specific information on hereditary hearing loss is collected on the Hereditary Hearing Loss
Homepage,” a resource maintained jointly by G Van Camp (Antwerp) and R Smith (lowa).
This excellent resource lists al the identified and mapped genes and has links to many other
reliable Internet resources.

PROGRESS IN IDENTIFYING THE GENES: SYNDROMIC
HEARING LOSS

Gorlin, Toriello and Cohen® describe 427 syndromes in which hearing loss is a regular or

occasional feature. Most are very rare. Table 6.1 summarises a few of the more frequent syn-

dromes. For further genetic information on al these conditions, consult the OMIM database.*
The points of note are discussed in succeeding sections.

Branchio-oto-renal syndrome

This clinically and genetically heterogeneous syndrome has been split into branchio-oto-renal
(BOR) and branchio-otic (BOS) syndromes, although both may be caused by mutationsin the

Table 6.1 Examples of syndromic hearing loss.

Chromosomal Gene (where
Condition Locus Location known)
Alport COL4 Xq22 COL4A5
2q36-937 COL4A3, COL4A4

Branchio-oto-renal BORI1 8q13.3 EYAT

BOR2 19913.32 SIX5
Jervell and Lange-Nielsen JLN 11p15 KCNQ1
Neurofibromatosis 2 NF2 22q NF2 (Merlin)
Pendred PDS 7921-q34 SLC26A4
Treacher Collins TCOF1 5q32 TCOF1
Usher Type 1 USHI1B 11913.5 MYO7A

USHI1C 11p15.1 USHI1C

USHI1D 10922.1 CDH23

USHIE 21921 4

USHITF 10921-922 PDCH15

USH1G 17924-925 SANS
Usher Type 2 USH2A 1941 USH2A

USH2B 3p23-p24.2 e

USH2C 5914.3-921.3 VLGRI1
Usher Type 3 USH3 3qg21-925 Clarin
Waardenburg Type 1 PAX3 2q35 PAX3
Waardenburg Type 2 MITF (15%) 3pl4 MITF

Unknown (85%) 2 4
Waardenburg Type 3 PAX3 2q35 PAX3 (+/- or —/-)
Waardenburg Type 4 EDNRB, EDN3 1322, 20913 EDNRB, EDN3,

SOX10 22q SOX10
X-linked with dystonia DFN1 Xq22 DDP (TIMMB8A)
X-linked with gusher DFN3 Xq13-g21 POU3F4 (Brain 4)

See text for descriptions of some of the genes. See a human genetics textbook, for example section 2.4.1 of Strachan and
Read? for description of the way chromosomal locations are named.
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EYAL gene on chromosome 14. EYA1 is the human homologue of the eyes absent gene in the
Drosophila fruit fly —thisis an interesting example of the way that a gene can acquire rather
different functions during the course of evolution (although EYA1 mutations have also been
found in a few humans with eye abnormalities). A second BOR gene is SIX5 on chromosome
19. Both these genes encode transcription factors, that is, DNA-binding proteins that control
the expression of other genes. Other BOS loci map to chromosomes 1 and 14.

Jervell and Lange-Nielsen syndrome (JLN)

JLN is one of many examples of hearing loss caused by defects in ion transport. It is caused
by defects in the IKs potassium channel. The mutations can be in the genes encoding either
the alpha or beta subunits (KCNQ1 on chromosome 11p15 and KCNEL on 22922, respec-
tively). People with no functional KCNQL1 ion channels have JLN, people with 50% of the
normal level are clinically normal, whilst people with a level somewhere between 0 and 50%
have a heart problem (long QT interval) but normal hearing. JLN mutations simply abolish
the function of the gene product. Thus homozygotes have JLN but heterozygotes are normal,
and JLN is recessive. Some mutations result in the production of an altered KCNQ1 protein
that is not only non-functional, but also partly blocks the function of any normal protein present
(adominant negative effect). People who are heterozygous for such a mutation have the domi-
nant Roman-Ward long QT syndrome, but normal hearing.

Neurofibromatosis 2 (NF2)

All vestibular schwannomas (V'S), whether sporadic and unilateral or part of NF2, originate
from a cell that has lost both functioning copies of the NF2 gene. Sporadic VS happens
when by pure chance an originally normal cell suffers two successive mutations. This is a
rare piece of bad luck, hence sporadic VS are unilateral and usually seen in older people
(who have had more time to accumulate mutations). People who inherit one mutant NF2
gene are perfectly normal because cells can function normally with a single intact copy of
this gene. But every cell carries the mutation, and only a single acquired mutation is needed
to convert a cell into the precursor of a VS. Given the large number of potentia target cells,
this is a highly likely occurrence. Hence, NF2 affects younger people and often produces
bilateral or multifocal tumours. NF2 is a classic example of Knudson's two-hit mechanism
of hereditary tumours (see section 17.4 of Strachan and Read? or chapter 12 of Read and
Donnai®).

Pendred syndrome

The SLC26A4 gene encodes pendrin, a protein that is involved in transport of chloride and
iodide ions. The hearing loss reflects the general importance of ion transport to cochlear
function, whilst the iodide transport defect explains the goitre present in this syndrome. Some
SLC26A4 mutations cause the non-syndromic DFNB4 hearing loss; the reason for this differ-
ence is not clear.

Treacher Collins syndrome

The TCOF1 gene encodes a protein (‘treacle’) that is involved in nucleolar function. Almost
all described mutations are predicted to result in premature chain-termination during protein
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synthesis, causing that copy of the gene to produce no functioning protein. How a 50% dosage
of treacle protein produces the clinical features of Treacher Collins syndrome is unknown. The
great clinical variability, even within families, is typical of conditions caused by such dosage
sensitivity (‘haploinsufficiency’). Branchio-oto-renal and Waardenburg syndromes provide
further examples.

Usher syndrome

Usher syndrome has turned out to be remarkably heterogeneous at the molecular level, with
so far six different loci implicated in Type 1 syndrome, three in Type 2 syndrome and one in
Type 3 syndrome. This implies that many different molecules have roles in both cochlear and
retinal function, so that mutations affect both organs. Interestingly, for four of the genes, muta-
tions can cause either Usher Type 1 syndrome or non-syndromic hearing loss (Table 6.2). This
suggests that the cochlea is less tolerant than the retina of mild functiona deficits in the
encoded proteins.

Waardenburg syndrome (WS)

The label *‘Waardenburg syndrome’ is applied to a heterogeneous collection of auditory-
pigmentary syndromes, all of which have their origin in a dysfunction of melanocytes (see
Read and Newton’ for areview). Apart from their role in pigmentation, melanocytes also form
the pigmented intermediate cells of the striavascularis, and in their absence thereis no hearing.
Four types of WS are usually listed.

e Type 1 with dystopia canthorum (outward displacement of the inner canthi of the eyes)
is caused by mutations in PAX3, which encodes a homeodomain-containing transcrip-
tion factor expressed in the embryonic neural crest (the tissue of origin of melanocytes).
WS1 is dominant, patients are heterozygous, and the pathogenic mechanism is
hapl oinsufficiency.

e Type 2 WS is amelanocyte-specific disturbance, caused in some cases by mutations in the
MITF transcription factor gene (a master gene controlling differentiation of melanocytes),
and in other cases by as yet unidentified gene(s). Claims of linkage to 8p23 or deletion of
the SNAI2 gene were mistaken.

e Type 3 WS has the features of Type 1 with additionally limb abnormalities. Most ‘WS3'
patients have mild muscular hypoplasia of the arms and/or contractures of somejoints. This
isan occasional variant presentation of WS1, and these patients are heterozygous for PAX3
mutations similar to those seen in WSL1. In very rare cases, patients have a much more
severe phenotype with extreme depigmentation, severe dystopia canthorum and amyoplasia
of the arms and shoulders. These patients are homozygous for PAX3 mutations, and in at
least two cases WS1 was documented in both parents.

e Type 4 WS, or Waardenburg-Shah syndrome, has the features of WS2 plus Hirschsprung
disease. All the affected tissues are derived from the neural crest and WS4 comprises a
heterogeneous set of severe neurocristopathies. Three causative genes have been identified.
Mutations in endothelin 3 and its receptor EDNRB usually cause isolated Hirschsprung
disease in heterozygotes but WS4 in homozygotes, mutations in the transcription factor
SOX10 can cause WS4 in heterozygotes (sometimes with additional neurological
problems).
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Table 6.2 Non-syndromic hearing loss.

Locus

Chromosomal location

Gene (where known)

Identical loci

Autosomal dominant loci (54 described)

DFNAT
DFNA2

DFNA3
DFNA4

DFNA5
DFNAé6
DFNA7

DFNA8
DFNA9

DFNAT0

DFNAT1
DFNAT12
DFNA13
DFNAT4
DFNATS

DFNAT6
DFNA17
DFNA18
DFNAT9

DFNA20
DFNA21

DFNA22
DFNA23

DFNA24
DFNA25

DFNA26
DFNA27

DFNA28
DFNA29
DFNA30
DFNA31
DFNA32
DFNA33
DFNA34
DFNA35

DFNA36
DFNA37

DFNA38
DFNA39

DFNA40
DFNA41
DFNA42
DFNA43
DFNA44
DFNA45

5qg31

1p34
13q12
19913
7p15
4p16.3
1921-923
11922-q24
14912-913
6q22-923
11912.3-g21
11922-g24
6p21

4p16

5q31

2q24

22q

3922
10cen
17925
6p21

6q13
14921-922
4q
12q21-g24
17925
4912
8qg22
Reserved
15q25-g26
6p21.3
11p15
Reserved
1944
Reserved
9q13-921
1p21
4p16.3
4921.3
16p12
12924-qgter
5931.1-932
2p12
3928-929
Reserved

DIAPH1
GJB3, KCNQ4

GJB2, GJB6
MYH14

DFNA5
WEFS1

¢
TECTA
COCH
EYA4
MYO7A
TECTA
COL11A2
WFS1
POU4F3
{4

MYH9

¢

2

ACTG1
¢
MYO6

2

2

¢
ACTG1
2
TFCP2L3

CCDC50

DFNB1

=DFNA12

DFNB2, USH1B
DFNAS, DFNB21
DFNB53
= DFNA6

= DFNA26

DFNB37

= DFNA20

DFNB7/11

=DFNA6 / 14
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Table 6.2 Continued

Locus Chromosomal location Gene (where known) Identical loci
DFNA46 Reserved

DFNA47 9p21-p22 2

DFNA48 12q13-q14 MYOIA

DFNA49 1921-923 2

DFNA50 7932 2

DFNA51 9921 [

DFNA52 4928 ¢

DFNA53 14g11-q12 2

DFNA54 5q31 [4

Autosomal recessive loci (67 described)

DFNBI1 13q12 GJB2 DFNA3
DFNB2 11913.5 MYO7A USHI1B, DFNAT1
DFNB3 17p11.2 MYOIT5A

DFNB4 7q31 SLC26A4 Pendred
DFNB5 14912 [4

DFNBé6 3pl14-p21 TMIE

DFNB7 9913-921 T™MCI1 =DFNBI11, DFNA36
DFNB8 21922 TMPRSS3 =DFNBI10
DFNB9 2p22-p23 OTOF

DFNB10 21922.3 TMPRSS3 = DFNB8
DFNBIT1 9913-921 TMC1 = DFNB7, DFNA36
DFNB12 10921-922 CDH23 USHI1D
DFNB13 7934-936 [4

DFNB14 7q31 [4

DFNB15 3921-g25 or 19p132 [

DFNB16 15921-922 STRC

DFNB17 7931 2

DFNB18 11p14-p15.1 USHI1C USHI1C
DFNB19 18p11 [4

DFNB20 11925-qgter [

DFNB21 11922-q24 TECTA DFNA12
DFNB22 16p12.2 OTOA

DFNB23 10p11.2-g21 PDCH15 USHITF
DFNB24 11923 RDX

DFNB25 4p15.3-q12 2

DFNB26 4931 ¢

DFNB27 2923-q31 2

DFNB28 22q13 TRIOBP

DFNB29 21922 CLDN14

DFNB30 10p12.1 MYO3A

DFNB31 9932-g34 WHRN

DFNB32 1p13.3-p22.1 2

DFNB33 9934.3 [

DFNB34 Reserved

DFNB35 14924.1-924.3 ESRRB

DFNB36 1p36.3 ESPN
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Table 6.2 Continued

Locus Chromosomal location Gene (where known) Identical loci
DFNB37 6q13 MYO6 DFNA22
DFNB38 6426-927 2

DFNB39 7911.22-q21.12 2

DFNB40 22q [

DFNB41 Reserved

DFNB42 3g13.31-22.3 2

DFNB43 Reserved

DFNB44 7p14.1-q11.22 2

DFNB45 1q43-q44

DFNB46 18p11.32-p11.31 2

DFNB47 2p25.1-p24.3 [

DFNB48 15923-925.1 [

DFNB49 5912.3-q14.1 MARVELD2

DFNB50 12923 2

DFNB51 11p13-p12 2

DFNB52 Reserved

DFNB53 6p21.3 COL11A2 DFNA13
DFNB54 Reserved

DFNB55 4912-q13.2 2

DFNB56 Reserved

DFNB57 10923.1-g26.11 4

DFNB58 2q14-g21.2 2

DFNB59 2931.1-931.3 PIVK

DFNB60 5422-31 2

DFNB61 reserved

DFNB62 12p13.2-p11.23 2

DFNB63 11913.2-q13.32 [4

DFNB64 Reserved

DFNB65 20913.2-q13.32 2

DFNB66 6p21.2-p22.3 LHFPL5 = DFNB67
DFNB67 6p21.2-p22.3 LHFPL5 = DFNB66
X-linked loci (5 described)

DFNT Xq22 TIMMS8A

DFN2 Xq22 ¢

DFN3 Xg21.1 POU3F4

DFN4 Xp21.2 4

DFNé6 Xp22 4

DFN8 Reserved

Mitochondrial mutations (many described)

7445insC, TRNASERUCN)

A1555G 12S RNA

Note: Mutations in many different genes can cause non-syndromic hearing loss. Autosomal dominant loci are symbolised
DFNAT, DFNA2, etc.; recessive loci are DFNB1, DFNB2, etc., whilst X-linked loci are DFN1, DFN2, etc. See the Hereditary
Hearing Loss Homepage® for more details.
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PROGRESS IN IDENTIFYING THE GENES: NON-SYNDROMIC
HEARING LOSS

In many families uncomplicated hearing loss segregates in a pattern consistent with determina-
tion at a single genetic locus. Prelingua loss is usually autosomal recessive, whilst dominant
inheritance is more commonly seen in late-onset loss. X-linked inheritance is uncommon.
There is no simple way of working out how many different genes are involved, athough
indirect estimates based on popul ation genetics suggested there might be 30—100 loci determin-
ing autosomal recessive hearing loss. This very great heterogeneity is simply a reflection of
the number of different proteins, each encoded by a separate gene, that are specifically required
for cochlear function.

For many years non-syndromic hearing loss was regarded as genetically intractable. The
dominant forms are mostly of late onset and the pattern in families is confused by the frequent
co-occurrence of age-related loss agtiologically unconnected with the familial loss. Families
with recessive deafness are usualy individualy too small for linkage analysis, but families
cannot be combined for analysis because of the expected extensive genetic heterogeneity.
Moreover, the frequent deaf—deaf marriages can make it impossible to follow the line of
transmission of a deafness gene through a family. Further confusion is introduced by family
members who are deaf for some other reason, despite not inheriting the family gene (pheno-
copies). For recessive loss, the solution was to study the large, multiply inbred kindreds that
can be found in various societies around the Mediterranean and across the Middle East to the
Indian subcontinent. A single kindred can be large enough to give statistically meaningful
linkage data, thus avoiding the problem of heterogeneity. Dominant hearing loss of adult onset
is amenable to family study where the usual age of onset isrelatively early, but little headway
has yet been made in identifying genetic susceptibility to presbyacusis or noise-induced
loss.

Many groups worldwide have been assiduously collecting multi-case families suitable for
linkage analysis, and as a result of their efforts about 70 recessive and 50 dominant loci have
so far been mapped (Table 6.2). To avoid conflicts of nomenclature, a central naming system
has been set up, and researchers who have identified a new locus can reserve a name even
before publishing their data — hence the ‘reserved’ entries in Table 6.2. Sometimes, once the
actual gene has been identified, it turns out that two different entries are both due to mutations
in the same gene. In two cases (DFNA2, DFNA3), the opposite has happened: mutations have
been found in two genes at the appropriate chromosomal location in different families. Table
6.2 gives an immediate impression of the extreme genetic heterogeneity of non-syndromic
hearing loss.

Progress in cloning the genes is accelerating as the Human Genome Project makes better
tools available. Currently, the genes responsible for 26 recessive and 22 dominant forms of
non-syndromic hearing loss have been identified. The gene products provideinteresting insights
into the mechanism of hearing. They include ion channels (GJB2, GJB3, GJB6, CLDN14,
KCNQ4, SLC26A4), motor proteins (MY O1A, MYO3A, MY 06, MY O7A, MY O15A, MYH9,
MYH214), adhesion molecules (CDH23, PCDH15) and structural components (COL11A2,
USH1C, SANS, WHRN, TECTA, OTOA, STRC). The roles of these various genes and pro-
teins have been reviewed by Petit® and Snoeckx and Van Camp.®

A surprising finding has been that the same gene may be mutated in two or more different
types of loss. Sometimes mutations in the same gene can cause either dominant or recessive
non-syndromic loss, e.g. connexin 26 (GJB2) is mutated in recessive DFNB1 and dominant
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DFNA3, whilst alpha-tectorin (TECTA) is mutated in dominant DFNA12 and recessive
DFNB21. In other cases, mutations in the same gene may underlie both a non-syndromic and
a syndromic form of hearing loss. MY O7A is mutated in Usher syndrome 1B, in recessive
DFNB1 and in dominant DFNA11. The explanation here islikely to centre around the distinc-
tion between simple loss of function mutations and dominant negative effects, as described
earlier in connection with Jervell and Lange-Nielsen syndrome. Such dominant negative
effects are especially seen when the protein encoded by the gene functions as a multimer — a
multimer containing some normal and some abnormal molecules may be non-functional. Het-
erozygotes are affected, and so the condition is dominant. Thisis particularly clear with con-
nexin 26. The protein functions as hexamers to produce connexons, intercellular gap junctions.
Mutant versions of the GJB2 gene that produce no protein are seen in recessive hearing 10ss —
evidently cells can function adequately with a half-dose of connexin 26. The mutations that
produce dominant DFNA3 loss lead to production of a full size but abnormal protein, which
presumably can sequester the product of the normal allele in non-functional hexamers.

The distinction between syndromic and non-syndromic hearing lossis not absolute. Several
types of non-syndromic loss have specia features that can help point suspicion at the relevant
gene.

e Pendrin and enlarged vestibular aqueducts: Many patients with mutationsin SLC26A4, the
gene-encoding pendrin, have Pendred syndrome (hearing loss with goitre), but others have
the DFNB4 non-syndromic loss. In most cases, there is enlargement of the vestibular
aqueducts.

e Otoferlin and auditory neuropathy: Patients with otoferlin (OTOF) mutations have an
unusua form of recessive non-syndromic loss in which otoacoustic emissions are con-
served. Thisiis referred to as auditory neuropathy. In a patient this finding would suggest
that OTOF mutation screening might be worthwhile. However, not al cases of familial
auditory neuropathy map to the OTOF locus at chromosome 2p22.

e COCH and Méniere’s disease: Patients with the dominant DFNA9 form of hearing loss
have mutations in the COCH gene and show a variety of vestibular and Méniere-like
symptoms. However, COCH does not appear to be responsible for most cases of Méniere's
disease, for which genetic susceptibility factors have not so far been identified.

e Wolframin and low-frequency loss: The recessive Wolfram syndrome includes diabetes
mellitus, optic atrophy and, usually, hearing loss. However, heterozygous carriers of certain
mutations show a non-syndromic hearing loss (DFNA26), which is unusual in affecting
mainly low frequencies.

Most loci have been implicated in only one or a few families, but a few genes seem to be
frequent causes of non-syndromic genetic hearing loss. The most important is connexin 26.
Connexins are proteins that assemble into hexameric units (connexons) in cell membranes and
bind to connexons on an adjacent cell to form a gap junction, through which small molecules
can pass from one cell to another. Mutations in at least three connexin genes (GJB2, GJB3
and GJB6) have been implicated in non-syndromic hearing loss. The Connexin-deafness Inter-
net homepage™ is a good source of further information. By far the major player is connexin
26, encoded by the GJB2 gene. Mutations in GJB2 are the cause of DFNBL1 recessive hearing
loss and also DFNA3 dominant loss. As discussed later, GJB2 mutations are sufficiently
common and sufficiently easy to detect in the laboratory that testing for them has become part
of normal clinical practice.
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MITOCHONDRIAL SYNDROMES

Mitochondria have their own small genome, a 16,569 base-pair circle of DNA containing 37
genes. Mutations in the mitochondrial DNA are the cause of a bewildering variety of disorders,
with the hallmark that they are inherited exclusively from the mother. Sperm do not contribute
mitochondria to the zygote. Cells contain many mitochondria, and patients with mitochondrial
mutations can be homoplasmic (all mitochondria the same) or heteroplasmic (a mixture of
mitochondrial types). Heteroplasmy can be transmitted from mother to child because the egg
contains huge numbers of mitochondria.

Mitochondrial DNA israther variable compared with nuclear DNA. Thus, sequence variants
are common, and their significance is often hard to assess. Several variants are associated with
hearing loss, often as part of syndromes. One variant, A1555G (replacement of nucleotide
1555, normally A, by G) causes extreme sensitivity to the ototoxic effects of aminoglycoside
antibiotics. Estivill’s group in Spain'! found A1555G in 17/70 consecutive referrals of familial
severe congenital or progressive sensorineural hearing loss with no other identifiable cause;
‘familia’ here meant that the proband had at least one other affected relative. There was often
no documented history of antibiotic exposure. In other countries (except Portugal and Cuba),
this variant is similarly frequent in the general population but not amongst deaf families who
report no aminoglycoside exposure. It seems likely that this difference reflects the past high
consumption of aminoglycosides and their ready availability over the counter in those three
countries, but not elsewhere.

PROGRESS IN IDENTIFYING THE GENES: AGE-RELATED AND
NOISE-INDUCED HEARING LOSS

Unlike the conditions described in the foregoing, the aetiology of age-related or noise-induced
hearing loss is complex. Environmental factors — not least age and noise, but also many other
factors — obviously have mgjor roles. For age-related loss, family and twin studies provide
strong evidence that people vary in their inborn genetic susceptibility. The evidence that
humans differ in their genetic susceptibility to noise-induced loss is weaker, but experiments
in mice have shown strong differences between strains.

Identifying the individual genes underlying susceptibility to common complex conditions
has been amajor strand in genetic research for the past two decades. Until recently the results
of these investigations have been very disappointing. Many identifications have been claimed,
but few confirmed. Family-based investigations, as described earlier, have very poor power to
detect factors that have only modest effects on overall susceptibility. Additionally, for age-
related loss there is the obvious problem of finding suitable families with affected people in
severa generations still available to provide DNA. Such studies have been attempted for
hearing loss, and possible susceptibility loci have been mapped, but experience across many
diseases suggests that great caution is needed in interpreting such results. An aternative
approach is needed, and this is provided by association studies.

The idea hereis to test alarge collection of independent unrelated affected people, to look
for any genetic variant that is significantly more common amongst affected than unaffected
people. Such a factor might be directly causative, but alternatively it might simply reside on
aconserved and widely shared ancestral chromosome segment that somewhere carries the true
susceptibility factor. The study designissimplein principle, but it requires very large numbers
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of subjectsto get therequired statistical power. Additionally, any shared ancestral chromosome
segments will be extremely short, so in order to search the whole genome for susceptibility
factors, it is necessary to test huge numbers of very closely spaced genetic variants. Until very
recently, this was not technically possible. Advances in technology have now made such
genome-wide association studies possible, but they remain formidably expensive.

More targeted association studies are less expensive and have already yielded some results.
A reasonable hypothesisis that if mutations that totally inactivate a certain gene cause hearing
loss, then lesser changes that just reduce the activity of the gene product might increase
vulnerability to age-related or noise-induced loss. On this basis, variants in the KCNQ4 gene
(implicated in DFNA2 hearing loss) and TFCP2L3 (implicated in DFNA28 loss) have been
tentatively identified as possible susceptibility factors for age-related loss.***3 It should be
emphasised, however, that even if these associations are confirmed, they have only a modest
effect on susceptibility. Thereisno case at present for screening popul ations or testing patients
for these factors.

IMPLICATIONS FOR DIAGNOSIS

I dentifying the genes causing hearing loss has several purposes. Biologists hope to gain insight
into normal human physiology and development. The genes mutated in non-syndromic loss
presumably encode components of the auditory transduction machinery, whilst those mutated
in syndromic loss control developmental processes. | dentifying the genes should help elucidate
the mechanisms of these various processes.

Identifying a disease gene immediately raises the possibility of molecular diagnosis. A
definitive diagnosisis of value in itself to patients and parents who want to know why they or
their child isdeaf. It can put an end to guilt and soul-searching, and allow accurate counselling
about recurrence risks. Whether or not this hope is realistic depends on the precision of the
diagnostic question being posed. Consider three possible questions:

1. Does this patient have any mutation in any gene that will explain his or her condition?

2. Does this patient have any mutation in this particular gene that will explain his or her
condition?

3. Doesthis patient have one specified mutation (e.g. nucleotide A replaced with G at position
1555) in this particular gene?

Question 1 is impossible to answer at present. Many people envisage a time when everyone
will have their complete genome sequenced as an integral part of their medical record. Even
if this does eventually come about, it does not follow that we would know how to interpret
the information. Question 3 on the other hand can be answered cheaply and easily, by asingle
quick laboratory test. Question 2 is in principle aways answerable with current knowledge
and technology, but answering it may be unfeasibly expensive. Scanning through the whole
sequence of even one large gene such as MYO7A or OTOF is currently too expensive and
laborious to be a routine diagnostic procedure. With each passing year, the costs of DNA
testing fall, and the scale upon which it can be done increases. Analysis of any one gene should
reasonably soon become a routine procedure, but at present thisis available only for a limited
number of genes (see succeeding discussions). The development of specialised microarrays
(“gene chips') may soon allow a spectrum of more common mutationsto be checked inasingle
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operation. Nevertheless, it is unlikely that diagnostic laboratories would be able to offer a
comprehensive analysis of all the genes in Table 6.2 as a routine service in the foreseeable
future. Thus, the key to routine molecular diagnosis is knowing which gene to target.

How practical is it to specify the gene in advance? For syndromic hearing loss, this is
usualy possibleif the syndromeisidentified correctly by clinical examination. Sometimes, as
for example with Usher syndrome, there may be several suspects, but at least the list islimited.
For non-syndromic loss, clinical examination will usually give no clue, and the only hope is
if experience shows that one particular gene is mutated in a substantial proportion of all
patients. In small isolated populations, this can be quite a common occurrence; it isless likely
in large and open populations.

In general, it is not possible to specify the precise DNA sequence change that is sought (i.e.
to pose question 3). For most genetic diseases, unrelated affected people have different muta-
tions, and it is necessary to search the whole gene to find a mutation. Genes are long stretches
of DNA, thousands or tens of thousands of base pairs long, and thisis a major task. However,
there are three circumstances in which one can suggest the particular mutation to be tested
for:

1. If additional family members are being tested for the presence or absence of a mutation
that has already been defined in one affected family member.

2. If the nature of the disease is such that only one very specific ateration in the gene
sequence will produce that effect. An example would be sickle cell disease; in hearing loss
the only common example that comes to mind is the mitochondrial A1555G mutation in
aminoglycoside-induced hearing loss.

3. If one particular mutation, inherited from a common ancestor, has by chance spread very
widely through a population. The connexin 26 mutation 30delG (described further in the
succeeding discussions) is the prime example of this (that particular sequence is also a
mutational hotspot, which no doubt contributes to its high prevalence).

What molecular diagnostic services are available at present for the clinician? This is an area
of rapid change superimposed on great differences between countries and even regions. For
most of the important syndromes, mutation testing languishes in the gulf between research and
service. Mutation screening of MYOT7A, EYAL, PAX3, MITF, SLC26A4 and other important
genes has been offered by the researchers who initially identified these genes, but once
they have published a few dozen mutations, they can rarely justify using research funds for
further testing. If they are set up to handle invoicing, they may be able to continue on a fee
for service basis. With over 1,000 disease genesidentified, routine diagnostic laboratories have
to restrict themselves to a limited menu of tests. Laboratories are slowly moving towards
establishing consortia where in each country (or for rarer diseases, each continent), two
laboratories, one primary and one back-up, agree to provide a fee service for any particular
rare disease. A directory of European diagnostic laboratories, searchable by gene or disease,
is available.™

Connexin 26 isa specia case. GJB2 mutations are amajor cause of prelingual hearing loss
in many populations, accounting for up to half of recessive (unaffected parents, two or more
affected children) and 10-25% of sporadic prelingual hearing loss in several studies.® More-
over, in different populations, a high proportion of all mutations are one particular sequence
change. In Europe, loss of one G from arun of six consecutive G nucleotides (30delG, some-
times called 35del G) is much the major mutation. In East Asia, a different mutation, 235delC,
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is common, and amongst Ashkenazi Jews 167del T is frequent. This hasimportant implications
for diagnostic testing.

The high frequency of the 30delG mutation in many European countries clearly justifies
routine testing of hearing-impaired children, and it is simple and cheap to test for this specific
mutation. However, it is important to have a policy in place when a deaf child turns out to
have a single copy of the 30delG mutation. Thisis a common finding —in early studies, it was
seen in 7/39 and 10/82 consecutive children in presumed recessive families in France'® and
Spain,*” respectively. Does the child have a different mutation in his or her other copy of the
GJIB2 gene, or is he or she deaf for some unrelated reason, but coincidentally a heterozygous
carrier of 30delG? Carrier frequencies in many European countries are 1-2%, so the dilemma
isarea one. Thus, any laboratory offering testing for 30del G must also be able to offer, or at
least organise, screening of the whole GJB2 gene for further mutations. Fortunately, the GJB2
geneis small, and not over-challenging to sequence in its entirety.

Thus, it is clear that the progress of the last 15 years in identifying the specific causes of
genetic hearing loss has greatly extended the scope of diagnostic testing. In the longer term,
it is hoped that the new knowledge will lead to better treatment and maybe prevention or cures.
Gene therapy (replacing or removing malfunctioning and defective genes) could eventually
produce cures for diseases where the symptoms stem from malfunctioning of the defective
gene here and now, and are reversible. It would not help with developmental defects, where
the damage was done long ago and is irreversible. Animal experiments have shown proof of
principle that gene therapy could work for some forms of hereditary hearing loss,'®* though
practical interventions in humans are till many years away.

Maybe some people are genetically sensitive to particular environmental insults (as with
aminoglycosides), and if they could be identified by population screening, they could be
singled out for protection. Maybe genetic dissection of the mechanisms of development
and function of the auditory system will identify novel targets for drug treatments. These
are all developments for the long-term future — but a consistent lesson from the past 20 years
of molecular genetics has been that the long-term future often materialises remarkably
quickly.
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7 Craniofacial syndromes and hearing loss
V.E. Newton

INTRODUCTION

Normal development of the head is a complex process. In order for the skull and facial struc-
tures to develop to the right size and shape, and for features to develop in the right
position, there needs to be coordination of cell movement and activity during intrauterine life.
Signalling networks are involved and regulate such processes as brain patterning, cell migra-
tion and tissue fusion. The networks involve classes of genes such as transcription factors,
homeobox genes or fibroblastic growth factor receptors, e.g. Hox genes and PAX genes. As
these are regulatory genes, when they are abnormal this has a cascading affect, altering the
function of other genes. Mutations in the genes of the signalling networks cause a range of
craniofacial defects.

Craniofacial malformations are involved in one-third of all human congenital defects® and
three-quarters of congenital birth defects in humans affecting the head and neck.® Most inher-
ited craniofacial syndromes are due to autosomal dominant genes. The most common mecha
nism is reported to be haploinsufficiency, but gain of function mutations also occur.* Inherited
factors are not the only causes of craniofacial malformations. Environmental teratogens can
be responsible directly or can cause craniofacial defects indirectly by triggering a new gene
mutation or chromosomal abnormality.

The majority of the syndromes with craniofacial abnormalities display external ear defects.
Hearing loss may be conductive, sensorineural or mixed, symmetrical or asymmetrical, stable
or progressive.

In this chapter, some of the genetic and chromosomal craniofacial syndromes are described
with the main emphasis being on the associated hearing impairment. Few studies have reported
on vestibular abnormalities in connection with these conditions.

CRANIOSYNOSTOSES

These are conditions in which there has been a premature fusion of one or more cranial sutures.
The brain continues to develop and, to allow for this, compensatory growth takes place in the
sutures still patent. This results in an abnormal head shape.

Wilkie® estimated that premature suture fusion occurs in 1 in 2,500 births. Approximately
8% are familial.® Many are inherited as autosomal dominant conditions but some exhibit
autosomal recessive inheritance and others are sporadic or secondary to other disorders, e.g.
microcephaly, hyperthyroidism or mucopolysaccharidoses. Males are affected more com-
monly than females (3:1).
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The syndromic craniosynostoses have been found to be associated with mutations in the
fibroblast growth factor receptor family. Mutations may be gain-of-function or loss-of-function
mutations.” Over 100 craniosynostosis syndromes have been described.® Those more com-
monly associated with hearing loss are Crouzon syndrome, Apert syndrome, Pfeiffer syn-
drome and Saethre-Chotzen syndrome. Early diagnosis allows for surgical intervention which
may be needed to relieve raised intracranial pressure and/or to correct cranial and facial
abnormalities.

Crouzon syndrome

This syndrome is characterised by premature and progressive craniosynostosis, hypoplasia of
the midface with shallow orbits and ocular proptosis (Figure 7.1). Coronal and sagittal sutures
arealmost always fused and the lamboidal sutures areinvolved in 80% of cases.’ The syndrome
exhibits wide phenotypic variability. Prevalenceis reported to be about 15 to 16 in one million
live births.™

Crouzon's syndrome is an autosomal dominant disorder resulting from a mutation in the
gene encoding fibroblast growth factor receptor 2 (FGFR2). Sporadic cases of Crouzon syn-
drome are associated with increased paternal age.’

More than 50% of those affected by Crouzon syndrome have a conductive hearing loss.
This may be attributed to atresia of the external auditory meatus and canal or malformation
or fixation of the ossicles. In 19 patients (12 male, 7 female) reported by Orvidas et al.,"* eight
had abnormalities of the external ear including one with atresia and six with a malaligned
auricle. Ten of the patients had a hearing impairment: four a conductive hearing loss, two a
mixed hearing loss and four a sensorineural hearing impairment. The middle-ear conditions
included ossicular fixation and otitis media.

Apert syndrome

This autosomal dominantly inherited condition is found in 9.9/million to 15.5/million births
and accounts for about 4-5% of craniosynostosis. The syndrome is caused by mutations in
FGFR2.%? Mutations are exclusively of paternal origin.® Craniosynostosis is most frequently
in the form of bicoronal and cranial base synostosis.'® There is flattening of the occipital bones
and a prominent forehead with mild to moderate exophthalmos. Many have an intellectual
impairment. Midfacial hypoplasia is found and a depressed nasal bridge. Characteristically,

Figure 7.1 Proptosis in Crouzon syndrome (courtesy of Professor D. Donnai).
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(b)

Figure 7.2 Apert syndrome: (a) Cranial shape; (b) syndactyly of hand and (c) foot (courtesy of Professor
D. Donnai).

the craniofacial abnormalities are associated with syndactyly of the hands and feet, the hallux
being separate from the other toes, and sometimes there are six metatarsals. A cleft lip and
palate is present in around one-third (Figure 7.2).

Conductive hearing loss is found. Out of the 70 patients reported by Rajenderkumar et al.,*®
3-6% had a congenital hearing loss and in 56% of these otitis mediawas present and persisted
until the ages of 10-20 years. Congenital stapes ankylosis has also been described.*

Pfeiffer syndrome

In this autosomal dominant craniosynostosis syndrome, the thumbs and toes are broad and
there is a partial syndactyly of the hands and toes. The syndrome can result from a mutation
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in either FGFR1 or FGFR2, though Cunningham et a.” have suggested that in the cases of
FGFR2 mutations, Crouzon syndrome might be the more appropriate designation.

Cremers™ described a 14-year-old boy with a conductive hearing loss, acrocephaly,
minimum syndactyly and broad thumbs and big toes who underwent an exploratory tympa
notomy. The incus was found to be fixed to the epitympanum and there was ankylosis of the
stapes. The internal auditory meatus was dilated bilaterally.

Nine children, 2 to 12 years, eight of whom had a hearing impairment, formed the group
studied by Vallino-Napoli.*® Conductive hearing loss was found in seven of the children with
four having a middle-ear effusion and one had a mixed hearing loss. A CT scan revealed
stenosis and/or atresia of the external auditory canal, hypoplasia of the middle-ear cavity and
enlargement of the middle-ear cavity, and in a few cases, the ossicles were hypoplastic. All
but one had a normal inner ear.

Saethre-Chotzen syndrome

This syndrome is characterised by unilateral or bilateral corona synostosis, ptosis, ocular
hypertelorism, maxillary hypoplasia, a low frontal hairline, a small pinna with a prominent
crus and syndactyly.” It is inherited as an autosomal dominant condition caused by mutations
in the TWMIST 1 gene, a basic helix-oop-helix transcription factor. The mutations lead to a
loss of function.”

Hearing loss is mainly described as conductive or mixed, but a case of severe to profound
sensorineural hearing loss has been reported.’” In the family described by Ensink et al.’® with
a conductive hearing loss, ankylosis of the stapes and a fixed ossicular chain in a small epi-
tympanum were described.

MANDIBULAR DYSOSTOSES

Treacher Collins syndrome (TCS)

TCS is an autosomal dominant condition with variable penetrance and expressivity. It is esti-
mated to occur in 1 in 50,000 live births. Sixty per cent of cases arise de novo."

Clinical abnormalities involve structures derived from the 1st and 2nd branchia arches and
are mainly bilaterally symmetrical. The clinical features include downward-sloping pal pebral
fissures, coloboma of the lower eyelid and absent eyelashes in the outer third; hypoplasia of
the maxilla and mandible, cleft palate and abnormal development of the external and middle
ear. There may be microtia, ear tags, absent or deformed ossicles. The middle-ear cavity may
be dysmorphic or absent. Hearing loss when present is usually conductive, but amixed hearing
loss has been reported (Figure 7.3).%°

TCS is caused by mutations in the TCOF1 gene mapped to 5932-33.1 in 1996. It
encodes the protein Treacle. It has been suggested that haploinsufficiency of Treacle affects
the proliferation and proper differentiation of specific embryonic cells during development.
Treacle controls the production of mature ribosomes and if deficient, this is what causes
disruption in neural crest formation and proliferation resulting in the hypoplasia characteristic
of TCS#

Bone-anchored hearing aids and prostheses may be used in the management of those with
severe bony atresia.
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Figure 7.3 Treacher Collins syndrome: (a) facies showing downward slope of the palpebral fissures, colo-
boma and micrognathia; (b) pinna abnormality and micrognathia (courtesy of Professor D. Donnai).

Nager acrofacial dysostosis

This syndrome, first described in 1948 by Nager and deRenier, is a rare mandibular facial
dysostosis with limb abnormalities and hearing impairment. Most cases are thought to be
sporadic. Limb abnormalities include hypoplasia of the thumbs, radii and humerii. The facial
features include downward sloping palpebral fissures and hypoplasia of the malar bones and
the mandible (Figure 7.4).%*

Conductive hearing loss is described and has been attributed to external ear malformations
and ossicular abnormalities.®? In Herrmann et al.’s® study, external ear malformations were
found in 8 out of the 10 patients enrolled. These ranged in severity from an isolated stenosis
to anotia. The ossicular abnormalitiesincluded fixation of the malleus and incus to the adjacent
temporal bone. Hearing loss was conductive in 90% of their patients. Two patientsin the same
study were reported to have developed a sensorineural ‘dip’ at 2 kHz in later childhood.

Hemifacial microsomia/Goldenhar’s syndrome
(also known as oculo-auriclo-vertebral spectrum or
first and second arch syndrome)

This consists of the triad of craniofacial microsomia, ocular dermoid cysts and spinal defects.
Occasiondly, cardiac and renal anomalies are found. The syndromeisfoundin 1in 3,000 live
births and in many casesit is unilateral. In a group investigated by Touliatou et al., 70% had
unilateral manifestations and these were mainly right-sided.”’
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(a)

Figure 7.4 Nager syndrome: (a) facial features; (b) upper limb abnormality (courtesy of Professor D.
Donai).

Whereas the majority are sporadic, autosomal dominant and autosomal recessive forms
have been described. A literature review described by Tasse et al.?® found that those with
autosomal dominant inheritance are more likely to be bilaterally affected than those where the
condition was sporadic. Hearing impairment, atresia and epibulbar dermoids were less fre-
quently found in the genetic group than in sporadic cases. Where epibulbar dermoids are
present, then ear tags tend to be present bilaterally. Clinical manifestations of the syndrome,
as found in 17 patients described by Touliatou et al.,*” included auricular defects in 94% and
ocular abnormalities in 65% (Figure 7.5).

Forty percent are reported to have aconductive hearing loss.’ A higher proportion of hearing
impairment has been reported by others.?”* Cavalho et a.* found 74 out of 99 paediatric
patients (75%) had a hearing loss. There was a statistically significant relationship between
auricular abnormalities and conductive and sensorineural hearing impairment.

Hearing loss results from middie-ear abnormalities or external ear atresia.® Middle-ear
abnormalities described include malformation of the tympanum and of the ossicles.® Five
percent have a cleft lip and palate.®

The presence of a sensorineural hearing impairment has also been reported in this
condition,**32 and abnormalities of the stria vascularis and semicircular canals have been
demonstrated.”
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Figure 7.5 Goldenhar’s syndrome: (a) facies (courtesy of Dr M. Bitner-Glinditz); (b) epibulbar dermoid.

Isolated microtia may be a marker for unsuspected hemifacial microsomia.® Examination
of 100 consecutive patients with isolated microtia revealed that 40% had hemifacial micro-
somia, 31 unilateral and 9 bilateral; 37 had a conductive hearing loss; and one a sensorineural
hearing impairment.

INHERITED CHONDRODYSPLASIAS

Stickler syndrome/Marshall syndrome/Marshall/Stickler

Marshall and Stickler syndromes are heterogeneous conditions affecting collagen connective
tissue. They are characterised by high myopia, orofacial abnormalities and hearing loss. The
hearing lossis usually sensorineural affecting mainly the high frequencies and with a tendency
to progress. Conductive and mixed hearing loss can aso be found due to the association of a
cleft palate and otitis media. Some individuals have no overt signs of the condition. As there
are overlapping features, there has been controversy whether Marshall and Stickler syndromes
represent different manifestations of the same syndrome or are different syndromes.

Stickler syndromeis mainly autosomal dominant, and typesl, |1 and 111 have been described.
Type | is caused by mutations in the COL2A1 gene, Type Il from mutations in COL11A2 and
Type 1l from mutationsin COL11A1.* COL 2A1 isthe most common gene causing the condi-
tion. Clinical signs depend upon the mutations present. Mutations in COL11A1 give rise to
Marshall phenotypes or overlapping Stickler/Marshall phenotypes. In 2006, in one family of
Moroccan origin with Stickler syndrome, an autosomal recessive pattern was identified and
the syndrome was found to be due to a homozygous R295X mutation in COL9A1.3*
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Reports of the auditory manifestations related to the type of Stickler syndrome present
indicate that they are milder in Type | than in Types 1l and 111.3* Hearing loss is reported to
be more severe in Marshall syndrome than in Stickler syndrome.®

Prevalence of early onset hearing loss is reported to be less common (7.5-19%) in families
with exon 2 mutations in COL2A1 than in other families (70%).* Three families identified
and investigated by Richards et al.*” with mutations in exon 2 of COL2A1 were described as
having a predominantly ocular phenotype. Hearing loss was uncommon but was the most fre-
quent systemic finding, and both conductive and sensorineural hearing loss was described.
Donoso et al.* reported on alarge family of 2,384 members who also had a mutation in exon
2. The researchers were able to obtain the clinical records of 165 family members of whom
95 were affected and 70 unaffected. Affected individuals had early onset posterior perivascular
retinal degeneration, vitreous degeneration and retinal detachment (n = 95). A hearing loss
was found in only two (7.5%) of a subset of 28 affected individuals, both of whom were
described as needing a hearing aid before the age of 21 years.

The auditory manifestations of Type Il Stickler syndrome caused by a COL11A2 mutation
were explored by Admiraal et a.* in 15 affected persons. Six had a mixed hearing loss and
five of these had a submucous or overt cleft palate. The mean sensorineural threshold was
40 dB HL. Audiograms obtained from 14 affected persons were described as sloping (n = 6),
flat or gently sloping (n = 3), flat (h = 2) and U-shaped (n = 3). They commented that in this
non-ocular form of Stickler syndrome, sensorineural hearing loss had a higher prevalence than
in Type | Stickler syndrome. The conductive element was associated with otitis media.

Griffith et al.”® described hearing loss in three individuals with the Marshall phenotype
resulting from mutations in COL11A1. The three individuals described had serial audiograms
from the age of 5 years. These depicted a cochlear sensorineural hearing loss progressing to
severe-to-profound hearing loss by the 6th decade, Vestibular function was explored using
electronystagmography, calorics, rotational chair and dynamic posturography. Central dys-
function was reported in two subjects and peripheral dysfunction in the third.

The family described by Van Camp et al.,** where Stickler syndrome was inherited as an
autosomal recessive condition, had moderate to severe sensorineural hearing gloss, moderate
to high myopia, vitreoretinopathy and epiphyseal dysplasia. Heterozygote carriers had no signs
of the syndrome clinically.

Hypermobilty of the tympanic membrane was found in 21/46 examined in Szymko-Bennett
et al.’s study™® although the appearance was normal. It was suggested that this finding could
be useful as a clinical diagnostic feature.

OTHER SYNDROMES

Waardenburg syndrome

This auditory pigmentary syndrome was first described by Waardenburg in 1951.* Subse-
quently, four syndrome types have been identified. Types|, Il and Il are inherited in an auto-
somal dominant manner, whereas Type |V is autosomal recessive. Details of the genetic basis
of this syndrome can be found in Chapter 6. The prevalence of this condition has been esti-
mated to be 1.44-2.05/100,000 in the general population.*?

Variable penetrance and expressivity have been described. The main clinical features are
dystopia canthorum, i.e. lateral displacement of the inner canthi (Types | and Il only), pig-
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Figure 7.6 Waardenburg syndrome: (a) eyelid anomaly with dystopia canthorum, synophrys and complete
heterochromia irides; (b) partial heterochromia irides with a clearly demarcated segment of a different
colour.

mentation abnormalities and congenital sensorineural hearing impairment. The displacement
of the inner canthi results in the medial sclera appearing smaller than on the lateral side and
the lacrimal ducts open opposite the cornea rather than the sclera. Synophrys and hypoplasia
of the alae nasi are associated with the presence of dystopia canthorum (Figure 7.6).

The pigmentation abnormalities include a white forelock although occasionally a black
forelock has been described. The irises may be of different colours, have segments of one or
both irises of a colour different from the rest of the iris, or both irises may be hypochromatic
with a deep blue appearance. Hypopigmentation of the skin is an additional feature and some
cases of hyperpigmentation have also been described. Hirschsprung's disease is associated
with the recessive form of Waardenburg syndrome; it is not clear if it is also associated with
other syndrome types.*®

Congenital sensorineural hearing impairment or normal hearing is found. When hearing
loss is present, it can be unilateral but is usually bilateral and varies in degree from mild to
profound. The prevalence of hearing impairment is higher in Type Il than in Type 1.** Newton
reported that 67% of those with Type | had a hearing loss and 87% with Type I1.** A variety
of audiogram shapes have been recorded including low-frequency ascending, U-shaped, flat
and gently sloping or steeply sloping high-frequency hearing loss.* In Type |1, an asymmetri-
cal hearing loss in which one ear has a low-frequency ascending hearing loss and the other a
profound hearing impairment has not been described in Type|. Hearing lossis more frequently
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found in association with pigmentation abnormalities than without these features.®®“¢ Whereas
hearing gloss is generally stable, progression has been described in association with Type 11
Waardenburg syndrome.”’

Computerised tomography has indicated that in most instances, the cochlea is normal but
adilated vestibular aqueduct has been described in a small group of children with a profound
sensorineural hearing impairment.* Vestibular function is believed to be mainly normal, but
vestbular abnormalities have been reported.*”*°

Children with a profound hearing loss as a result of Waardenburg syndrome have been
reported to be good candidates for cochlear implantation.®

Branchio-oto-renal syndrome

First described in 1975, this syndrome is estimated as occurring in 1 in 40,000 of the popula-
tion. It isinherited as an autosomal dominant trait and results from abnormal development of
the first and second branchial arches. Causative genes have been identified — EYA 1, S X1 and
SX5. Recently, Sanggaard et al.>* made the observation that renal and temporal lobe malfor-
mations seem to be more frequent in the condition when due to SX1 mutations than
to EYA 1-related disease. The syndrome is clinically variable; branchio-oto-renal (BOR),
branchio-oto-facial and branchio-otic syndromes have been described.

Abnormalities of the ear are associated with branchial fistulae and renal anomalies. Atresia,
an auricular abnormality (lop-ear deformity), pre-auricular pits and tags may be present
(Figure 7.7).

Ceruti et al.> described inner-ear malformations in all eight patients with BOR in their
study. Hypoplasia and dysplasia of the cochlea was consistently found, a wide vestibular
aqueduct was a frequent finding, and bilateral hypoplasia of the eighth nerve was found in one
patient. The most common features described by Propst et al.*® were a hypoplastic apical turn
of the cochlea, deviation of the facial nerve to the medial side of the cochlea, a funnel-shaped
internal auditory canal, a patulous eustachian tube and widened vestibular agueduct. Others
have described enlarged endolymphatic sacs and ducts.>

Hearing loss found isvariable in degree from mild to profound. It may be conductive (33%),
sensorineural (29%) or mixed (52%).% It is usually stable (~70%) but can be progressive in

Figure 7.7 Branchio-oto-renal syndrome: preauricular pit (courtesy of Dr T. Sirimanna).
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association with a dilated vestibular aqueduct.>® Progressive fluctuating hearing loss has been
reported.*®

Wildervanck Syndrome (cervico-oculo-acoustic syndrome)

This syndrome encompasses the Klippel-Feil anomalad, Duane’s retraction syndrome and
hearing impairment. The syndrome is uncommon with prevalence higher in femalesthan males
(20:1). It may be unilateral or bilateral. Anomalies include short stature, microcephaly, mental
retardation and cleft palate.>” Radiological examination of one patient with Wildervanck syn-
drome revealed a conductive hearing loss in one ear and a Mondini defect in the other indica
tive of a sensorineural hearing impairment.®

Klippel-Feil syndrome (KFS)

Fusion of the spine of varying degree affects the cervical, thoracic and sometimes the lumbar
spine. Imaging by CT or MR scan of 24 consecutive patients with KFS found that cervical
spondylosis or disc herniation was the most commonly associated radiological abnormality
(n=10).*® Clinically, there may be a short neck, limited cervical mobility and low posterior
hairline, but these features may not be readily apparent in those with mild manifestations of
the syndrome. Sprengel’s shoulder is one of the most commonly associated abnormalities.®
Samartziset al. observed Sprengel’ sdeformity in 5 out of 30 (16.7%) patients with the Klippel-
Feil anomalad; in one it was present bilaterally.®

Hearing loss may be mixed, conductive or sensorineural, and both unilateral and bilateral
impairment have been described. The causes of a conductive hearing loss include outer-ear
malformation and ossicular abnormalities. Sensorineural hearing loss isthe most common type
associated. McGaughran et al.’s study® indicated hearing problems in 35 out of 44 with the
syndrome with sensorineural hearing impairment found in 15 and a mixed hearing impairment
in 10; there was no evidence of atypical audiometric profile.

Duane retraction syndrome

This involves a lateral rectus palsy with the eye being retracted on adduction. Kirkham®?
described sensorineural hearing impairment in 12 out of 176 patients with this diagnosis.

Noonan syndrome

The incidence of Noonan syndrome is estimated as between 1/1,000 and 2.5/1,000 hirths.
Clinical features include short stature, hypertelorism, ptosis, downward-slanting palpebral fis-
sures, posteriorly rotated auricles, awebbed neck, cardiac defects, cryptorchidism and bleeding
problems. The syndrome is inherited as autosomal dominant and mutations in the PTPN11
gene on chromosome 12 are implicated in around 50% of cases.®®* A small proportion with the
syndrome have mutations in the KRAS gene.®

Hearing loss is often found.®*® Ranke® recorded that out of 410 cases with Noonan's
syndrome, 63% had symptoms relating to the ear. Qui et al.* reviewed 20 cases of Noonan
syndrome and reported that 50% of ears showed a progressive high-frequency sensorineural
hearing loss. Conductive hearing loss has also been reported.’” The patient described by
Cremers et a. had a unilateral conductive hearing loss and tympanotomy revealed absence
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of the long process of the incus and an abnormal relative positioning of the malleus and
stapes.

Cornelia de Lange syndrome (CdLS)

This autosomal dominant developmental disorder is estimated to affect 1 in 10-30,000 new-
borns. Features include the typical facial features of thin arched eyebrows and long eyelashes,
alow dorsal hairline and low set ears. There is usually mental retardation and there may be
microcephaly, hirsutism and limb abnormalities. Some have a cleft palate and stenosis of
the external auditory meatus has been found.®® Features of the syndrome vary from mild to
severe.

Mutations in NIPBL, SMIC1A and CMC3 genes cause the syndrome. Around half are
believed to be due to NIPBL, which codes for the protein delangin which has arole in regulat-
ing the activity of other genesinvolved in early development.

Temporal bone pathology was reported by Y amanobe and Ohtani,*® who described anoma-
lies of the middle and inner ear and facial nervesin CdLS. Hearing loss may be conductive,
sensorineural or mixed.”"? In Marchisio et al.’ s™ investigation of 50 children, 1-18 yearswith
CdLS, hearing loss was found in 40 (80%), with conductive hearing loss alone in 60% and in
combination with a sensorineural hearing loss in 20%. Otitis media with effusion was found
in 94% and prevalence was reported to be the same in all age groups.

Sensorineural hearing loss was found in two boys examined by Ichiyama et al.”? One had
no responses on an auditory brainstem response test at 100 dB HlI, the other had a wave V
threshold of 40 dB HL.

Townes-Brocks syndrome

This is an autosomal dominant disorder with multiple malformations. The gene has been
mapped to 16g12.1, and mutations in SALL1, a candidate gene, have been reported in one
family and in a sporadic case. Clinical defects involve mainly the ear, hands and feet, the anus
and kidney.

A review of the clinical features of the syndrome by Powell and Michaelis™ indicated that
the most common limb defects are triphalyngeal thumb and preaxial polydactyly, but a broad
distal phalanx of the thumb is also common. Imperforate anus is the most frequent anal abnor-
mality found and renal defectsinclude hypoplastic or dysplastic kidneys. Intelligenceis usually
normal.

External ear abnormalities include pre-auricular tags or lop ear and there are also ossicular
abnormalities, including a hypoplastic head of malleus and a malformed incus. Hearing loss
is predominantly sensorineural affecting high frequency thresholds and is slowly progressive,
with amild hearing impairment in childhood progressing to a moderate hearing loss by early
adulthood.™

Johansson-Blizzard syndrome

This autosomal recessive syndrome was first described in 1971 as featuring aplasia of the ala
nasae, deafness, hypothyroidism, dwarfism, absent permanent teeth and malabsorption. Other
abnormalities have been described subsequently including microcephaly, cardiac and genito-
urinary anomalies.”
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Hearing loss has been described in 75% of those affected and is sensorineural, severe and
bilateral. A CT scan of the inner ears of both patients described by Braun et al.” revealed a
Mondini defect bilaterally together with cystic dilatation of the vestibule. The vestibular aque-
ducts were shortened and widened and there was narrowing of the round window.

CHARGE association

This spectrum of congenital defectsisfound in onein 10,000. The acronym CHARGE is based
on the presence of Coloboma, Heart malformation, Atretic choanae, Retarded growth and or
development, Genital hypoplasiaand Ear abnormalities. Facial weakness and orofacia clefting
have also been described. Clinical criteria for diagnosing CHARGE association have been
proposed, the most recent focusing on coloboma, choanal atresia and abnormal semicircular
canals.”™

The CHD7 gene on chromosome 8g12.1 is a major cause of this syndrome.”” Many cases
are sporadic but familial occurrence was recorded by Delahaye et al.,” who described six
patients in two families, one parent and two children in each. There was marked intrafamilial
variation in the clinical features present.

The external ear is typically low set, anteverted and cup-shaped. Pre-auricular tags and
microtia may be present. In the middle ear the stapedius muscle may be absent, the incus and
stapes hypoplastic and fixation of the ossicular chain present.” There may be hypoplasia or
agenesis of the semicircular canals.* Absence of the bony semicircular canals in the presence
of abony cochleais a characteristic finding in CHARGE association (Figure 7.8).8

Hearing impairment is frequently found and the hearing loss is usualy severe. Mixed
hearing impairment is the most common type of hearing loss but both conductive and senso-
rineural hearing impairment have been described.

In Morgan’ s investigation of 50 patients, all had ear abnormalities and 48 had malformed
pinnae (96%). Facial nerve palsies were present in 27 of the patients (54%). The most common

Figure 7.8 CHARGE association: typical auricle.
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hearing defect was a severe conductive or mixed hearing loss, only eight (4%) having normal
hearing. Amongst the 84% with radiological abnormalities, the characteristic findings were a
hypoplastic incus and absent semicircular canals.

Edwards et al.® described agroup of 21 children, of whom four had amixed hearing impair-
ment bilaterally, five had a sensorineural hearing loss, and two had a mixed hearing loss in
one ear and a conductive hearing loss in the other. Two of the children had cochlear

dysplasias.

CHROMOSOMAL ABNORMALITIES

Craniofacial abnormalities are featured in many syndromes caused by chromosomal abnor-
malities; two of the more common of these are described.

Down syndrome

This chromosomal disorder is due to trisomy 21. It occursin 1 in 600 live births and is char-
acterised by a number of clinical features. Ear abnormalities are found, including a small pinna
with deficient cartilage in the upper pole, a stenosed external auditory canal, ossicular abnor-
malities and a shortened cochlea. Hearing lossis reported to occur in 38-78%.%* Whereas otitis
media is believed to be the commonest cause of a hearing impairment in young children, a
mixed hearing loss or a sensorineural hearing loss have been found.

Otitis media in children with Down syndrome is related to eustachian tube defects. The
tube is shaped differently and collapses more easily.® A radiographic study of the skull base
and nasopharynx reported by Brown et al.® revealed that the nasopharynx was narrower than
normal in Down syndrome patients and the angle between the base of the skull and the hard
palate was significantly less acute than in normal controls.

Inner-ear dysplasia was found to be common in a study described by Blaser et al.® Using
high-resolution computerised tomography or magnetic resonance imaging, they investigated
59 patients with Down syndrome. They found inner ear structures to be hypoplastic with ves-
tibular malformations common. They described a small bony island of the lateral semicircular
canal as ‘highly typical’. Other abnormalities included fusion of the lateral semicircular canal
and the vestibule, enlargement of the vestibular aqueduct and endolymphatic sac, stenosis of
the internal auditory canal and hypoplasia of the cochlear nerve canal.

In an auditory brainstem evoked response test described by Krecicki et al.,*¥" the latencies
(peaks1-I11 and interpeak latencies 1-111) were shorter for children with Down syndrome under
the age of 1 year than their unaffected peers, and significantly longer in an older age group
when compared with a control group. They suggested that reference values obtained from
normal children should not be used as a reference for assessing the hearing of children with
Down syndrome.

Turner syndrome

Turner syndrome is the most common sex chromosome disorder in females and is due to a
partial or total deletion of one of the X chromosomes, the latter being the most common. Phe-
notypic manifestations differ depending on the parental origin of the intact X chromosome.
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(b)

Figure 7.9 Turner syndrome: showing (a) the low set rotated auricles; (b) the auricles and broad neck.

The clinical features of the syndrome include small stature, a nucha prominence, broad
webbed neck, a depressed sternum, cubitas valgus and cardiac, renal and auditory abnormali-
ties (Figure 7.9).

Hearing loss is frequently found and is often conductive.®*® Stenberg et al.’s study® of 56
girls aged 4-15 years with Turner syndrome revealed that 61% had a history of recurrent otitis
media. A sensorineural hearing loss develops from late childnhood to early adulthood® but a
mid-frequency sensorineural ‘dip’ has been reported in children as young as 6 years.®® The
sensorineural hearing loss is progressive and worse in the high frequencies.®

A relationship has been found between the degree of mosaicism and the incidence of
auricular anomalies and sensorineural hearing loss. A large investigation of the ear and hearing
problemsin 119 girlswith Turner syndrome was carried out by Barrenas et a.** with particular
emphasis on the degree of mosaicism. They noted that the prevalence of sensorineural hearing
loss and auricular abnormalities increased significantly, the greater the proportion of 45, X
cells present in an individual. A recent study by King et al. of 200 females 7-61 years of age
revealed significantly poorer air-conduction thresholds in those with a karyotype 46, XdelXp
and 46, XiXq groups than in the 46, XdelXq group.*

Morimoto et al. reported that in their group of 33 patients, 8—-33 years of age, age-dependent
high-frequency hearing loss was more prevalent in the XO karyotype than in those with the
mosaic type.?
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A relationship has a so been found with the origin of the intact X chromosome. It has been

observed by Hamelin et a. that those with an intact X chromosome of maternal origin are less
likely to have a sensorineural hearing loss than those with the intact X chromosome being of
paternal origin.®

CONCLUSION

The association of craniofacial abnormalities with hearing impairment indicates that children
with such abnormalities are at risk for a hearing loss and possibly vestibular dysfunction; they
should have their hearing examined at the earliest opportunity.
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8 Infectious causes of paediatric hearing
impairment

P.J. Vallely and P.E. Klapper

INTRODUCTION

Hearing loss or impairment is a frequent consequence of infection. In particular, bacterial
meningitis and otitis media are well known and important causes, but infection with many
other pathogens including viruses and parasites can also lead to sensorineural or conductive
hearing loss. The impact of childhood vaccination programmes in the devel oped world means
that the burden of hearing loss due to infection is heaviest in developing countries, but many
children in all areas of the world are born with hearing deficits as a result of a congenital
infection, or develop hearing impairment or loss in childhood due to an acquired infection.

Itiscrucia to understand and identify infectious causes of hearing loss and raise awareness
of them as, unlike for many other causes of deafness, thereis areal possibility of intervention
to prevent or limit such loss.

INFECTION AS A CAUSE OF HEARING LOSS IN CHILDREN

Epidemiological data

TheWorld Health Organization (WHO) estimate that 80% of deaf and hearing-impaired people
live in low- or middle-income countries.* As infectious diseases are similarly more prevalent
in such developing countries, this statistic suggests that infection is an important contributor
to hearing impairment. The WHO are currently compiling a global database on deafness and
hearing impairment and this will undoubtedly help in understanding the scale of the problem
and allow appropriate targeted interventions. However, there is still an urgent need for good
epidemiological datato show the direct proportion of cases of deafness or hearing impairment
due to an infectious cause.

Smith and Mathers? provided an overview of epidemiological data available from surveys
relating to infection and hearing loss carried out within the last 20 years across the 17 sub-
regions of the WHO (Table 8.1). These were mostly cross-sectional surveys carried out on
representative populations within a particular country or area of a country, although some were
conducted within individual schools or hospitals, and included reports of both permanent and
temporary (e.g. as aresult of chronic otitis media) hearing loss. The data were identified from
atotal of 12 regions but large parts of Africa, Europe, Americaand Asiawere not represented.
Conclusions from these limited data indicate that in sub-Saharan Africa, infection may con-
tribute as much as 50% of the total burden, whilst in Europe, America and parts of Indonesia,
the burden due to infection appears to be closer to 10%. It is clearly important that better data



Table 8.1 Infectious burden of hearing loss by WHO Region (adapted from Smith and Mathers, 2006)2.
Prevalence Proportion of hearing
Ages of Number of of hearing loss due to infectious
WHO Region Country Year of study participants participants impairment causes (%) Reference
African Nigeria 2000 > 6 months 8975 18.8% 47.5% Nwawolo 200373
Sierra Leone 1992 5-15 years 2015 9.1% ND Seely et al. 1995
Zimbabwe 1998 4-20 years 5528 2.4% 54.1% Stewart et al. 1998'%°
Americas USA 1991-1992 3-10 years 324327 ND 10% Van Naarden et al.
199919
Brazil 2003 > 6 months 2427 28.2% 15.3% Beria et al. 2005'7
Eastern Saudi Arabia  1988-1990 2 months — 12 6421 7.7% 70.6% Al-Muhaimeed 1996%
Mediterranean years
Oman 1997 >6 months 11400 5.5% 18% Al-Khabori and
Khandekar 2004'%8
European UK 1994-1995 1-10 years 552558 0.12% 8.6% Fortnum and Davis
199717
Estonia 1985-1990 Followed from 144186 0.172% ND Uus and Davis
birth 20002
South East Asian  Indonesia Random cluster ~ >6 months 5604 12% 10% Mackenzie 2002%°!
study
India Random cluster ~ >6 months 5428 20.8% 39.2% Mackenzie 2002%°!
study
Western Pacific China 2000 All ages 126876 3.3% 26.8% Liu et al. 20012
Vietnam 2001 >6 months 13120 20.4% 6.3% Dung 20032
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are obtained in order to estimate the true global burden of hearing impairment due to infectious
Causes.

INFECTIOUS AGENTS CAUSING HEARING IMPAIRMENT

Infection is caused by invasion of the body with a pathogenic micro-organism. This may be
a bacterium, virus, fungus or parasite. The symptoms associated with disease due to infection
may be caused directly by the pathogen, usually by replication of the organism within body
tissues or fluids, or indirectly, by damage resulting from toxic substances produced by the
organism or from the immune response mounted by the host. Asdetailed in further discussions,
relatively littleisknown about the specific pathogenic mechanismsthat occur within individual
infections and lead to hearing loss, but damage occurs either within the ear itself or to the
eighth cranial nerve innervating the ear.

Hearing loss due to infection in children occurs either before birth as a result of congenital
infection or during childhood as a result of an acquired infection. The major infectious causes
of congenital hearing loss are rubella, cytomegalovirus and syphilis, and the major causes of
acquired hearing loss are bacterial meningitis and chronic otitis media. Sensorineural deafness
resulting from congenital infections such as rubella is understood to be due to nerve damage
during organogenesis, whereas the conductive hearing loss typically seen with otitis media is
due to build up of immune infiltrate within the inner ear. It can be difficult in individual cases
to identify the infectious cause of hearing impairment: often, hearing loss is the only symptom
of the infection or the loss may develop after the infection has cleared. This means that it is
likely that infectious causes are under-reported. However, wherever possible, identification of
an infectious aetiology is desirable as it will help with counselling parents, may allow treat-
ment intervention to limit damage and may also help to anticipate prognosis.

CONGENITAL INFECTIONS

Rubella
Epidemiology

Rubella virus is an enveloped RNA virus classified within the Togaviridae family. It infects
only humans, is spread via the respiratory route, and its transmission generally requires close
contact. Following an incubation period of 14-21 days a mild, self-limiting, red rash illness
is typically seen in children. This non-confluent maculopapular rash appears first on the face
and spreads centripetally to the trunk and limbs. The rash may be associated with enlarged
lymph nodes, sore throat, cough, mild conjunctivitis, a low-grade fever and, particularly in
post-pubertal females, arthralgia and arthritis, which may last for several weeks. Serious com-
plications are rare. In contrast to thismild post-natal illness, rubella causes a serious congenital
infection if contracted by a woman for the first time during pregnancy, particularly during the
first 16 weeks of gestation when the virus will invariably be transmitted to the foetus with an
85% risk of congenital damage, most common amongst which is sensorineural hearing loss
(SNHL) (Table 8.2).

Prior to the introduction of routine vaccination, rubella had aworldwide distribution emerg-
ing each spring in temperate climates and causing epidemics every 4—7 years. The implementa-



Infectious causes of paediatric hearing impairment 163

Table 8.2 Likely outcome of congenital infection with rubella virus according to gestational age.

Timing of infection Possible outcome

Preconception Minimal risk

0-12 weeks 100% risk of congenital infection, major congenital abnormalities
likely, Spontaneous abortion in 20% of cases

13-16 weeks Deafness and retinopathy in ~15%

After 16 weeks Normal development, slight risk of deafness and/or retinopathy

tion of vaccination programmes begun in the late 1960s and 1970s mean that the disease is
now rare in Australia and large parts of Europe and has been declared eliminated from North
America® Many other countries have introduced vaccine programmes more recently, but in
Africaand Asia vaccination is more variable and it is estimated that around 100,000 cases of
congenital rubella syndrome still occur each year mostly in these regions.*

Congenital rubella syndrome (CRS)

Rubella was first described in Germany in the mid-nineteenth century and became commonly
known as ‘German measles' to differentiate it from classical measles. For the next century
rubella was largely ignored as the disease was considered of little significance until, in 1940,
a link between maternal infection with rubella during pregnancy and certain specific birth
defects was made by Norman Gregg.® Gregg reported a series of 78 babies with similar kinds
of congenital cataract, some of whom also had heart disease. In 68 of these cases the mother
was shown to have been infected with rubella during the first or second month of pregnancy.
Further studies showed that in some of these babies, and in others born to rubella infected
mothers, deafness and microcephaly were also seen, with a preponderance of cases of deafness
occurring in infants whose mothers were infected slightly later in pregnancy (mean 2.1 months
gestation; reviewed by Hanshaw et al.®). This was the first realisation that viruses could cause
congenital malformation.

It is now recognised that congenital infection with rubella produces a range of symptoms
including the classic triad of cataracts, heart defects, and sensorineural deafness, recognised
by Gregg. Affected infants may also show intrauterine growth retardation, central nervous
system (CNS) defects, hepatosplenomegaly, thrombocytopenia, petechia, purpura, as well as
late-onset manifestations such as diabetes mellitus, thyroid disorders and progressive sensori-
neural deafness (Box 8.1).

Congenital rubella and the ear

In contrast to most of the other manifestations, SNHL as a consequence of rubella infection
may occur in isolation, particularly when infection occurs after the first 12 weeks of preg-
nancy.” This s because development of the inner ear occurs over alonger period spanning the
2nd to 4th month of gestation compared with the structures of the eye which develop within
thefirst few weeks, and the heart which devel ops by the second month of gestation. The hearing
loss may be unilateral or bilateral, range from mild to profound, and loss may be asymmetric.®
Hearing loss may be present at birth or, as the virus can persist in the inner ear fluid, it may
continue to cause degenerative changesin the organ leading to progressive | oss, which becomes
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Box 8.1 Symptoms of congenital rubella syndrome.

Transient symptoms

Low birth weight, hepatosplenomegaly, thrombocytopenic purpura, bone lesions,
meningoencephalitis, hepatitis, haemolytic anaemia, pneumonitis, lymphadenopathy

Permanent sequelae

Of the heart: peripheral pulmonary stenosis, pulmonary valvular stenosis, patent ductus
arteriosus, ventricular septal defect

Of the eye: retinopathy, cataract, microphthalmia, glaucoma, severe myopia

Of the ear: sensorineural deafness

Other organs: microcephaly, psychomotor delay, diabetes mellitus, thyroid disorders,
dermatoglyphic abnormalities, dental defects

Late-onset permanent sequelae
Sensorineural deafness, mental retardation, diabetes, thyroid disorders

apparent in infancy or early childhood, or occasionally as a late onset consequence of the
disease (Box 8.1).

The overall incidence of deafness following congenital rubella infection is not accurately
known. Various studies have reported figures ranging from 30 to 80%.%** The significance of
rubella as a cause of hearing loss is shown by studies conducted in the UK in the era before
rubella vaccination was given to all infants as part of the measles, mumps and rubella (MMR)
vaccine campaign (that began in 1988). Two cohorts of children identified as having congenital
rubellainfection and reported to the UK National Congenital Rubella Surveillance Programme
(NCRSP) were examined. The first’® comprised 111 children born between 1978 and 1982 and
included 68 (61%) described as hearing impaired. The second cohort® of 159 children born
between 1983 and 1987 included 75 (47%) with hearing impairment. In both studies, a loss
of 40 dB or greater in both ears was present (mean loss 93 dB and 96 dB in the respective
studies). In agreement with these data, follow-up of all children born between 1971 and 1993
and reported to the NCRSP suggests around half had SNHL. In a number of these cases, the
hearing loss was only reported at second or subsequent follow-up, suggesting delayed diag-
nosis of the hearing loss was common and that delayed onset also occurred.* Furthermore,
although approximately one-quarter of all children ever reported to the NCRSP had SNHL as
the only sequelae of congenital rubellainfection, al infants reported in recent years have had
severe infection with multiple rubella defects. This may imply recent under-reporting of con-
genital rubellainfection in the UK when SNHL isthe only manifestation as congenital rubella
may no longer be suspected in an older child who has received the MMR vaccine by the time
adiagnosis of SNHL is made.*

Control of infection

To date, no effective antiviral drugs have been developed to treat rubella virus infection and
the mainstay for control is prevention by vaccination. Rubella vaccine is unusual in that it is
not given to protect the individual to whom it is administered, but rather to protect the unborn
child with whom that individual may have later contact. Most countries have adopted a strategy
of childhood immunisation of both sexes designed to eradicate or at least prevent the epidemic
spread of virusin the population. However, this strategy requires a vaccine uptake rate of 80%
or higher in the targeted age group. Lower rates than this can lead to an upward shift in the
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Figure 8.1 Congenital rubella births (NCRSP) and rubella associated terminations (ONS) 1971-2003
(adapted from Salisbury D., Ramsay M., Noakes K. Immunisation against infectious disease. Norwich: The
Stationery Office, 2006).

average age of rubella infection with the effect of actually increasing the rates of CRS. The
alternative strategy of vaccination of adolescent and adult females provides protection to the
pregnant woman, and thus controls CRS but does not prevent or reduce virus circulation in
the community, leaving non-vaccinated individuals at risk.

Universal childhood immunisation was introduced in the United States in 1969 and rates
of rubella infection declined dramatically from 40 to 60,000 cases annually to only nine
reported cases in 2004.2° Many of the cases reported after the vaccination programme was
established were born to non-immunised, Hispanic immigrant mothers™” but since 2001, rates
in this group also fell to <1/100,000 population due to improved vaccine coverage. Epidemio-
logical analysis of rubella and CRS cases occurring between 1998 and 2004 suggested that
the disease was no longer endemic in the United States.***® In 1970, the UK introduced a pro-
gramme of selective immunisation of pre-pubertal females. This led to a large reduction in
CRS (Figure 8.1) but did not eliminateit, and around 50 cases of CRS continued to be reported
each year. Universal vaccination was introduced in 1988 and has been effective in eliminating
epidemic spread with 40 cases reported between 1991 and 2002%°; most of these children were
born to mothers who acquired the infection outside the UK. However, worldwide, CRS
continues to be a problem. Of the 192 countries reporting to WHO in 2004, 116 (60%) have
arubella immunisation programme usually targeted at infants before their second birthday.?
However, although thisis a considerable improvement from the 78 countries with such a pro-
gramme in 1996, coverage still accounts for only 26% of al births and it is estimated that a
minimum of 100,000 cases of CRS still occur annually.?

Cytomegalovirus
Epidemiology

Cytomegalovirus (CMV) is one of the eight herpes viruses known to infect man. It is alarge
enveloped DNA virus, and in common with al herpes viruses, primary infection is followed
by lifelong latent infection of the host with periodic reactivation and viral shedding. The virus
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is present in all human populations studied and seropositivity rates vary from around 60—70%
in adult populations in the developed world,”? to >95% in developing countries.** Infection
typically occurs in childhood, especially in the developing world, and transmission is associ-
ated with close physical contact in families or in daycare centres for children. Infants typically
excrete large amounts of virus for months or years and exposure of contacts to saliva and other
bodily fluids including via breastfeeding results in efficient virus spread. After childhood a
further peak of infection is seen during adolescence and early adulthood coinciding with
exposure to sexua activity.

Although human CMV infection (HCMV) rarely causes disease in immunocompetent
individuals, the virusis responsible for significant morbidity and mortality in immunocompro-
mised individuals and in prenatally and perinatally infected infants. Indeed, HCMV is accepted
as the leading cause of congenital infection in the developed world. In arecent meta-analysis of
studies where congenital CMV infection had been identified by universal screening, an average
of 0.7% (0.3-1.3%) of all live births were found to be infected.? It is possible this may be an
underestimate of the true rate of congenital CMV as all the available data arise from individual
studies in industrialized countries and reliable, national-level data on incidence of congenital
cytomegalovirus infection are not available from either developed or developing countries.

Congenital infection may arise as aresult of either a primary or reactivated infection in the
mother. Therisk of transmission of the virusto the foetusis undoubtedly higher during primary
maternal infection when approximately 30-40% of all maternal infections will result in a
congenital infection.®?” However, around 10-30% of seropositive mothers will experience a
reactivation of HCMV infection during pregnancy and in 1-3% of such cases the foetus will
become infected.??® As most infants worldwide are born to seropositive mothers, the overall
number of congenital infections arising from reactivation in the mother could be substantial.?
For many years, it was assumed that the foetus was at risk of damage from congenital CMV
infection only if the mother acquired a primary infection. However, more recently, evidence
has emerged that suggests the risk of symptomatic infection during a reactivated or secondary
HCMYV infection during pregnancy in a seropositive mother is in fact much higher than previ-
ously understood: data are available from both the United States and Europe to suggest that
congenitally infected infants are born to mothers with pre-existing immunity,#?"3%3! and that
a significant proportion of these will have an adverse outcome.®*

Congenital cytomegalovirus infection

HCMYV is now recognised as the most frequent cause of congenital infection in humans and
is the leading non-hereditary cause of congenital sensorineural deafness,® It is estimated
that of all children born with congenital CMV infection, 10-15% will have symptoms evident
at birth and 85-90% will be asymptomatic (Figure 8.2). However, a further 10% of these
asymptomatic children will develop late sequelae, most common amongst which is SNHL.®

Amongst the 10-15% of symptomatically infected infants (Figure 8.2), the range of disease
is varied. The most severe manifestations are evident in a child born with cytomegalic inclu-
sion disease, which results from viral interference with intrauterine growth and devel opment,
and causes prematurity and/or the birth of a severely affected child with multi-organ disease,
particularly involving the reticuloendothelial and central nervous systems. Most affected
infants display petechiae, jaundice, purpura and hepatosplenomegaly, and approximately
two-thirds show neurological abnormalities including microcephaly. Mortality amongst such
severely affected neonates may be as high as 30%* with death typically occurring as a result
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Figure 8.2 CMV infection in pregnancy and risk of congenital CMV infection.

of liver dysfunction, blood disorders or secondary bacterial infection. Permanent CNS sequelae
are also common, including SNHL, mental retardation, cerebral palsy, seizures, blindness and
other visual defects.

The majority of infected infants are asymptomatic at birth, but a proportion of these will
develop late sequelae. The most common amongst the late sequelae is development of some
degree of SNHL, which may be unilateral or bilateral.

Congenital HCMV and the ear

An association between congenital HCMV infection and hearing loss was first described more
than 40 years ago,* and it is now recognised as one of the most important causes of deafness
in childhood. Hearing loss is found in both symptomatic and initially asymptomatic infants,
although it is apparently more likely to occur in a symptomatically affected infant (22—-65%)
compared with an infant who is asymptomatic at birth (6-15%).**

A series of studies carried out in Birmingham, Alabama, USA found that most affected
children exhibited severe or profound SNHL (>70 db), and delayed onset of hearing loss was
seen in both groups at an average age of 33 months for symptomatic and 44 months for
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asymptomatic children. Progression of hearing loss was also noted in more than half of the
children from both groups.*

As neonates are not routinely screened for HCMV infection at birth, many asymptomatic
infections remain undiagnosed. The data from the Alabama study* suggest that between one-
third and one-half of all CMV-related SNHL is not apparent until after the newborn period.*
Thus, it is likely that hearing loss that develops in early childhood is often not recognised as
being due to congenital HCMV infection.

A number of reports have attempted to estimate the overal prevalence of congenitadl HCMV-
induced hearing loss. These reports are difficult to compare because of alack of consistency
in the definition of hearing loss, but most suggest that around 15-20% of all cases of moderate
to profound hearing loss in children are associated with congenital HCMV infection,**® and
that this figure rises to around 25% if only profound hearing loss is considered.4-

The reason that HCMV affects the ear in some infected infants and not in others and the
reasons for the wide variation in severity is still poorly understood. A number of studies have
looked for a correlation between various risk factors and development of SNHL. Riveraet al.>
found that intrauterine growth retardation, petechiae, hepatosplenomegaly, hepatitis, thrombo-
cytopenia and intracerebral calcifications were all associated with hearing loss, but that the
presence of microcephaly or other neurological abnormalities was not. The authors conclude
that disseminated disease rather than neurological involvement at birth is the most significant
risk factor for hearing loss.

In support of this conclusion, a recent study found a relationship between high viral load
in urine or peripheral blood of the infant in the neonatal period and development of hearing
loss: virus levels in blood and urine from 83 congenitally infected infants were determined.
Significantly, higher levels were found in both specimens among the children with hearing
loss (n = 12) than among those without.> This was particularly noticeable in the asymptomatic
infants with hearing loss where the viral burden was approximately 10-fold higher than in the
asymptomatic infants with no loss. Further studies are needed to determine the importance of
viral load in development of hearing loss and whether this can be used to predict children at
risk of loss and identify those who may benefit from treatment.

Although the pathogenic mechanisms contributing to hearing loss remain unknown, there
is some evidence that the host immune response against the virus may cause acute or persistent
inflammatory damage within the ear.>® Thus, arecent study® raises an interesting areafor future
work. Using aguinea pig model for CMV -induced hearing loss, the authors examined the pos-
sibility that virally encoded immunomodulatory genes were involved in the pathogenesis. Viral
mutagenesis techniques were used to del ete a specific viral immunomodul atory gene; this gene
encodes aviral protein that acts as a homologue for a host protein, macrophage immunomodu-
latory protein 1o (MIP1o). HCMV isavirusthat iswell known for its ability to modulate the
immune response raised against it by its host and this MIP1lo. homologue is one of the virally
encoded proteinsinvolved in modulation. Animalsinocul ated with the wild-type virus suffered
significantly more hearing loss than animals inocul ated with virus in which the gene had been
deleted. These data suggest a potentially important role for viral immunomodul atory genesin
the development of hearing loss, and further studies in this area are needed.

Control of infection

In contrast to rubella where it is possible to predict outcome in relation to timing of maternal
infection, HCMV transmission may occur at all stages of pregnancy.” The risk of severe
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congenital damage is probably higher in the first half of gestation.®® CNS sequelae are particu-
larly thought to be significantly increased if infection occurs in the first trimester.® However,
termination of all pregnancies complicated by primary CMV infection cannot be recommended
as neither identification of primary maternal infection nor direct evidence of foetal infection
is predictive of outcome, and the majority of infected babies will be healthy.

HCMYV is one of the few viral infections for which effective antiviral therapy exists.
Currently, three antiviral drugs are available for the therapy of life-threatening HCMV
infection: ganciclovir, famciclovir and cidofovir. However, none are currently licensed
for use in pregnant women or neonates because all are associated with significant side-effects.
A trial of ganciclovir in congenitally infected neonates, although reporting significant
haematological toxicity, did show some benefit in preventing the incidence or progression of
hearing loss in some severely affected infants.® More recently an oral formulation of the drug,
valganciclovir, has been used to treat a symptomatic infant and was found to be well toler-
ated.”” At present, effective antiviral treatment for this congenital infection is not available
and further and more extensive studies will be needed before any treatment regime can be
justified.

Astherisk of transmission islower in mothers with pre-existing immunity, the devel opment
of avaccine to protect seronegative women from primary infection is desirable and a number
of candidate vaccines are in preclinical or early clinical development.® An important
consideration if an effective vaccine emerges will be the agreement of a vaccination strategy.
Currently, there is no consensus amongst developed nations as to whether it would be more
effective to vaccinate adolescent females or to incorporate the vaccine into the universal child-
hood vaccine schedule. The effectiveness of vaccination in developing countries where HCMV
seropositivity rates are higher has not yet begun to be explored. A further problem that prevents
progress with development of a vaccine for this virus is the general lack of awareness regard-
ing the public health significance of congenital HCMV infection. Anincrease in public aware-
ness of the problem may provide the necessary driver for progress in the development and
testing of effective vaccination and antiviral therapy regimens.

Syphilis
Epidemiology

Syphilis is a sexually transmitted infection caused by the spirochete bacterium Treponema
pallidum (Figure 8.3). There are three major stages to the infection: primary, secondary and
late syphilis. Primary syphilis is characterised by a lesion at the site of inoculation with the
organism (usually on the genital organs). This typically begins as a single, painless flat lesion
that progresses to an ulcerative papule. Left untreated it will usually heal within 4 or 5 weeks,
and consequently many cases of primary syphilis are not diagnosed.®

Secondary syphilis occurs 1 to 2 months after the primary infection when the organism
establishes a systemic infection. Typical symptoms are a widespread red rash, fever and
general malaise. Complications of secondary syphilis, although not common, arise from the
vasculitis caused by the dissemination of the organism and include hepatitis, nephritis, gastro-
intestinal involvement and meningovascular syphilis, which may involve the 8th cranial nerve
giving rise to arare form of acquired deafness. The symptoms of secondary syphilis generally
improve over the course of 3 to 6 weeks and the disease enters a latent and asymptomatic
period. In around athird of patientsin whom the disease is untreated, latent syphilis progresses
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Figure 8.3 Scanning electron micrograph of two spiral-shaped Treponema pallidum bacteria (36000x)
(courtesy of CDC/Joyce Ayers).

to tertiary syphilis. The duration of the latent period is very variable; 3-15 years is a common
range but it may be even longer than this in some patients.*

Tertiary syphilisis now very rarely seen outside of developing countries. It has three main
presentations: neurosyphilis, cardiovascular syphilis and late benign or gummatous syphilis.
The latter of these is the most common, occurring in 50% of patients. The main feature is the
appearance of multiple lesions or gummas. These are painless red nodules, which principally
arise on the skin but can affect all organs; they often ulcerate and can cause severe tissue
damage. The presentation is known as benign because the lesions themselves are not usually
life-threatening; however, if an ulcerative gumma occurs in the brain, bone or other vital
organs, then serious sequelae including death are likely.

Cardiovascular syphilis reflects invasion of the cardiac tissues with the organism, and
angina, aneurysm or heart failure are common. If the spirochete enters the cerebrospinal fluid,
it may spread to the vasculature of the meninges and from there to the spinal cord and brain
resulting in parenchymatous neurosyphilis manifesting as tabes dorsalis or paresis.®* As with
secondary syphilis, involvement of the 8th cranial nerve may cause deafness. Tertiary syphilis
can also result in deafness if lesions occur in the temporal bone or in the auditory canal.

The development of the long-acting penicillins effective against the bacterium in the 1950s
and the introduction of serological screening programmes for syphilis in pregnant women
brought about a dramatic reduction in cases of both sexually and congenitally transmitted
syphilis. However, the WHO estimates that 12 million new cases of infectious syphilis still
occur each year and 90% of these are in developing countries® with highest rates in sub-
Saharan Africa and South and Southeast Asia.®

The incidence of syphilis in the United States and Western Europe was in decline for the
latter part of the twentieth century and the 1998 data from the United States was the lowest
recorded, showing an overall incidence rate of 20 cases of infectious syphilis per 100,000
population, with three cases of congenital syphilis per 100,000 live births.®* Similarly, in the
UK the incidence of syphilis declined to 0.47 per 100,000 population.®® However, in the last
decade aresurgence of the disease has been seen. The re-emergence apparently beganin Russia
and Eastern Europe® and during the late 1990s rates began to rise in many of the large cities
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Figure 8.4 New cases of syphilis presenting to GUM clinics in the United Kingdom (compiled from data
collected by the Health Protection Agency, UK).

in Western Europe and North America.% The epidemic is most prominent in homosexual
males, e.g. in England, a 3,000% increase in syphilis in homosexual men was seen between
1996 and 2002 (Figure 8.4), but early syphilisis aso increasingly recognised in heterosexual
males and females.

Congenital syphilis

Estimates for the annual number of congenital syphilis cases are in the range 713,600 to
1,575,000 cases per year, leading to 1.3% of all deaths in children under 5 years old, mostly
occurring in the developing world, particularly sub-Saharan Africa.*®

Congenital syphilis results from passage of spirochetes present in the mother’ s blood across
the placenta to enter the foetal blood and tissues. The disease is usually transmitted during the
primary or secondary stages of maternal infection and is rare in pregnancies occurring more
than 4 years after the primary infection. An adverse outcome is predicted in around 80% of
pregnancies where the mother has syphilis. The effect of congenital syphilisin the infant is
severe. Many are stillborn or die during the neonatal period. Babies born aive are often
premature and of low birth weight; some show clear multi-organ involvement but most are
initially asymptomatic. Symptoms may appear at any time within the first 2 years of life, when
they are termed ‘early’ manifestations, or after 2 years when they are considered as ‘late’
manifestations.

Early manifestations are similar to the symptoms of secondary syphilis in adults. One of
the earliest manifestations is a persistent rhinitis with a profuse nasal discharge (Figure 8.5),
which is highly infectious. Other features include hepatosplenomegaly, lesions on the skin,
inflammation of the long bones, anaemia and thrombocytopeniatogether with low birth weight
and failure to thrive. Late congenital syphilis occurs when symptoms develop in an infant older
than 2 years and is most commonly seen at puberty. Any organ system can be involved but
typically manifestations are seen in the bones, teeth and nervous system.
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Figure 8.5 Newborn infant with congenital syphilis showing persistent rhinitis with profuse nasal discharge
(courtesy of CDC/Dr Norman Cole).

Syphilis and the ear

Sensorineural hearing loss can be a conseguence of both acquired and congenital syphilis. In
acquired syphilis, SNHL occursin 17% of early latent, 25% of late latent and 54% of tertiary
syphilis cases.” In contrast, deafness is a rare complication of congenital syphilis, but may
occur in apreviously undiagnosed child. It appears as a late manifestation, typically when the
child is 8-10 years of age, although occasionally it may be delayed until adulthood. It is often
seen as part of ‘ Hutchinson’ s triad’,” which includes notched incisor teeth, interstitial keratitis
and eighth cranial nerve deafness. Facial abnormalities (a‘saddle’ nose, protuberant mandible),
CNS abnormality (mental retardation, optic nerve atrophy) and bone or joint involvement
(frontal bossing of the skull, ‘saber’ shins, hypertrophy of the sternoclavicular joints) may aso
be present and point to a diagnosis of congenital syphilis.

With both acquired and congenital syphilis, the clinical course of hearing loss is similar:
sudden or rapidly progressing, typically bilateral SNHL, sometimes with vestibular symptoms
also present. The loss results from damage to the 8th cranial nerve probably from a persistent
and ongoing inflammatory response to the infection. Initially, higher frequency sounds arelost,
with normal conversational tones affected later.

Control of infection

Congenital syphilisstill represents a considerable global health problem and the WHO recently
proposed an action plan for elimination of the disease.”” Comprehensive antenatal maternal
screening programmes, coupled with effective treatment of infected mothers and their partners
are the key to detection and prevention of congenital syphilis. Such screening programmes
have been shown to be cost-effective even when syphilis seroprevalence is relatively low.”
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When infection isidentified, penicillin is the treatment of choice, and whilst antibiotic therapy
during pregnancy can be problematic,™ effective therapy is essential if a favourable outcome
to the pregnancy is to be achieved. Implementation and expansion of such programmes in
developing countries will be essential if the goal of global elimination of congenital syphilis
isto be achieved. However, the recent resurgence in primary and secondary syphilis amongst
young women in developed countries suggests constant vigilance is required there also and
late congenital syphilis must increasingly be considered as a cause of sudden onset childhood
hearing loss.

OTHER CONGENITAL INFECTIONS AND HEARING LOSS

Toxoplasmosis

The role of the protozoan parasite Toxoplasma gondii as a cause of hearing loss has been
debated for decades.”™ T. gondii causes a serious congenital infection when, following maternal
parasitemia, the parasites infect the placenta and then the foetus. Estimates for the incidence
of congenital toxoplasmosis range from 0.1 to 10 cases per 1,000 live births.”® Maternal infec-
tion in the first trimester of pregnancy carries alow risk of transmission to the foetus (4—25%)
but a high risk of severe damage (40%) evidenced at birth.”""® As pregnancy progresses the
rate of transmission to the foetus increases (to 80% in the late stages of pregnancy) but the
risk of severe damage conversely reduces (to effectively zero in the last trimester’”®). Severe
cases of congenital toxoplasmosis are thus rare but show al or some of the tetrad of symptoms
described by Sabin™ — chorioretinitis, cerebral calcification, hydrocephalus and mental sub-
normality. However, mild infection with T. gondii may be under-diagnosed, and, as is seen
with HCMYV infection, the majority of infected infants may be born symptom-free but develop
late sequelae. Retinal disease is the most common of these but late development of hearing
loss and some degree of mental retardation have been suggested to occur, sometimes up to
two decades later.

Early studies® suggested profound hearing loss was a common finding in severely affected
infants with congenital toxoplasmosis. A later study testing a small number of children with
congenital infection found that although the toxoplasmosis children suffered eye defects, there
was no association with hearing loss.®* Various other retrospective studies also found an asso-
ciation with hearing 10ss.22® However, the majority of more recent studies, particularly where
larger numbers of children are included and followed prospectively and where other potential
secondary causes (such as otitis media) were considered, have found no association between
T. gondii congenital infection and hearing |0ss.®* These studies have, however, shown aclear
link between congenital toxoplasmosis and retinochoroidal lesions of the eye. Thus, the current
evidence suggests that hearing loss should not be considered as a complication of this
infection.”

Herpes simplex virus

Congenital deafness has been attributed to infection with HSV.®” Most cases of infection
appearing in the neonatal period are a result of perinatal or post-natal acquisition of virus.
Baldwin and Whitley®® considered that only 5% of all babies born with neonatal HSV had
been infected in utero. Thiswas based on the criteria that such infection would result in symp-
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toms (skin vesicles or scarring, chorioretinitis and/or hydrancephaly) within the first 24 to 48
hours of life. The reported incidence of neonatal herpes varies from extremes of 1 case in
2,500 live births® to 1.65 per 100,000 live births reported in a UK survey.®® Thus, in utero
infection with HSV is most probably arare occurrence but the mortality rate is high and most
children who survive have neurological sequelae including SNHL.

Herpes varicella zoster virus (VZV)

Primary maternal infection with herpes VZV during the first trimester and early part of the
second trimester results in transmission of the virus to the foetus in almost 2% of cases.” At
birth, infants have cutaneous scars and exhibit a range of congenital damage including eye
abnormalities, limb deformation, cortical atrophy, mental retardation and deafness. It is
possible that milder cases occur with residual auditory morbidity only apparent in later life.
Sensorineural deafness following congenital varicella has been reported only rarely;* six
children were reported with sensorineural deafness whose mothers had either severe chicken-
pox or severe herpes zoster during the first trimester.

OTHER INFECTIONS

Whilst there are occasional reports of deafness associated with in utero infection caused by
various other organisms including enteroviruses, lymphocytic choriomeningitis virus, parvo-
virus B-19, Borrellia burgdorferi (Lyme disease), Psuedomonas aeruginosa and Mycoplas-
mas,*** there are no systematic studies and hence no real evidence that any other infectious
organisms induce deafness when contracted as a congenital infection. However, many con-
genital infections are complicated by neurological involvement, and hence, the possibility of
damage to the ear and the nervous system associated with it should always be considered in
a hearing-impaired infant born to a mother who contracted an infection during pregnancy.

CHILDHOOD INFECTIONS

Bacterial meningitis
Epidemiology

Bacterial meningitisis a serious and life-threatening disease. It is estimated that it is responsi-
ble for 170,000 deaths each year and case fatality rates are 5-10% in the devel oped world and
much higher than this in the developing world.*® Survivors show high levels of residual mor-
bidity including 10-20% who devel op permanent sequel ae such as epilepsy, mental retardation
and hearing loss. At least 50 different species of bacteria can cause meningitis, but more than
90% of cases in children beyond the neonatal period and under the age of 5 are caused by just
three organisms: Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus influen-
zae type B.

H. influenzae was the most significant cause until the introduction of the H. influenzae type
B protein-polysaccharide conjugate vaccine (Hib vaccine). Between 1992 and 1995 a mass
vaccination programme was introduced across most European countries and this quickly
resulted in a decrease in annual cases by around 90% so that currently the incidence of Hib
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meningitis across Europe ranges from 0.01 per 100,000 population in Denmark and Germany
to 0.74/100,000 in Switzerland.*

Neisseria meningitides is a common commensal organism of the mucosal membranes in
the nasopharyngeal tract. It is transmitted in respiratory droplets from carriers to uninfected
individuals and is usualy harmless. However, in a small number of cases infection can lead
to septicaemia and meningitis in previously healthy children and young adults. Meningococcal
meningitis results in death in 9-12% of cases overall but this rises to 40% if septicaemia is
present.”” The incidence of permanent sequelae is 11-19% and includes hearing loss, neuro-
logical deficit and loss of limbs from sepsis.*®

N. meningitides has a number of serotypes and five of these are associated with meningitis:
A, B, C, Y, W-135. Although meningococcal disease is a global problem that occurs in all
countries the significant serotype varies. Group A are the only type of meningococci to cause
epidemic disease. Although rarely associated with disease in developed countries, they are
responsible for large-scale outbreaks in developing countries, particularly in sub-Saharan
Africa, where a high burden of disease is seen across a so-called meningitis belt running from
Senegal in the west to Ethiopiain the east. Mass travel of individuals from this region to Saudi
Arabiafor the annual Hajj pilgrimage ensures circulation of the virulent strains between coun-
tries. There is some evidence that other meningococcal serogroups are gaining importance
in this region; serogroup W-135 was particularly associated with infections acquired during
the Hajj pilgrimage in 2000. This also resulted in W-135 appearing in Europe (particularly
the UK and France) at this time.®** However, the outbreak subsided rapidly and has not so
far been repeated. In contrast, types B and C are more predominant in Europe.

The overall incidence of invasive meningococcal disease in Europe between 1995 and 2005
as measured by the European monitoring group on meningococci network (EMGM) ranged
from 1.4 to 2.7 cases per 100,000 population.*® Serotype B is more commonly seen athough
most deaths are associated with group C infections. Serogroup Y is occasionally seen in
Europe.

Streptococcus pneumoniae is a Gram-positive encapsulated coccus. It is spread by the
respiratory route and like N. meningitides is normally carried as a harmless pathogen.

In the very young, the elderly and in immunocompromised patients it is a major global
cause of morbidity and mortality and is responsible for invasive and non-invasive disease.
Otitis media, sinusitis and bronchitis are common but rarely life-threatening, whilst pneumo-
nia, febrile bacteriaemiaand meningitis are all associated with high mortality. Ninety serotypes
have been identified although most disease is thought to be due to 11 of these. Respiratory
disease due to S. pneumoniae is responsible for the deaths of one million children each year
in developing countries and it is the most common cause of bacterial meningitisin infants and
young children worldwide, particularly amongst infants younger than 3 months of age.'®*
Pneumococcal meningitis has the highest mortality rate of all forms of bacterial meningitis,
being approximately twice that of meningococcal meningitis. Up to 50% of survivors have
permanent neurological deficits, the most common of which is SNHL .1%21%

Bacterial meningitis and the ear

Bacterial meningitisisthe most important cause of potentially preventable hearing lossacquired
post-natally. Overall SNHL occursin approximately 10% of all cases of bacterial meningitis,*®
with a range from 3.5 to 37.2% reported in a review by Fortnum et al.™® However, the inci-
dence is highly dependent on age, with young children more susceptible, and on the causative
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organism: a prospective study carried out in the United States'® found 31% of children with
pneumococcal meningitis had hearing loss, compared with 10.5% with meningococcal and 6%
with H. influenzae. Subsequent studies have reported similar rates for each organism and con-
firmed that S. pneumoniae is particularly associated with auditory complications.'®%®

Damage to hearing is thought to occur early in the infection, probably within the first 24-48
hours.’®*° Asthisistypically around the time of admission to hospital, hearing lossis usually
apparent within 6 hours of first assessment.*** Both clinical studies and animal models have
shown that duration of infection before antibiotic treatment beginsis strongly linked to devel-
opment of auditory impairment, and early administration of therapy is essential to prevent
permanent loss.™ 2 In some cases the hearing loss is temporary, with improvement noted
over a 2-week recovery period. No improvement in recovery of hearing beyond the initial 2-
week period has been observed.™®* Conversely, no reports of ‘late’ onset deafness have been
described, although hearing loss in a neonate occurring in the course of the meningitis may
not be apparent until the child is older. The pattern of hearing loss varies, it may be unilateral
or bilateral, severe and permanent involving both high and low frequencies %0411

The mechanism by which the organism spreads from the meninges into the inner ear is not
completely understood; however, histopathological and auditory brainstem studies have shown
that the cochlea is the site of the lesion in meningitis associated hearing loss and it is likely
that the bacteria enter the cochlea from the cerebrospinal fluid following inflammatory damage
to the blood—abyrinth barrier.*’

Control of infection

Bacterial meningitis is always a medical emergency necessitating prompt, and aggressive,
antimicrobial therapy. Antibiotics should be started as soon as meningitis is suspected and
should cover the three main organisms listed above; thus, a third-generation cephal osporin,
such as cefotaxime or ceftriaxone, is recommended. However, there is considerable evidence
that deafness due to meningitisis partly or wholly due to an inappropriate host inflammatory
response to the bacteria or its products. For this reason, administration of adjunctive cortico-
steroid therapy, such as dexamethasone, is recommended, particularly for pneumococcal
men| ngltl 3.110'118'119

As with most infections, prevention of bacterial meningitis is preferable to, and more suc-
cessful than, treatment. The epidemiology of meningitis, at least in the developed world, has
been transformed in recent years by the introduction of routine vaccination against several of
the major causes. The vaccine against H. influenzae type B is now widely administered in
childhood and has resulted in a greatly diminished incidence of this type of meningitis.

Meningococcal conjugate vaccines effective against serotypes A, C, Y and W-135 are now
routinely given and, in the UK, have reduced serogroup C meningitis by more than 80% in
vaccinated populations'® and have brought about a general reduction in unvaccinated popula-
tions due to the effect of herd immunity.** Vaccine for serogroup B is not yet available but
is under active development.

In 2000 and 2001, two polyvalent pneumococca vaccines were licensed for use in the
United States. The first of these induces immunity against 23 of the 90 known serotypes of
S pneumoniae. The second is directed against the seven most common serotypes causing
childhood disease and was introduced into the UK childhood immunisation schedule in
late 2006." It is expected that this will bring about a similar reduction in pneumococcal
meningitis.
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Otitis media (OM)

OM isamajor cause of hearing loss in children. This subject is covered in Chapter 10 in this
book and will be dealt with only briefly here. Acute OM is inflammation within the middle-ear
space initiated by infection and characterized by a red and bulging tympanic membrane. It is
now widely recognised that the initiating event is usually aviral infection of the upper respira-
tory tract, typically respiratory syncytial virus (RSV), acommon infection of infants.’?*?* The
viral infection causes congestion of the nasal and nasopharyngeal mucosa; thisleadsto conges-
tion in the eustachian tube, which alters the pressure equilibrium between the nasopharynx
and the middle-ear cavity. As a result, drainage of secretions from the middle ear into the
nasopharynx and ciliary clearance of invading bacterial pathogens is reduced, allowing them
to gain access to the middle ear where they multiply and cause OM.

The three major pathogens involved in acute OM are Streptococcus pneumoniae, Hae-
mophilus influenzae and Moraxella catarrhalis.*®'*® As with bacterial meningitis, S. pneu-
moniae is the most common cause (found in 30-50% of cases) and is associated with more
severe clinical findings and complications. Introduction of the pneumococcal vaccine has had
little impact on the overall incidence of acute OM.*"% Thisis because ‘ replacement phenom-
enon’ has occurred, whereby elimination of the serotypes present in the vaccine has allowed
other serotypes or different organisms to fill the niche so that the overall incidence of OM has
not greatly decreased.”™**' H. influenzae is found in 15-25% of cases of OM, particularly
bilateral OM and in cases where concurrent otitis conjunctivitis syndrome is seen. The cur-
rently available vaccine against H. influenzae is a conjugated type B vaccine and as virtually
all OM caused by H. influenzae is due to non-typeable strains, the vaccine is ineffective in
preventing OM.

M. catarrhalis is found less often (10-15%) and is associated with milder symptoms, but
may be more commonly associated with a mixed infection.

Other acquired childhood infections associated with hearing loss

Bacterial meningitis and OM are the principal causes of acquired hearing loss in childhood.
However, many other childhood infections are al so associated with deafness to varying degrees
and these are described below.

Mumps virus

Mumps is a distinctive childhood illness characterised by swelling of one or both parotid
glands. In areaswhere vaccination is administered routinely theinfection isnow rare. However,
mumps remains endemic in many areas of the world. The typical salivary gland swelling
usually occurs within 24 hours, progresses for 2—3 days and subsides within 1 week. The most
common complications are orchitis, pancreatitis and aseptic meningitis.

Hearing loss is arare but serious complication, occurring in 5 out of every 10,000 cases of
mumps. The onset of hearing loss is sudden and typically unilateral (80% of cases). It occurs
as part of the acute infection, usually in association with aseptic meningitis and is often accom-
panied by vertigo, tinnitus, ataxia and vomiting. The overall severity of the infection does not
determine whether hearing loss will be a feature. Mumps deafness tends to be profound
and permanent, preferentialy affecting the higher frequencies. Unilateral hearing loss may
remain undetected for years following the infection, especialy if the child is very young.*23*



178 Paediatric Audiological Medicine

Asymptomatic mumps virus infection has also been demonstrated to be a cause of sudden and
total bilateral deafness™ and it has been suggested that such asymptomatic infection may be
responsible for some cases of unexplained, mild, sudden hearing loss.*®

Although mumps sequelae such as hearing loss are rare, the consequences when they do
occur are severe. For this reason, mumps immunisation, given as part of the MMR vaccine,
is now routine in most developed countries. However, there are still many parts of the devel-
oping world where the vaccine is unavailable and mumps infections continue to be a significant
cause of hearing loss.

Measles virus

Measles virus infection (rubeola) is the most contagious of all the childhood diseases. It is a
major global health problem resulting in 20 million cases each year occurring mostly in chil-
dren in the developing nations, and in 2006, 242,000 of these cases resulted in fatality.**” The
characterising features of the infection are the appearance of the pathognomonic enanthem,
Koplik’s spots, on the buccal mucous membranes, followed within 1-2 days by a generalised
maculopapular rash. Infectious virus continues to be shed until approximately 4 days after
the appearance of the rash, contributing to the epidemic spread. The disease is usually self-
limiting, but occasionally complications are seen. These include blindness, encephalitis,
pneumonia, diarrhoea and ear infections, particularly OM which occurs in 5-15% of cases.

OM, caused by a bacterial infection secondary to measles is a significant cause of conduc-
tive hearing loss following measles infection. However, SNHL directly induced by virus rep-
lication or following measles encephalitis is aso reported. Permanent hearing loss following
measlesvirusinfection occursin upto 1in 1,000 cases. Thelossisusually sudden and bilateral,
and occurs at the same time as the appearance of the measles rash. Prior to the introduction
of measles vaccine, the virus was thought to be the cause of 3-10% of all acquired deafness
in children.'321%®

Complications resulting from childhood measles infection remain a problem, particularly
in developing countries. However, measles vaccine, either presented alone or given as a com-
bined measles, mumps and rubella (MMR) vaccine or measles, mumps, rubella and varicella
(MMVR) vaccine, have been demonstrated to be safe and effective. In 2006 the WHO esti-
mated that 80% of the world's children were covered by measles vaccine, but infections con-
tinueto be severeintheareaswhere coverageislacking. Consequently, the Global Immunisation
Vision Strategy, presented by WHO and UNICEF in 2005, includes measles with the aim of
ensuring 90% of the world’s children are vaccinated by 2010 and that measles mortality is
reduced by 90% compared with mortality levels in the year 2000.*

Human immunodeficiency virus

There are currently 33 million people in the world infected with human immunodeficiency
virus (HIV) (UNAIDS 2007). The virus has a tropism for T-helper lymphocytes and destruc-
tion of these cells causes a breakdown in immunity leaving the individual susceptible to infec-
tion with other opportunistic organisms. Most HIV infection in children results from perinatal
transmission. The HIV-positive child will encounter those infections that are common in child-
hood, but impaired immunity may render them severe, chronic and more frequently recurrent.
Thus, the child is potentially susceptible to all of the infectious causes of hearing impairment
described previously.
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There are few epidemiological studies investigating hearing loss in HIV-infected individu-
als but where they have been undertaken up to 49% of participants have been shown to have
some degree of audiological abnormality.™**° |t must be assumed that the majority of hearing
lossidentified in HIV-infected or AIDS patients is due to secondary viral or bacterial infection
resulting from impaired immunity. In a minority of patients, though, HIV has been suggested
to be an ototoxic virus since hearing loss is seen in HIV-infected patients who do not have
evidence of significant immunosuppression**! and for whom no other clear cause of hearing
loss can be identified.***'* The virusis certainly neurotropic as well aslymphotropic and most
AIDS patients show some degree of neurological involvement, especially if they have not
received effective antiviral therapy. It is thus plausible to suggest that the virus may occasion-
ally invade and damage the auditory nerve, and further studies in this area are warranted.

However, most hearing loss in HIV-infected patients is likely to result from opportunistic
infection with another pathogen. As described earlier, congenital or secondary syphilis is an
important cause of hearing loss and syphilis has a higher incidence in HIV-infected patients.
There is also evidence that progression of hearing loss is accelerated in these patients.**

Similarly, infection with VZV is common in immunocompromised patients. Primary infec-
tion with VZV causes chicken pox and is usually acquired in childhood. VZV then establishes
a latent infection in the trigeminal or dorsal root ganglion of the host. If reactivation occurs,
the result is a zoster or ‘shingles outbreak. Patients with HIV are more prone to zoster and if
reactivation occurs in the 7th cranial nerve a condition known as Ramsay Hunt syndrome, or
herpes zoster oticus, results. Blisters develop in the ear canal and auricle and involve the nerves
innervating the inner ear, causing facial paraysis, hearing loss and vertigo.

In the absence of prophylactic treatment, almost al AIDS patients show some evidence of
CMV involvement and in approximately one-third the virus enters the CNS.** HCMV retinitis
and encephalitis are common late-stage manifestations of AIDS in untreated patients and there
areindividual reports of the virus entering the 8th cranial nerve and causing permanent hearing
loss.#

Fungal infections are also more common in HIV-infected patients and Aspergillus,
Cryptococcus neoformans™® and Pneumocystis carinii** have all been identified as causes of
hearing loss in this setting.

147

Mycobacterium tuberculosis

Cases of Mycobacterium tuberculosis infection are increasing globally. The disease is
epidemic in many African countries™ %2 and has reached high prevalence even in some
developed countries.®® This resurgence of the disease is linked with the HIV pandemic, and
emergence of drug-resistant forms of the bacterium have increased the mortality rate and
threaten existing control of the disease.

Tuberculosis (TB) is associated with hearing loss in both children and adults and occasion-
aly deafness is the presenting feature of infection.™ TB can induce chronic ottorhea and
perforations of the tympanic membrane are seen. Without prompt anti-tuberculous therapy
complications of infection including the development of tuberculoma may result in permanent
hearing loss.™® In addition, hearing loss is reported following tuberculous meningitis. In one
US study, severe hearing loss was seen in 25% of children with neurological deficit who sur-
vived TB meningitis.”*® BCG vaccination of infants is recommended in countries where preva-
lence is high, for both HIV-infected and uninfected children™ and this does seem to reduce
the incidence of TB meningitis and hence hearing loss.
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Borrelia burgdorferi (Lyme disease)

Lyme disease, caused by infection with the tick-borne spirochaete Borrellia burgdorferi,
results in frequent neurological complications and permanent SNHL.**® In common with other
spirochaete infections, the manifestations of Lyme disease are varied and may be characterised
as early, intermediate or late stages of the disease. Neurological symptoms, including hearing
loss, are a part of the late manifestation of the disease. The exact mechanism of hearing loss
isunknown, but it is possibly due to direct damage to the auditory centre, the 8th crania nerve,
or labyrinthitis.

Fungal infections

Fungal infections resulting in deafness are rare, but meningitis caused by Candida albicans
has been noted as a causative factor, particularly in babies of low birth weight.”® In addition,
as noted earlier, Cryptococcus neoformans, Aspergillus sp. and Pneumocycstis carinii may all
cause meningitis with residual auditory impairment in immunocompromised patients, particu-
larly AIDS patients.

Visceral leishmaniasis

A number of protozoal infections are capable of producing CNS infections, which may include
hearing impairment amongst their residual morbidity. For example, visceral leishmaniasis
caused by Leishmania donovani can cause retrocochlear hearing loss. Nerve conduction studies
suggest demyelination as a principal cause of hearing loss, which resolves after successful
treatment of the infection.'®

Rubella

Post-natal rubellararely affects hearing. Where it has been reported it affects adults rather than
children and presents as unilateral SNHL,*** contrasting with the profound bilateral deafness
seen following congenital rubella infection.

Herpes simplex virus and VZVs

Neonatal HSV infection is rare but can have severe manifestations. It usually occurs in neo-
nates without protective maternal HSV antibody; infection with HSV-2 is typically more
severe than that caused by HSV-1. If untreated, mortality exceeds 50% and children with dis-
seminated infection have the worst prognosis. Even with prompt administration of specific
antiviral chemotherapy, survivors may have various degrees of psychomotor retardation and
hearing loss is common amongst these.

An analogous disease, severe neonatal chickenpox (varicella) may occur when maternal
varicella presents within 5 days of delivery. Neonatal VZV infection isfatal in approximately
30% of cases, and, as with neonatal HSV infection, survivors often exhibit some degree of
hearing loss.

Other infections

It islikely that many cases of sudden hearing loss are attributable to infection and the causes
will undoubtedly emerge as diagnostic methodology continues to improve. In addition to



Infectious causes of paediatric hearing impairment 181

congenital infection, both perinatally and post-natally acquired T. pallidum infection can result
in loss of hearing. Clinical symptoms are of unilateral or bilateral hearing loss but may also
present as Méniére’ s syndrome.’¢?

Many viral infections of the CNS can produce residual auditory impairment as a result of
central or peripheral nerve damage. Epidemics of CNS infection may have, as late sequelae,
increased occurrence of auditory impairment such as has been observed in tick-borne encepha
litisin children.’® Damage incurred through such infection is unpredictable and in many cases
an abberant immune response triggered by a severe virusinfection isamore plausible explana
tion of audiological deterioration than direct viral involvement.

Microbial-associated toxicity (e.g. in pneumococcal infection) or toxicity indirectly caused
as a result of infection (e.g. in fulminant viral hepatitis where excessive bilirubinaemia
has been suggested as a cause of cochlear damage) presents a further source for infection-
associated hearing loss.

THE PATHOLOGY OF HEARING LOSS ASSOCIATED
WITH INFECTION

Just as there are many infectious causes of hearing loss, there are likely to be many pathogenic
mechanisms involved, and in most cases, little is known about them. Indeed, this is an area
of infection that is currently neglected and where further research would undoubtedly yield
information that could be helpful in preventing, treating and managing hearing loss resulting
from infectious causes.

Hearing loss following infection may result from direct cytolytic effects of the pathogen
within the inner ear, from immune-mediated damage due to the inflammatory response
to the organism, or as a consequence of damage to the auditory nerves following CNS
infection.

A number of early studies examined the tempora bones taken post-mortem from infants
congenitally infected with rubellaor CMV or who died after measles or mumps infection, 6%
These studies described common histopathological features, principally of endolymphatic
labyrinthitis, with pathologic changes limited almost entirely to the membranous labyrinth, in
particular, the cochlear duct, saccule and utricle. However, although the common pathology
indicates a common mechanism of damage to the specific audiological structures, it is evident
from the detail of the reports that the significant lesions may be mediated differently depending
on the individual pathogen involved.

Lindsay and Hemenway™® reported the case of an infant who had died after measles com-
plications. The structures in the cochlea showed degeneration, which was greater at the basal
coil and diminished towards the apex so that in the basal coil only slight remnants of stria
remained and Corti’s organ was absent. Only a small fraction of the norma number of nerve
fibres remained and the ganglia were greatly reduced. In the middle and apical coils, more of
the stria and organ of Corti were present and the nerve cells were approximately normal in
number, but there were areas in the remaining stria vascularis of the apical coil where a
localised inflammatory reaction around actively proliferating foci of infection was evident.
They suggested that the viral infection of the inner ear occurred via the stria vascularis, begin-
ning at the basal coil. Release of virus and inflammatory cells into the endolymph caused
infection further into the coils of the cochlea, with resultant destruction of the nerve cells sec-
ondary to the initial infection. The stria vascularis in the cochlea is a site rich in capillaries
and, therefore, a likely portal of entry for the blood-borne virus.
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Lindsay et al.'® also described the temporal bone pathology in a case of mumps deafness.
Similar to the measles case described earlier, they found that the pathologic changes were
confined primarily to the cochlear duct and consisted of degeneration of the stria vascularis,
the organ of Corti and the tectorial membrane in the basal coil of the cochlea, with damage
diminishing progressively towards the apex. However, the case described was unusua for
mumps deafness in that it was bilateral. Earlier work™™ suggested that hearing loss resulting
from mumps infection more usually occurred because of viral invasion of the meninges.
Encroachment of the localised meningeal lesion on the acoustic nerve would produce a pathol -
ogy more likely to lead to unilateral hearing loss.

Congenital rubellais now thought to be unique in that its principal effect isthat of aterato-
gen interfering with the genesis of normal organs. Inner-ear malformation manifests as a lack
of development of hair cells and supporting cells especially in the apical coil of the cochlea.
The tectorial membrane is found rolled up against the l[imbus in contact with Reissner’s mem-
brane and is enclosed in a sheath of flattened cells. The saccular membrane may be hypertro-
phic and adherent to a degenerated macula or collapsed and the stria vascularis may be partly
or totally absent.*®" |t islikely that rubella acts on the epithelial cells of the developing laby-
rinth resulting in the cochleosaccular degeneration described.'®

Myers and Stool*®” were first to examine the inner-ear pathology in afatal neonatal case of
cytomegalic inclusion disease. In contrast to the changes noted in some other viral inner-ear
infections, no obvious involvement of the organ of Corti or curling of the tectorial membrane
was noted in this or later studies.'®

For most viral infections, demonstration of the actual virus within the ear has not been
achieved, presumably because the temporal bones are examined at too late a stage in the infec-
tion. In the case of CMV, however, characteristic cytomegalic nuclear inclusions have been
described, located in the epithelial cells of the cochlea, saccule, utricle and semicircular canals
and demonstrating the susceptibility of the entire ear to this virus. Indeed, evidence for more
extensive distribution of virus than the areas of manifest cellular damage has been provided
by the use of CMV -specific immunofluorescent antibodies, which demonstrated the presence
of viral antigen in the organ of Corti and in neuromas of the 8th crania nerve.®

Davis et al.'™ isolated CMV from the perilymph of an infant who died from congenital
CMV. A later study*™ reported a congenitally CMV -infected infant who showed no evidence
of CMV-induced hearing loss and no histopathologic changes to the inner ear. The child died
of encephalitis of undetermined aetiology, but which was presumed to be due to HSV. Post-
mortem CMV was isolated from the inner-ear fluid, but not from the adjacent brain tissue. The
infant was 5 months old and the authors suggested that CMV is capable of persisting in the
ear for prolonged periods without causing destruction to the cochlea. They speculated that
the delayed and progressive hearing loss following congenital infection may have been due to
the virus either slowly causing direct damage to the critical inner ear cells or to a delayed
host immune response causing immunopathologic damage.

The presence of an inflammatory cell response in most cases which have been investigated
has raised the possibility that the damage to the inner ear is partly due to an immunopathol ogi-
cal response as well as direct viral cytopathology. In support of this hypothesis, Harris et al .1
described an animal model for CMV labyrinthitis wherein a positive relationship between the
degree and extent of inflammatory reaction in the cochlea and hearing loss was found. No such
correlation existed between CMV antigen level and hearing loss. The authors suggested that
the inflammatory response may be of more importance in causing inner-ear damage than is
the direct effect of the virus. More recently, a case was reported which described the temporal
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bone histopathology in a child who died at 14 years of age from the sequelae of congenital
CMV infection.’™ No virus could be isolated from the inner ear (or from any other tissues)
but the damage to the ear structures was more extensive than that previously reported from
the infant cases. Atrophy of the stria and loss of cochlear hair cells was noted along the entire
length of the basilar membrane. There was evidence of damageto vestibular aswell as cochlear
structures and the overall finding was of chronic immunopathologic damage.

Collectively, the histopathology of the CMV-infected inner ears suggests that hearing loss
in the acute stage of the disease is caused by viral cytolysis, whereas the delayed or progres-
sive hearing loss often associated with congenital infection may result from damage caused
by the immunological response to the infection.

There are few recent reports describing the pathology of the inner ear in cases of hearing
loss following meningitisin humans,™>*” but together with some early studies and data derived
from animal models, they provide evidence that the principal cause is a cochlear lesion. '8
It is known from human studies that bacteria accumulating in the sub-arachnoid space can
invade the cochlea via the cochlear aqueduct,'™ along the 8th cranial nerve or perhaps even
viathe blood vessals of the blood- abyrinth barrier™” and that the resulting labyrinthitis causes
damage to the inner ear.

Experimental data show that introduction of antigen into the inner ear of an animal previ-
ously sensitised systemically produces an immune response in the ear against the antigen. The
resulting cellular infiltration and inflammation, release of cytokines and triggering of the
complement cascade are all likely to damage the delicate cochlear tissue. However, it is not
evident why this immune-mediated pathology should cause damage to the auditory processes
more frequently than to other neurological structures, nor why the pneumococca organism
causes hearing loss more often than do other aetiological agents of meningitis.

Although there is little doubt that inflammatory-mediated damage plays an important role
in hearing loss resulting from infection, further data suggest that in some infections, the bacte-
rial products themselves are directly ototoxic. In particular, the pneumococcal toxin pneumo-
lysin has been found to induce severe damage to the inner ear in experimental meningitis.
When the toxin was introduced directly into the scala tympani, lesions appeared on the hair
cells within afew minutes suggesting that the toxin is able to cross the basilar membrane and
that its effect is caused by adirect, rather than an indirect action.’® A similar experiment using
the E. coli endotoxin also produced lesions but the effect was much less severe and occurred
more slowly. It is possible that the potency of pneumolysin may account for the increased
ototoxicity of pneumococcal meningitis.

Whether directly or indirectly mediated, pathological damage to the various cell types in
the cochlea will result in loss of hearing. As transduction of sound pressure into electrical
impulses is dependent on intact stereocilia, damage to the hair cells would inevitably disrupt
this process. Similarly, damage to the nerve endings at the base of the hair cell would interfere
with the generation of nerve impulses along the auditory nerve.’® As auditory hair cells are
not thought to be capable of regeneration in mammals, including humans, damage to the hair
cells would lead to permanent hearing loss. Damage to nerve endings, on the other hand, is
more likely to be temporary. Stereocilia have been shown to be highly susceptible to pneumo-
lysin*®®* which might explain the higher incidence of permanent hearing loss following pneu-
mococcal meningitis.

In summary, hearing loss resulting from infection, although not completely understood, is
likely to be mediated by a number of mechanisms, which are dependent on the organism
involved, the stage of disease and the immune response mounted against the pathogen. Rubella
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isthe only organism known to cause deafness by interfering with foetal inner ear devel opment.
Where CNS infection occurs, damage to the acoustic nerves is possible. Alternatively, the
organism may invade the inner ear from the meninges or from the blood system and cause
direct cytopathic damage, in particular to the delicate cochlear structures. This damage may
be compounded by the indirect, immunopathologic effects of the immune response mounted
against the pathogen. In some cases, particularly perhaps following congenital CMV infection,
the virus persistsin the inner ear, and a delayed immune response occurring several years later
may be responsible for late-onset hearing loss.

LABORATORY DIAGNOSIS

Theidentification of an infectious cause of hearing lossis often problematic. In many instances,
intrauterine and perinatal infections are inapparent or produce symptoms that are only mild
and non-specific. Associated hearing impairment may not be discerned for months or even
years after the initial infection. In such circumstances conventional diagnostic procedures
designed to detect the pathogen may fail unless the hearing deficit is associated with chronic
infection. Serological investigation may be used but because of the time elapsing between
infection and the observation of hearing impairment, results may be difficult to interpret.

Initial and very valuable information may be obtained through careful examination of
antenatal immunisation records. A detailed clinical and family history should be the first step
in any investigation including detail of any foreign travel and possible exposureto likely causal
agents. Physical and audiological examination with neurological and ocular tests should be
performed as these can guide laboratory investigation. Relevant information should then be
communicated to the diagnostic microbiology and virology services to enable appropriate
analyses to be carried out.

INTRAUTERINE AND CONGENITAL INFECTIONS

Overt maternal infection during pregnancy may lead to investigation that alerts the clinical
staff to the possibility of congenital infection. Rubella in pregnancy is usually manifest as a
morbilliform rash. Examination of suitable specimens (throat swab, saliva, urine or blood) will
reveal the presence of virus. Isolation of virus using cell culture is possible in specialised
monolayer cell cultures but the yield is low and nowadays direct detection of the virus using
molecular amplification and detection techniques (e.g. the polymerase chain reaction (PCR)
technique) would more usually be employed. Examination of blood will reveal the presence
of rubella virus-specific immunoglobulin M (IgM) antibody. Immunoglobulin M is the first
antibody to be produced in response to infection and is also the shortest lived antibody persist-
ing for 3-6 months following acute infection.

Arising soon after the appearance of 1gM, immunoglobulin G (1gG), is the antibody that
persists and is a marker of past infection. In the early stages of infection the strength with
which the 1gG antibody binds to the disease agent, the so-called avidity of the antibody, is
low. The strength of binding of this antibody increases with time and reaches a maximum
within about 3 months of the acute infection. Measurement of virus specific IgM antibody
together with virus-specific 1gG antibody and measurement of the avidity of the 1gG antibody
detected can provide precise information about the timing of the infection, if the investigation
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is carried out within the first 3 months after the acute episode. Beyond that time, IgM antibody
may or may not be detectable (depending upon the sensitivity of the IgM assay utilised) and
1gG will be detected but will be of high avidity and will thus only indicate infection at some
time in the past.

It is aways necessary to confirm the presence of IgM antibody using a second independent
immunoassay technique, as false positive test reactivity is commonly encountered in detection
of IgM antibody. Immunoglobulin M antibody as the first antibody to arise in an acute infec-
tion is inherently broadly cross-reactive. An acute infection of any cause can lead to the
production of 1gM antibody and this non-rubella antibody may cause low-level reactivity to
be detected in a rubella-specific IgM antibody assay simply because of this cross-reactivity.
Rheumatoid factors (IgM anti 1gG antibodies) can, depending upon the immunoassay format
used to detect rubella-specific IgM antibody, produce false positive test reactions. False nega-
tive test results may also, again depending upon the immunoassay format used, occur when
high levels of rubella-specific 1gG antibody are found together with IgM antibody. Careful
and expert interpretation of immunoassay results is thus always required.

Using a constellation of serological testsit is possible to pinpoint the time of infection. This
is particularly critical in rubella virus infection as the stage of pregnancy will define the risk
to the foetus. If rubella virus infection occurs in the first 12 weeks of pregnancy, up to 90%
of patients will have some manifestations of the congenital rubella syndrome. For infection at
12-16 weeks, the risk is approximately 20%.” For women wishing to continue with the preg-
nancy foetal infection can be investigated in various ways. Foetal blood samples obtained by
fetoscopy can be examined for rubella-specific IgM. However, the foetus does not produce
sufficient IgM for detection before 22 weeks gestation. Virus may be isolated from amniotic
fluid or chorionic villus biopsies using specialised cell cultures or detected by PCR amplifica-
tion of theviral nucleic acid (RNA). The sensitivity of PCR testing of amniotic fluid is reported
as being between 87 and 100%.® Chorionic villus biopsies must be interpreted with care as
the presence of placental rubella virus might not reflect foetal infection.

Cytomegalovirus infection during pregnancy can present considerable difficulty in its man-
agement. In contrast to rubella virus, which is clearly teratogenic if infection occurs during
the first trimester, cytomegalovirus can cause both teratogenic and cytolytic damage to the
developing fetus that makes infection at any stage of pregnancy arisk. Primary infection with
the virus is associated with the highest risk of congenital damage but as described earlier
reactivation of amaternal latent infection can also affect the foetus. Maternal HCMV infection
produces, in the majority of cases, mild infection that may not warrant investigation at the
timeit occurs. Where laboratory investigations are instigated, PCR examination of blood, urine
or saliva and/or virus culture will allow detection of virus. In a primary infection cytomegalo-
virus-specific IgM antibody will be detectable in blood together with cytomegalovirus 1gG
antibody of low avidity.

Prenatal diagnosis should be attempted only where there is a strong suspicion of primary
CMYV infection and/or ultrasonographic abnormality.*®” Virus may be detected in amniotic fluid
or chorionic villus biopsies using PCR. The sensitivity of prenatal diagnosis was found to be
50, 76.2 and 91.3% when infection occurred at <8, 9-12, and >13 weeks of gestation, respec-
tively, in the largest series published to date.® However, as outlined earlier, virological con-
firmation of foetal infection is not in itself a predictor of outcome.

All women should be screened serologically for evidence of syphilis during the early stages
of pregnancy. Where risk of infection is thought to be high, repetition of serological testing
during the third trimester is suggested. Transmission of infection can be amost completely
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prevented by treatment before the 16th week of pregnancy.'® Diagnosis of primary syphilis
infection, before the appearance of antibody, depends upon the direct detection of Treponema
pallidum in syphilitic mucocutaneous lesions or lymph node aspirates, using dark ground
microscopy, direct fluorescent antibody staining, silver staining or PCR.**

Serology remains the mainstay of laboratory diagnosis. In early infection, diagnosis may
be achieved by the detection of IgM antibody to T. pallidum; 1gG antibody appears at almost
the same time. Serological screening for syphilis usualy utilises a combination of 1gG-
and IgM-specific ELISA tests coupled with T. pallidum particle agglutination assays and
non-treponemal tests such as the rapid plasma regain test or the venereal disease research
laboratory test.*®® Detailed guidelines on the management of suspected congenital syphilis are
available."®

Intrauterine infection with either herpes simplex virus or herpes VZV is rare. Primary
maternal infection with either agent can be investigated via detection of 1gM-specific antibody
but more invasive procedures to demonstrate intrauterine infection are not usually attempted.
Maternal infection that becomes apparent close to or immediately after delivery requires thor-
ough investigation utilising virus culture, PCR and el ectron microscopic examination of vesicle
fluids. Maternal serology will usualy revea the presence of virus-specific IgM in initial
samples, followed by IgG in later sera. The neonate may initially be seronegative with the
appearance of IgM antibody delayed for 6 months or more. Negative neonatal serology does
not therefore preclude adiagnosis of HSV or VZV infection. Investigation of possible maternal
infection is as important and urgent as investigation of the neonate. The maternal antenatal
serological specimen should be retrieved wherever possible to allow comparative pre- and
post-natal serology. Diagnosis of congenital infection is best established by comparison of the
results obtained in the maternal and the neonatal specimens (Table 8.3).

Investigation of possible congenital infection in the neonatal
period or early infancy

During the first 69 months of life caution must be exercised in interpretation of serological
test results since the detection of antibody may merely reflect passively transferred maternal
antibody rather than infection (Table 8.4). Serological investigation of a child that reveals
T. pallidum infection after 6-9 months of age provides supportive evidence for congenital or
early infection as this is a rare infection of childhood. At 12—15 months of age detection of
antibody to rubella may or may not reflect congenital infection since immunisation against
rubellais given at this time.

Similarly, the detection of HCMV, HSV or VZV antibody cannot provide clear evidence
of congenital infection since most primary infections with these viruses occur in childhood.
An extremely valuable avenue of diagnosis of congenital infection is afforded by examination
of Guthrie card dried blood spot specimens. In many developed countries, a programme of
screening neonates for inborn errors of metabolism isin place. The Guthrie card test involves
the collection of blood from heel prick performed in the neonatal period; the blood is collected
and dried onto filter paper. After the use of a small sample of blood to test for enzyme defi-
ciency, the cards are usually stored. Examination of blood samples eluted from these cards for
IgM antibody or for the nucleic acid of the disease-causing agent provides a snapshot in time
of the status of the baby close to the time of birth. Using this technique, it has proved possible
to define congenital infection many years after the time of birth,1%%1%



Infectious causes of paediatric hearing impairment 187

Table 8.3 Investigation of congenital infection and infection evident in the neonatal period: diagnostic
specimens and appropriate tests.

Infant
Serology
PCR Culture (IlgG and IgM)**

Urine* + (+) _
Throat swab + (+) _
CSF + @) +
Blood + (+) +
Vesicles or other lesions + (+) _

Note: In newborn infants, investigation of both mother and baby is essential.

(+) Test may be appropriate in certain circumstances.

*Important specimen for detection of HCMV congenital infection. Virus excretion can occur for 2 or more years
post-natally.

**Determination of IgG avidity is a valuable adjunct to IgM detection in defining recent infection. In recent infection low
avidity IgG antibody will be detected, while in old or recurrent infection high avidity IgG antibody will be present.

Mother

Serological investigation for recent infection with:
Herpes simplex virus

Herpes varicella-zoster virus

Human cytomegalovirus

Human immunodeficiency viruses 1 and 2
Hepatitis B

Rubella virus

Treponema pallidum

Where possible examine routine antenatal blood specimen in parallel with post-natal blood specimen.

Table 8.4 Acquired infection: diagnostic specimens and appropriate tests.

Serology
PCR Culture (lgG and IgM)*
Urine + (+) -
Blood + (+) +

*Serological diagnosis is likely o be the mainstay of diagnosis in the asymptomatic child or in a child being investigated
at a late stage. Serological investigation should include investigation of both child and mother and, if appropriate siblings
or other immediate family members. Where possible, examine mother’s routine antenatal blood specimen in parallel with
post-natal blood specimen.

The availability of this test is invaluable in investigating hearing loss in children where
damage to auditory function may have been present at birth. It must be emphasised, however,
that while detection of a causal organism is valuable, failure to detect a disease-causing agent
does not rule out the possihility of congenital infection. The preservation of the agent in blood
stored on cards may vary case to case, the efficiency of elution of dried blood from the card
may vary, and the efficiency of detection of antibody or nucleic acid will vary between
laboratories.
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Post-natal infection

Bacterial meningitis particularly when presenting with bacterial septicaemiaisamajor medical
emergency. Whilst meningitis is usually secondary to a bacteraemia, infection can also result
from spread from afocus of infection in the ear, sinuses or from a skull fracture. A variety of
rapid diagnostic procedures including antigen detection, nucleic acid hybridisation and PCR
techniques have been developed to supplement conventional blood and CSF culture proce-
dures. However, not all cases are amenable to diagnosis. Prompt administration of antibacterial
agents, though essential for patient management, may preclude identification of the causal
agent, whilst cryptic sites of infection may limit the availability of organism in conventional
diagnostic specimens (blood and CSF). A wide variety of organisms may cause such infection
and the type of organism involved will vary with age. In contrast to viral and parasite serology,
bacterial serology is rarely, if ever, useful in retrospective determination of cause.

Acute stage viral infectionsin children may be diagnosed by virus culture, identification of
specific viral antigens using ELISA-based techniques or by detection of specific nucleic acids
using molecular assays such as PCR. For diagnosis of measles or mumps virus infection throat
swabs, saliva, blood and urine are valuable specimens. It must be remembered, however, that
it isafeature of most virusinfections that by the time symptoms are evident, the peak of viral
replication is over, and thus, if avirusisto be identified, early collection of appropriate speci-
mensis essential. Serological investigation of infection can be achieved later, either via detec-
tion of virus specific IgM or by detection of arising level of virus-specific 1gG antibody in
suitably spaced specimens. Oral fluid, collected using specialised swabs, has been developed
for MMR virus antibody detection. The sensitivity of testing using this procedure, however,
is lower than can be achieved by testing whole blood samples.

CONCLUSION

Although further epidemiological studies are urgently needed, it is clear that infection, both
congenital and post-natal, is a significant cause of paediatric deafness. Hearing loss is rarely
the only feature of the infection, but the delayed onset of deafness attributed to some
infections, particularly congenital, make it likely that the role of infectious organisms in the
epidemiology of hearing loss is presently underestimated. A number of viruses, only briefly
considered here, have been occasionally associated with loss of hearing in children or young
adults and it is likely that as diagnostic methods improve further associations will be made.
The declinein hearing loss attributed to rubella, measles and mumps viruses and to some forms
of bacterial meningitis demonstrates the success of an effective immunisation programme.
Improvements in the diagnosis of paediatric infection, implementation of vaccine programmes
into developing countries and future vaccine development promise continued decline in the
incidence of preventable childhood hearing loss.
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9 Adverse perinatal factors and
hearing loss

T. Sirimanna

INTRODUCTION

Approximately 50% of all congenital hearing loss is from acquired aetiology, which includes
infective and other causes that lead to a hearing loss during pregnancy, such as rubella and
cytomegalovirus infections (see Chapter 8), and adverse factors that lead to a hearing loss
during the perinatal period. The birth of a baby from the secure environment in the mother’s
womb with a steady supply of essential nutrients and oxygen and the swift removal of
unwanted products of metabolism involves a process which has many stages that can go wrong,
leading to disastrous outcomes, including deafness.

A number of factors relating to the baby have been causatively connected to hearing loss.
These include low birth weight and gestational age, intrauterine growth retardation (IUGR),
chronic hypoxia, acute hypoxic episodes during labour, hyperbilirubinaemia from various
origins such as rhesus, ABO incompatibility and G6PD deficiency, ototoxicity, neonatal infec-
tions, prolonged ventilation and noise exposure from sources such as incubators. However, the
evidence that these factors act independently to cause hearing loss is scant; in most cases more
than one aetiological factor is normally found, although this is true for some factors more than
others. Therefore, in most cases it is difficult to pinpoint an individual factor as being the sole
cause of the hearing loss in a baby. Furthermore, in some cases, there may have been a genetic
predisposition, e.g. 1555A>G mitochondrial mutation, which causes abnormal susceptibility
to aminoglycoside ototoxicity and leads to a hearing loss from an agent that would not normally
have caused the hearing loss. In addition, a child who has been exposed to a number of adverse
factors perinatally may have suffered a hearing loss from a genetic cause, e.g. autosomal
recessive deafness as in connexin 26 mutation, which may not be apparent unless systematic
aetiological investigations are carried out. Often the aetiological investigation of hearing loss
does not take place soon after birth for a number of reasons and therefore keeping a very detailed
and accurate record of perinatal and post-natal adverse events is extremely important.

The phased introduction of the National Newborn Hearing Screening Programme (NHSP)
in England (completed in 2006 and established in other countries in the United Kingdom) has
provided every newborn baby with the chance to have a hearing screen at or soon after birth.
Those who do not pass the hearing screen are referred for further assessment. This assessment
is expected to be completed in 80% of the babies by 6 months of age; 98% of them will be
assessed by 12 months of age. In addition, it is expected that the parents of children with a
permanent hearing loss will be offered an opportunity to have their baby’s hearing loss inves-
tigated aetiologically (Quality Standards of the NHS Newborn Hearing Screening Programme,
www.hearing.screening.nhs.uk). This means that when seen by a medical officer for aetiologi-
cal investigations, some babies could be between 6 and 12 months of age, which will require
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the difficult task of collating detailed information about the pregnancy and perinatal events.
This relies on accurate and descriptive medical notes, e.g. of the dose and blood levels of
ototoxic medication, closely recorded degrees of hypoxia, acidosis and the detailed break-
down and serial blood levels of bilirubin, to maximise the chance of an accurate aetiological
diagnosis.

EVIDENCE FOR PERINATAL FACTORS CAUSING
HEARING LOSS

There is little doubt that adverse perinatal events can lead to neurological sequelae including
deafness, and the evidence supports increased vulnerability of the pre-term baby. Studies have
quoted rates of 6.1% to 14.9% for perinatal factors to be the cause of hearing loss.? These
perinatal events may range from low birth weight and extreme prematurity to hypoxia and
hyperbilirubinaemia.® However, there is some difficulty in confidently determining the audio-
logical effect of adverse factors in the neonatal period. This is mainly because of the complex-
ity of possible causative factors. Those infants who have been subjected to one factor may
have, in fact, had several other aetiological factors: e.g. a child who is pre-term and has had
a difficult birth may have had hypoxia, an increased likelihood of having hyperbilirubinaemia,
and sepsis that required ototoxic antibiotics. In a review of 56 publications relating to adverse
perinatal conditions and hearing loss in Western countries, Newton* found 6-14% sensorineu-
ral hearing loss that could be attributed to problems related to birth (see Table 9.1).
Furthermore, it is difficult to compare publications because the accuracy of audiological
assessment in the newborn was likely to have been incomplete and less reliable in the past;
it is only over the past few years that more accurate techniques have been available for
frequency-specific hearing threshold determination in this group of children. Marlow et al.®
studied 15 children born at less than 33 weeks gestation and a matched control group of 30
children and found that children with sensorineural hearing loss had ‘longer periods of intuba-
tion, ventilation, oxygen treatment and acidosis, and more frequent treatment with dopamine
or aminoglycosides’, which showed the complexity of the aetiological factors. Review of data
from a targeted newborn hearing screening programme in two London districts from 1995 to
2003 where there was a three to four times higher incidence of hearing loss compared with

Table 9.1 Proportion of sensorineural hearing impairment attributable to perinatal causes.

Hearing loss Frequency

criteria (dB HL, range % perinatal
Author Year better ear) (kHz) Type of study causes
Parving® 1984 >35 0.5-4 Population 14
Newton* 1985 >25 0.5-4 Population 13.5
Parving® 1988 >35 0.5-4 Population 10.1
Das’ 1991 >25 0.5-4 Population 12.7
Van Rijn and Cremers? 1991 >35 0.25-8 School-based 14.9
Fortnum and Davis' 1997 >35 0.5-4 Population 6.1
Sutton and Rowe® 1997 >25 0.5-4 Population 6.8

Adapted with author’s permission from Newton VE, Adverse perinatal factors asssociated with hearing impairment. In:
Newton VE (editor) Paediatric Audiological Medicine. London. Whurr; 2002.4
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Table 9.2 Number of babies diagnosed with permanent hearing loss in a cohort of 1,737 babies
referred through a targeted newborn hearing screening programme per risk factor (Sirimanna,
unpublished data).

Number Number with mild to Number with severe to
Main risk factor of babies moderate hearing loss profound hearing loss
Low birth weight 485 30 6
Toxic aminoglycoside levels 165 10
Hyperbilirubinaemia 155 12 2
Hypoxia 39 2 1

the national average showed that out of a total of 1,737 referrals from two maternity units,
there were 485 referrals with birth weights less than 1,250 g, 165 with exposure to high levels
of aminoglycosides, 155 with hyperbilirubinaemia where exchange transfusions were given or
considered and 39 babies who had hypoxia with Apgar of 3 or less at 5 min. Although these
were the main factors, a significant proportion of babies had more than one risk factor. Table
9.2 shows the number of children with bilateral permanent hearing loss in this cohort. For the
risk factors ototoxicity and hyperbilirubinaemia, there was no significant difference in the peak
and trough levels of gentamicin and maximum bilirubin levels among children with normal
hearing and children with hearing loss.’® This may suggest an individual susceptibility to
hearing loss in some babies or an unrecognised factor which plays a part in the causation of
hearing loss.

Olusanya and Okolo™ carried out a multivariate logistic regression analysis of perinatal
factors associated with hearing loss and showed that birth asphyxia, difficult delivery, neonatal
jaundice and seizures, consanguinity and a family history of hearing loss lead to a higher risk
of deafness in the baby. A significant percentage of extreme pre-term babies survive with the
advancement of neonatal management and technologies, but a considerable proportion of these
end with neurodevelopmental impairment, including hearing loss.*

HYPOXIA

Hypoxia in the perinatal period can result from birth-related factors or post-natal causes such
as apnoeic episodes, respiratory distress syndrome, meconium aspiration and pneumonia or
cardiac events. Temporal bone studies have shown changes in the cochlea as a result of
hypoxia. In one such study, Koyama et al.”® examined temporal bones of four asphyxiated
babies with a gestational age of 24-36 weeks and normal foetal growth, who died between 1
and 13 days of age. They found degeneration and loss of outer hair cells and oedematous
changes in striae vascularis in the baby who had severe asphyxia. However, the evidence for
hypoxic cochlear damage in the newborn is not straightforward and is complicated by the fact
that often these babies have other factors that may cause a hearing loss. A number of studies
using either transient evoked or distortion product otoacoustic emissions, or auditory evoked
responses have recently shown reliable evidence of cochlear and central auditory pathway
abnormalities in babies who have had significant hypoxia. Jiang and colleagues**** examined
the effect of hypoxia on outer hair-cell function by using distortion product otoacoustic emis-
sions (DPOAES) in 46 term infants who suffered from hypoxia. They found that compared
with a control group of term non-hypoxic babies, the hypoxic group had poor DPOAEsS in the
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1-5 kHz range (p < 0.01) 3-5 days after birth with the impairment remaining at 1 month of
age. In another study of 339 children, Das® found that 12.8% (43 children) had hearing loss
due to perinatal factors. Of these, 35 had a hearing loss of 80 dB HL or more. As shown by
Anand, Gupta and Raj in a study of 24 children,*” there is also evidence suggesting that babies
with grade Il hypoxic ischaemic encephalopathy (HIE) are more likely to have a hearing
loss,

Borg®® reviewed 53 published papers that not only favoured the foregoing discussion but
also said that pre-term babies are more vulnerable than term babies to hypoxic damage and
found that the length of artificial ventilation correlated well with hypoxic hearing loss. He also
found that the presence of severe HIE also increased the risk of having a hearing loss. In a
large study, Karjalainen et al.” examined 10,000 babies of which 20 had hypoxia during the
intrauterine period due to placental insufficiency. None of these 20 children had a sensorineural
hearing loss. However, this study focused on chronic milder hypoxia rather than sudden severe
hypoxia, and may not be a true representation of hypoxic injury seen perinatally. In an inter-
esting study, Sawada et al.” showed that the effect of chronic mild hypoxia is different from
an acute anoxic episode. In the former, the picture was similar to that seen in auditory neu-
ropathy whilst the latter tended to produce outer hair-cell damage leading to a typical cochlear
hearing loss. In another study of 17 surviving neonates following severe hypoxemia, Cheung,
Robertson and Finer? found that hyperlactaemia correlated with neurodevelopmental sequelae
including sensorineural deafness. Recovery of hearing following severe hypoxia has also been
reported by Jiang et al.,?? studying 51 term newborn infants who suffered perinatal hypoxia,
using maximum length sequence evoked potentials. They found that the hearing loss noted in
these babies progressed until the third day and started to improve from then on, continuing for
up to a month.

NEONATAL INTENSIVE CARE UNIT (NICU) AND PROLONGED
NEONATAL VENTILATION

Prolonged ventilation of the newborn has been shown to be associated with sensorineural
hearing loss (SNHL). Fortnum and Davis.* studied a cohort of children with bilateral sensori-
neural hearing loss of >40 dB HL, born between 1985 and 1993 in the Trent Health Region
in the UK, and found that the prevalence of SNHL was six times higher in those babies who
spent more than 48 hours in the NICU. In a similar study by Hille et al.? of 2,186 NICU
babies, the author reported that ventilation for 5 or more days was a risk factor for developing
a sensorineural hearing loss.

INCUBATOR NOISE AND HEARING LOSS

Noise is a well-known cause of hearing loss, and there is an abundance of literature supporting
this from both animal and human studies. There is also evidence from adult studies on indi-
vidual susceptibility,*? and a genetic predisposition,”®*" to noise exposure, and a synergistic
effect from other factors such as ototoxic drugs.?® It also appears that the cochlear sensory
cells in the newborn are more susceptible to noise especially at a lower intensity level. Douek
et al.”® showed that when regular noise levels found in neonatal incubators were continuously
applied to guinea pigs in their second week of life, the noise caused histological damage to a
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portion of sensory cells in the cochlea. The same noise level applied to adult guinea pigs did
not cause cochlear damage. Noise levels from incubator motors have improved over the years,
but sudden peaks of sound generated from other forms of activities within the NICU have
remained unchanged.® Chen and Chang® measured the peak noise distribution in the NICU
in Southern Taiwan and found a distribution of less than 59 dBA to more than 80 dBA at times.
A similar study by Kent et al.*? in a Canadian NICU found noise levels within the incubator
averaging 61 dB, significantly higher than the noise level outside in the room (55 dB). They
also found peak noise levels in excess of 120 dB. A similar finding was observed by Benini
et al.® in 1996, with background noise from the incubator motors measuring 74.2-79.9 dB
and impulsive noise levels over 80 dB. A more recent study by Surenthiran et al.,** who mea-
sured the noise generated by ventilatory systems in the post-nasal space using probe micro-
phone measurements, showed that in those who receive continuous positive airway pressure,
the noise levels can reach up to 102 dB SPL with high flow rates.

HYDROCEPHALUS AND HEARING

It is important to remember that those infants with hydrocephalus may have abnormally raised
or absent auditory brainstem response (ABR) thresholds that are likely to improve after
normalisation of the cerebrospinal fluid pressure following shunt insertion®® and may not rep-
resent the actual state of the infant’s hearing.* This may currently be classified as auditory
neuropathy/auditory dys-synchrony (AN/AD) but the ABR morphology and threshold is
likely to improve with normalisation of the intracranial pressure in these infants.

HYPERBILIRUBINAEMIA

Bilirubin is a by-product of the breakdown of haemoglobin, released in its unconjugated form,
whenever there is destruction of red blood cells that normally takes place in the spleen. Uncon-
jugated bilirubin, insoluble in water, is bound to albumin and is transported to the liver for
conjugation with glucuronic acid, thus making it water soluble. Most of it ends up in the small
intestine via bile, broken down by colonic bacteria and excreted in the stool whilst a small
amount gets reabsorbed and excreted in urine as urobilin and urobilinogen. When there is
excessive haemolysis of red blood cells with surplus production of bilirubin, e.g. rhesus or
ABO incompatibility, and also reduced conjugation of bilirubin in the liver because of imma-
turity and lack of conjugatory enzyme activity, there is accumulation of unconjugated bilirubin
in the circulation in large amounts.

A conjugated bilirubin molecule is too large to cross the blood brain barrier (BBB), but this
is not so with unconjugated bilirubin. Immaturity of the BBB increases with prematurity. This,
along with conditions that make it weaker or more permeable such as hypoxia and acidosis,
lead to the BBB becoming more permeable to low molecular weight substances. Unconjugated
bilirubin has a high affinity and toxicity towards certain parts of the brain especially in those
areas such as the basal ganglia, where there is high metabolic activity. Concentration of
bilirubin in the brain and the length of exposure are the most important determinants of
neurotoxicity in kernicterus. In a study by Oh et al.,*” the neurological sequelae including
hearing impairment correlated well with the peak total bilirubin levels during the first 2 weeks
of life of babies with very low birth weight.
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Hearing abnormalities are reported to be common in kernicterus (bilirubin in the brain,
bilirubin encephalopathy)®° and are usually caused by deposition of unconjugated bilirubin
within the auditory nerve and/or the cochlear nucleus. Some authors have questioned this. For
example, Oun et al.,* in a prospective study, compared a group of neonates with severe hyper-
bilirubinaemia with an age-matched control group and found no difference in their audiological
status using ABR. However, other authors have found convincing evidence of hearing loss
following hyperbilirubinaemia.*? Boo et al.,* studying 128 jaundiced term neonates found that
28 (22%) had a hearing loss when tested using ABR. Of the 128 babies, those who were born
pre-term and required exchange transfusions were more likely to have had a hearing loss. The
hearing loss seen in hyperbilirubinaemia is due to a neural cause* and is different from the
most common form of sensorineural hearing loss, which is secondary to involvement of
the cochlea, and is called AN/AD (for more details refer to Chapter 12). In AN/AD, the
cochlear outer hair-cell function is preserved whilst ABR to sounds is abnormal due to dys-
synchronous firing of the eighth nerve fibres. In some patients with hyperbilirubinaemia, the
hearing loss is due to cochlear damage most probably following secondary hypoxia and these
present with typical features of a cochlear hearing loss. A review by Shapiro® suggested that
AN/AD should be considered as supportive evidence of kernicterus.

There are case reports suggesting improvement of audiological effects of hyperbilirubinae-
mia with time, i.e. improvement in hearing thresholds and dys-synchrony.*® Bhandari et al.*
studied 30 newborn babies with hyperbilirubinaemia and found that those who were treated
showed an improvement in their hearing. On the other hand, there are also reports of normal
hearing immediately after hyperbilirubinaemia, progressing to a sensorineural hearing loss in
a few months.*®

INTRAUTERINE GROWTH RETARDATION (IUGR)

IUGR from placental insufficiency has been reported to be associated with sensorineural
hearing loss* although the number of studies is sparse. It is possible that there is a common
aetiology in these babies with the same causative factor leading to both the hearing loss and
IUGR. These factors may include chronic hypoxia, placental insufficiency and infective causes
such as cytomegalovirus.

PRE-TERM AND LOW BIRTH WEIGHT, AND HEARING LOSS

Using ABR, Chen et al.** showed in 194 high-risk babies who had either HIE, hyperbilirubi-
naemia or a low birth weight that low birth weight was associated with a hearing loss more
than hyperbilirubinaemia. The group that had HIE had the least incidence of hearing loss.
Pre-term babies are also more prone to having neurological sequelae as the developing brain
is more susceptible to injury.® Grade | or Il intracranial haemorrhages are common in this
group of children with periventricular leucomalacia® and may lead to developing central deaf-
ness. Another study from Israel by Ari-Even Roth et al.,> examining 346 infants born between
1998 and 2000 with very low birth weight and using transient evoked otoacoustic emissions
(TEOAES), found only one case of bilateral sensorineural hearing loss. However, as they used
only TEOAEs, it is possible that cases of AN/AD were missed. Pre-term babies can have both
peripheral and central hearing loss, and this was illustrated in a study of 70 pre-term babies
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with a birth weight of less than 1,500 grams.** In this cohort of babies, 14% had peripheral
hearing loss, 17% had central impairment and 4% had both. In a review of 83 publications,
Lorenz® found an overall prevalence of 20-25% with at least one major disability in the sur-
viving 22-26-week pre-term babies with deafness in 3-5% of those babies. There is some
evidence that the development of the central auditory pathways are delayed in babies born
prematurely, as shown by Jiang et al.,*® who studied 30 babies born at 30—32 weeks gestation
with maximum length sequence evoked response audiometry and compared this group with
38 normal controls born at 38—-42 weeks of gestation. They found an increase in Wave V
latencies and 1-V interpeak interval in the test group. They also found that this was more so
in pre-term babies who had perinatal complications.®

OTOTOXICITY

The ototoxic effects of drugs have been noted for many years, from the days of quinine (for
the treatment of malaria) and streptomycin (since its discovery in 1944 for the treatment of
tuberculosis). It is now known that there are a significant number of drugs that can be toxic
to the inner ear, and these include aminoglycosides, loop diuretics, platinum drugs (e.g. cispla-
tin), salicylates and macrolides (e.g. erythromycin). These not only can cause hearing loss but
also may produce vestibular toxicity leading to a delay in physical milestones in the newborn.
Normally, the basal turn of the cochlea is affected first, and the hearing loss may progress even
after the withdrawal of the causative agent. There is also increased susceptibility of individuals
to ototoxicity. Certain potentially ototoxic drugs given to the mother can cross the placental
barrier to appear in sufficient concentrations in the foetal circulation and may cause cochlear
damage because of vulnerability of pre-term cochlea to adverse substances. Aminoglycosides
are widely used to treat neonatal sepsis including meningitis and are effective for gram-
negative bacteria. The ototoxic properties of aminoglycosides have been known for a consider-
able period of time. Histopathological studies have shown that damage to outer hair cells
occurs early in aminoglycoside ototoxicity.”® Animal studies have clearly demonstrated the
effect of aminoglycosides on the inner ear and hearing. Using guinea pigs, Kalkandelen et al.>
demonstrated that all aminoglycosides were ototoxic when given systemically and locally
through the eardrum. However, the dose used was 10-20 times higher than that is recom-
mended for use in humans, and this may have influenced the findings. They found gentamicin
to be the most ototoxic, followed by amikacin, streptomycin and netilmicin. In another study
using guinea pigs, Halsey et al.* explored the possibility of predicting aminoglycoside ototox-
icity with efferent mediated adaptation of distortion product otoacoustic emissions and found
that this was a good predictor of gentamicin ototoxicity. Some studies have suggested that
aminoglycosides are not ototoxic. One of these is a review of seven published prospective,
controlled studies totalling 1321 newborn infants, by McCracken® that showed little evidence
of ototoxicity to aminoglycoside drugs except in one study where there were flaws with regard
to the number of patients studied and the duration of follow up. In another study by the same
group of researchers where netilmicin or amikacin was used to treat sepsis in a group of babies
in an intensive care unit, there was no significant difference in the incidence of hearing loss
on longitudinal follow-up.®

On the other hand, Matz® participated in two randomised prospective studies using amino-
glycosides where the investigator was blinded. In the first 108 patients, 54 received gentamicin
and the others were given amikacin. In the second study of 163 patients, 61 received genta-
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micin, 52 tobramycin and 50 netilmicin. The toxic effects noted in this study included hearing
loss as well as vestibular toxicity. Gentamicin was more ototoxic (11% in the first study and
18% in the second) followed by amikacin (12.9%). Ototoxicity with tobramicin was 11.5%
whilst netilmicin produced only 2% ototoxicity. Black et al.% studied a group of patients 1
year after treatment with gentamicin. Thirty-three subjects had vestibular dysfunction on tests
with all having a feeling of imbalance. In this group of patients there was no correlation
between vestibular toxicity and the dose of gentamicin or the serum gentamicin levels. There
is also a suggestion that certain conditions, such as cystic fibrosis, can offer some protection
against aminoglycoside ototoxicity, as the incidence of ototoxicity in this group is considerably
lower than expected in spite of repeated courses of aminoglycosides.®

In a study from Bristol, UK,% 24 children receiving a gentamicin once-daily regimen were
serially monitored using TEOAEs and pure-tone audiometry (PTA) (or when this was not
possible, ABRs). Eleven children had gentamicin for up to 7 days and the others (13) were
treated for 8-29 days. No significant change in hearing levels was noted in the 7-day group,
but the group that received more than 7 days of gentamicin showed significant reduction in
the TEOAEs mean response level with prolonged treatment. No change in PTA or ABR was
noted in the same group. They suggested that TEOAEs could be used for early detection of
ototoxicity although this study did not use a control population, and there was no audiometric
confirmation of a measurable hearing loss in those with reduced TEOAEs. Ertl et al.5" pub-
lished a case-controlled study where 164 premature infants treated in an NICU were screened
using TEOAEs. Thirty-two infants were referred for further hearing assessments using ABR,
and of these, 22 were found to have a bilateral hearing loss. This group had significantly poor
Apgar scores, lower pH and pO, values, and had had higher aminoglycoside doses and hypo-
natraemia. They concluded that aminoglycoside treatment and hyponatraemia were the most
significant factors for developing hearing loss on multivariate regressive analysis.

Research over the past 10 years or so has shown that reactive oxygen species (oxygen ions,
free radicals and peroxidase), which are by-products of cellular metabolism, do play a signifi-
cant role in ototoxicity and may explain why high frequencies are affected initially compared
with low and mid frequencies.® In fact, there is evidence from animal studies suggesting that
neurotrophins, lectins and antioxidants can be used in the prevention of ototoxicity.®"*

There is considerable evidence for abnormal susceptibility to aminoglycoside antibiotics in
some individuals (see also Chapter 6) and most of these have a mitochondrial mutation
(1555A>G).” In addition, 4309G>A, another mitochondrial mutation, has also been associated
with increased susceptibility to aminoglycoside ototoxicity.” Tono et al.” suggested that the
striae vascularis in these patients can be primarily affected. The main defect appears to be
related to mitochondrial protein synthesis required for cellular function and survival.” The
mutation is maternally inherited, i.e. mother-to-child transmission. Those members of the
family who have not been exposed to aminoglycosides also are likely to show evidence of
sensorineural hearing loss beginning in their 30s. Therefore, in families with a maternally
inherited pattern of hearing loss, it is important to check for these mutations before commenc-
ing aminoglycosides.

Vancomycin, a glycopeptide that has been used for over 50 years as an anti-staphylococcal
antibiotic, has also been reported to cause hearing loss occasionally but the publications are
scant and the evidence is not strong. Bailie and Neal™ reviewed 28 publications on vancomycin
ototoxicity and concluded that the hearing loss normally involved the high frequencies; they
could not determine whether it was a permanent or a temporary loss. Brummett and Fox""also
carried out a literature review and concluded that there is occasional permanent sensorineural
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hearing loss that improved in some cases after stopping vancomycin. Tange et al.” carried out
an animal experiment using Mongolian gerbils that were treated with vancomycin 80 mg/kg
per day for a 2-week period and found no significant difference between ABR thresholds and
no cochlear damage on electron microscopy. Although the publications on glycopeptides
ototoxicity cast a doubt about its existence, because of the uncertainty it is sensible to
be cautious.

Loop diuretics are also reported to be responsible for hearing loss and most evidence comes
from animal studies. In one such study, Rybak et al.” found that four loop diuretics — furose-
mide, piretanide, bumetanide and ethacrynic acid — caused significant reduction of endoco-
chlear potentials in adult chinchillas. However, in a different study of 57 neonates who received
furosemide compared with 207 neonates who did not, Rais-Bahrami et al.* found no significant
difference of hearing loss between the two groups. At least some of those who received diuret-
ics had a degree of renal failure, which itself may have increased the chance of ototoxicity due
to elevated serum levels of these antibiotics from reduced clearance. Close monitoring of blood
levels, especially in those with renal failure, must be undertaken, and adjusting the dosage of
any ototoxic antibiotics accordingly is extremely important in order to avoid ototoxicity.

SYNERGISTIC EFFECTS OF PERINATAL FACTORS

There is evidence to support the fact that perinatal factors, which can potentially cause hearing
loss, have a synergistic effect when they act simultaneously. Tan et al.,®! using a guinea pig
model and distortion product otoacoustic emissions, showed that ototoxicity can occur with
subdamaging doses of amikacin when the animal is exposed to noise compared with those
who did not receive amikacin and the same level of noise exposure.

CONCLUSION

A large number of adverse perinatal conditions, acting individually or more often collectively,
can lead to temporary or permanent hearing loss that is sensory or neural in nature, with varying
degree of severity. High frequencies appear to be affected more often, especially in ototoxicity
and hypoxia, but other frequencies can be involved in some patients. There appears to be a
susceptibility to hearing loss, which is most probably genetically determined. Often more than
one perinatal factor is seen in babies who have a hearing loss, and it is likely that these factors
have a contributory or synergistic effect. By identifying early those babies who are susceptible
to ototoxicity, hearing loss may be prevented by selecting alternative antibiotics. A detailed
history of all perinatal events and the pregnancy is extremely useful in making an accurate
diagnosis of the cause of the hearing loss. Better management of the birth and avoidance
of those factors that may lead to a hearing loss, such as hypoxia, hyperbilirubinaemia and
ototoxicity, certainly will minimise the incidence of perinatally acquired hearing loss.

REFERENCES

1. Fortnum H, Davis A. Epidemiology of permanent childhood hearing impairment in Trent region, 1985—
1993. Br J Audiol 1997; 31: 409-446.



206 Paediatric Audiological Medicine

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

. Van Rijn P, Cremers CWRJ. Causes of childhood deafness at a Dutch school for hearing impaired. Ann

Otol Rhinol Laryngol 1991; 100: 903-908.

. Roizen NJ. Nongenetic causes of hearing loss [Review]. Ment Retard Dev Disabil Res Rev 2003; 9(2):

120-127.

. Newton VE. Adverse perinatal factors associated with hearing impairment. In: Newton VE (editor)

Paediatric Audiological Medicine. London: Whurr Publishers, 2002, p. 211-223.

. Parving A. Early detection and identification of congenital early acquired hearing disability — who takes

the initiative? Int J Pediatr Otorhinolaryngol 1984; 7: 107-117.

. Parving A. Longitudinal study of hearing-disabled children. A follow-up investigation. Int J Pediatr

Otolaryngol 1988; 15: 233-244.

. Das VK. Adverse prenatal factors in the vaustaion of sensorineural hearing impairment in young children.

Int J Pediatr Otorhinolaryngol 1991; 21: 121-125.

. Sutton GJ, Rowe SJ. Risk factors for childhood sensorineural hearing loss in the Oxford region. Br J Audiol

1997; 31 :39-54.

. Marlow ES, Hunt LP, Marlow N. Sensorineural hearing loss and prematurity. Arch Dis Child Fetal

Neonatal Ed 2000; 82(2): F141-144.

Sirimanna KS. Unpublished data.

Olusanya BO, Okolo AA. Adverse perinatal conditions in hearing-impaired children in a developing
country. Paed Perinatol Epidemiol 2006; 20(5): 366-371.

Hintz SR, Kendrick DE, Vohr BR, Poole WK, Higgins RD. Changes in neurodevelopmental outcomes at
18 to 22 months corrected age among infants of less than 25 weeks gestational age born in 1993-1999.
Pediatrics 2005; 115(6): 1645-1651.

Koyama S, Kaga K, Sakata H, lino Y, Kodera K. Pathological findings in the temporal bone of newborn
infants with neonatal asphyxia. Acta Otolaryngol 2005; 125(10): 1028-1032.

Jiang ZD, Zhang Z, Wilkinson AR. Distortion product otoacoustic emissions in term infants after hypoxia-
ischaemia. Eur J Pediatr 2005; 164(2): 84-87.

Jiang ZD, Xu X, Yin R, Shao XM, Wilkinson AR. Differential changes in peripheral and central com-
ponents of the brain stem auditory evoked potentials during the neonatal period in 80 term infants after
perinatal hypoxia-ischemia. Ann Otol Rhinol Laryngol 2004; 113(7): 571-576.

Das VK. Aetiology of bilateral sensorineural hearing impairment in children: 10 year study. Arch Dis Child
1996; 74(1): 8-12.

Anand NK, Gupta AK, Raj H. Auditory brainstem response in neonates with hypoxic-ischaemic encepha-
lopathy following perinatal asphyxia. Indian Paediatr 1991; 28: 901-907.

Borg E. Perinatal hypoxia, asphyxia, ischaemia and hearing loss: an overview [Review]. Scand Audiol
1997; 26(2): 77-91.

Karjalainen S, Karja J, Suonio S, Yiskoski M. Intrauterine hypoxia as a cause of hearing loss in children.
Int J Paediatr Otolaryngol 1982; 4(3): 233-243.

Sawada S, Mori N, Mount RJ, Harrison RV. Differential vulnerability of inner and outer hair-cell systems
to chronic mild hypoxia and glutamate ototoxicity: insights into the cause of auditory neuropathy. J Oto-
laryngol 2001; 30(2): 106-114.

Cheung P, Robertson CMT, Finer NN. Plasma lactate as a predictor of early childhood neurodevelopmental
outcome of neonates with severe hypoxaemia requiring extracorporeal membrane oxygenation. Arch Dis
Child 1996; 74(1): 47F-50F.

Jiang ZD, Brosi DM, Wang J, Xu X, Chen GQ, Shao A et al. Time course of brainstem pathophysiology
during first month in term infants after perinatal asphyxia, revealed by MLS BAER latencies and intervals.
Paed Res 2003; 54(5): 680-687.

Hille ET, van Straaten HI, Verkerk PH. Prevalence and independent risk factors for hearing loss in NICU
infants. Acta Paediatr 2007; 96(8): 1155-1158.

Henderson D. Individual susceptibility to noise-induced hearing loss: a review (A). J Acoust Soc America
2006; 119(5): 3267.

Pykko I, Toppila E, Zou J, Kentala E. Individual susceptibility to noise induced hearing loss. Audiol Med
2007; 5: 41-53.

Davis RR, Kozel P, Erway LC. Genetic influences in individual susceptibility to noise: a review. Noise
Health 2003; 5(20): 19-28.

Bovo R, Ciorba A, Martini A. Genetic factors in noise induced hearing loss. Audiol Med 2007; 5:
25-32.



Adverse perinatal factors and hearing loss 207

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

Bombard F, Campo P, Lataye R. Combined effect of noise and gentamicin on hearing in the guinea pig.
Noise Health 2005; 7(28): 29-39.

Douek E, Dodson HC, Bannister LH, Ashcroft P, Humphries KN. Effects of incubator noise on the cochlea
of the newborn. Lancet 1976; 2(7995): 1110-1113.

Thomas KA, Uran A. How the NICU environment sounds to a pre-term infant: update. MCN Am J Matern
Child Nurs 2007; 32(4): 250-253.

Chen F, Chang YJ. Noise distribution of an incubator with nebuliser at a neonatal intensive care unit in
southern Taiwan. J Nurs Res 2001; 9(3): 25-32.

Kent WD, Tan AK, Clarke MC, Bardell T. Excessive noise levels in the neonatal ICU: potential effects
on auditory system development. J Otolaryngol 2002; 31(6): 355-360.

Benini F, Magnavita V, Lago P, Arslan E, Pasan P. Evaluation of noise in the neonatal intensive care unit.
Am J Perinatol 1996; 13(1): 37-41.

Surenthiran SS, Wilbraham K, May J, Chant T, Emmerson AJ, Newton VE. Noise levels within the ear
and post-nasal space in neonates in intensive care. Arch Dis Child Fetal Neonatal Ed 2003; 88(4):
F315-318.

McPherson DL, Amlie R, Foltz E. Auditory brainstem response in infant hydrocephalus. Childs Nerv Syst
1985; 1(2): 70-76.

Edwards CG, Durieux-Smith A, Picton TW. Auditory brainstem response audiometry in neonatal hydro-
cephalus. J Otolaryngol — Supplement 1985; 14: 40-46.

Oh W, Tyson JE, Fanaroff AA, Vohr BR, Perritt R, Stoll BJ et al. Association between peak serum
bilirubin and neurodevelopmental outcomes in extremely low birth weight infants. Pediatrics 2003;
112(4): 773-779.

Oysu C, Aslan I, Ulubil A, Baserer N. Incidence of cochlear involvement in hyperbilirubinaemic deafness.
Ann Otol Rhinol Laryngol 2002; 111(11): 1021-1025.

Rhee CK, Park HM, Jang YJ. Audiologic evaluation of neonates with severe hyperbilirubinaemia using
transiently evoked otoacoustic emissions and auditory brainstem responses. Laryngoscope 1999; 109(12):
2005-2008.

Connolly AM, Volpe JJ. Clinical features of bilirubin encephalopathy [Review]. Clin in Perinatol 1990;
17(2): 371-379.

Oun B, Serbetciolu B, Duman N, Ozkan H, Kikim G. Long-term outcome of neonatal hyperbilirubinaemia:
subjective and objective audiological measures. Clin Otolaryngol Allied Sci 2003; 28(6): 107-113.
Ozcelik T, Onerco M, Ozelik U, Aksoy S, Sennaroglu L. Audiological findings in kernicterus patients.
Acta Oto-Rhino-Laryngol Belgica 1997; 51(1): 31-34.

Boo NY, Oakes M, Lye MS, Said S. Risk factors associated with hearing loss in term neonates with
hyperbilirubinaemia. J Trop Paed 1994; 40(4): 194-197.

Shapiro SM, Nakamura H. Bilirubin and the auditory system. J Perinatol 2001; 21(Suppl 1): 552-555.
Shapiro SM. Definition of the clinical spectrum of kernicterus and bilirubin-induced neurologic dysfunction
(BIND) [Review]. J Perinatol 2005; 25(1): 54-59.

Akthar S, Drenovak M, Bantock H, Mackinnon H, Graham J. Glucose 6-phosphate dehydrogenase
deficiency with kernicterus: progressive late recovery from deafness. Int J Paed Otol 1998; 43(2):
129-140.

Bhandari V, Narang A, Mann SB, Raghunathan M, Bhakoo ON. Brainstem electric response audiometry
in neonate with hyperbilirubinaemia. Ind J Paed 1993; 60(3): 409-413.

Worley G, Erwin CW, Goldstein RF, Provenzale JM, Ware RE. Delayed development of sensorineural
hearing loss after neonatal hyperbilirubinaemia: a case report with brain magnetic resonance imaging. Dev
Med and Child Neurol 1996; 38(3): 271-277.

Karjalainen S, Karja J, Suonio S, Yliskoski M. Intrauterine hypoxia as a cause of hearing impairment in
children. Int J Paed Otorhinolaryngol 1982; 4(3): 233-243.

Chen P, Tang AZ, Sun H, Zheng MH, Huang DH. Characteristics of hearing loss in high-risk neonates:
analysis of 194 cases. Chin J Clin Rehab 2004; 8/24: 5080-5081.

Kobayashi S, Fujimoto S, Fukuda S, Hattori A, Iwaki T, Koyama N et al. Periventricular leukomalacia
with late-onset circulatory dysfunction of premature infants: correlation with severity of magnetic reso-
nance imaging findings and neurological outcomes. Tohuko J Exp Med 2006; 210(4): 333-339.

Patra K, Wilson-Costello D, Taylor HG, Mercuri-Minich N, Hack M. Grades I-Il intraventricular
hemorrhage in extremely low birth weight infants: effects on neurodevelopment. J Pediatr 2006; 149(2):
169-173,



208 Paediatric Audiological Medicine

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Ari-Even Roth D, Hildesheimer M, Maayan-Metzger A, Muchnik C, Hamburger A, Mazkeret R et al. Low
prevalence of hearing impairment among very low birthweight infants as detected by universal
neonatal hearing screening. Arch Dis Child Fetal Neonatal Ed 2006; 91(4): F257-262.

Jiang ZD, Brosi DM, Wilkinson AR. Hearing impairment in pre-term very low birth weight babies detected
at term by brainstem auditory evoked responses. Acta Paediatr 2001; 90(12): 1411-1415.

Lorenz JM. The outcome of extreme prematurity [Review]. Semin Perinatol 2001; 25(5): 348-
359.

Jiang ZD, Brosi DM, Wilkinson AR. Maximum length sequence BAER at term in low-risk babies born at
30-32 week gestation. Brain Dev 2006; 28(1): 1-7.

Jiang ZD, Brosi DM, Li ZH, Chen C, Wilkinson AR. Brainstem auditory function at term in pre-term
babies with and without perinatal complications. Pediatr Res 2005; 58(6): 1164-1169.

Hinojosa R, Nelson EG, Lerner SA, Redleaf MI, Schramm DR. Aminoglycoside ototoxicity: a human
temporal bone study. Laryngoscope 2001; 111(10): 1797-1805.

Kalkandelen S, Selimoglu E, Erdogan F, Ucuncu H, Altas E. Comparative ototoxicities of streptomycin,
gentamicin, amikacin, netilmicin in guinea-pigs. J Int Med Res 2002; 406-412.

Halsey K, Skjonsberg S, Ulfendahl M, Dolan DF. Efferent mediated adaptation of the DPOAE as a
predictor of aminoglycoside toxicity. Hear Res 2005; 201(1-2): 99-108.

McCracken GH Jr. Aminoglycoside toxicity in infants and children. Am J Med 1986; 80(6B): 172—
178.

Finitzo-Hieber T, McCracken GH Jr, Brown KC. Prospective controlled evaluation of auditory function
in neonates given netilmicin or amikacin. J Pediatr 1985; 106(1): 129-136.

Matz GJ. Aminoglycoside ototoxicity. Am J Otolaryngol 1986; 7(2): 117-119.

Black FO, Pseznecker S, Stallings V. Permanent gentamicin vestibulotoxicity. Otol Neurotol 2004; 25(4):
559-569.

Mulheran M, Degg C, Burr S, Morgan DW, Stableforth DE. Occurrence and risk of cochleotoxicity in
cystic fibrosis patients receiving repeated high-dose aminoglycoside therapy. Antimicrob Agents Chemoth
2001; 45(9): 2502-2509.

Stavroulaki P, Apostolopoulos N, Dinopoulou D, Vossinakis |, Tsakanikos M, Douniadakis D. Otocoustic
emissions — an approach for monitoring aminoglycoside induced ototoxicity in children. Int J Paediatr
Otorhinolaryngol 1999; 50(3): 177-184.

Ertl T, Hadziev K, Vincze O, Pytel J, Szabo |, Sulyok E. Hyponatremia and sensorineural hearing loss in
preterm infants. Biol Neon 2001; 79(2): 109-112.

Wu W, Sha S, Schacht J. Recent advances in understanding aminoglycoside ototoxicity and its prevention.
Audiol Neurotol 2002; 7(3): 171-174.

Gao W. Role of neurotrophins and lectins in prevention of ototoxicity. Ann New York Acad Sci 1999;
884: 312-327.

Schacht J. Antioxidant therapy attenuates aminoglycoside-induced hearing loss [Review]. Ann New York
Acad Sci 1999; 884: 125-130.

Wu WJ, Sha S, Schacht J. Recent advances in understanding aminoglycoside ototoxicity and its prevention.
Audiol Neurotol 2002; 7(3): 171-174.

Van Camp G, Smith RJ. Maternally inherited hearing impairment [Review]. Clin Genet 2000; 57(6):
409-414.

Campos Y, Garcia A, Lopez A, Jimenez S, Rubio JC, Del Hoyo P et al. Cosegregation of mitochondrial
DNA A1555G and G4309A mutations result in deafness and mitochondrial myopathy. Muscle and Nerve
2002; 25(2): 185-188.

Tono T, Kiyomizu K, Matsuda K, Komune S, Usami S, Abe S et al. Different clinical characteristics
of aminoglycoside-induced profound deafness with and without the 1555 A—G mitochondrial mutation.
J Oto-Rhino-Laryngol Rel Spec 2001; 63(1): 25-30.

Guan MX, Fischel-Ghodsian N, Attardi G. A biochemical basis for the inherited susceptibility to amino-
glycoside ototoxicity. Hum Mol Genet 2000; 9(12): 1787-1793.

Bailie GR, Neal D. Vancomycin ototoxicity and nephrotoxicity: a review. Med Toxicol Adverse Drug Exp.
1988; 3(5): 376-386.

Brummett RE, Fox KE. Vancomycin and erythromycin induced hearing loss in humans. Antimicrob Agents
Chemoth 1989; 33(6): 791-796.

Tange RA, Kieviet HL, Marle JV, Bagger-Sjoback D, Ring W. An experimental study of vancomycin
induced cochlear damage. Euro Arch Oto-Rhino-Laryngol 1989; 246(2): 67-70.



Adverse perinatal factors and hearing loss 209

79. Rybak LP, Whitworth C, Scott V. Comparative acute ototoxicity of loop diuretic compounds. Eur Arch
Oto-Rhino-Laryngol 1991; 248(6): 353-357.

80. Rais-Bahrami K, Majd M, Veszelovszky E, Short BL. Use of furosemide and hearing loss in neonatal
intensive care survivors. Am J Perinat 2004; 21(6): 329-332.

81. Tan CT, Hsu CJ, Lee SY, Liu SH, Lin-Shiau SY. Potentiation of noise induced hearing loss by amikacin
in guinea pigs. Hear Res 2001; 161(1-2): 72-80.



10 Acute otitis media and otitis media
with effusion

E. Raglan

CLASSIFICATION AND DEFINITIONS

A review of the literature reveals an entire spectrum of inflammatory conditions of the middle
ear, frequently with different terminology used to describe similar conditions, which can
create confusion for researchers and clinicians alike. Bearing this in mind, a committee of
experts reached a consensus on the terminology used relating to inflammatory conditions
affecting the middle ear.! They have classified terms concerning acute otitis media (AOM),
otitis media with effusion (OME), as well as eustachian tube dysfunction and its
complications.

Otitis media (OM) is inflammation of the middle-ear cleft. AOM has a rapid onset; the
signs and symptoms of inflammation can be ear pain (otalgia), fever, a bulging tympanic
membrane which may appear opaque or more frequently erythematous, in addition to ear
discharge (otorrhoea) through the formed perforation (Figure 10.1). Frequently, it is associated
with upper respiratory tract infections, presenting with additional symptoms of cough, nasal
congestion and nasal discharge. The clinician frequently has difficulties in differentiating
OME from AOM; OME may precede or follow a bout of AOM, and this confusion may lead
to the inappropriate use of antibiotics as this is not the recommended treatment for OME.

OME is a condition in which fluid accumulates in the middle-ear cleft without the signs
and symptoms of inflammation, whereas AOM, with acute presentation of symptomsand signs
of inflammation, is accompanied by middle-ear effusion (MEE). The fluid may be serous or
mucoid and it may contain bacteria®>® The condition may follow a bout of upper respiratory
tract infection or indeed an ear infection such asthat seenin AOM. It is afluctuating condition
that may occur in achild several timesthroughout childhood or may persist over longer periods
of time, especially in children with cleft palate or Down syndrome. In most cases, it disappears
with age without any long-term sequelae. In some children, it may lead to various complica-
tions requiring more active management.

Eustachian tube dysfunction has similar symptoms to OM, such as hearing impairment and
ear pain (without signs of MEE) with tympanographic evidence of negative pressure in the
middle-ear cleft.

EPIDEMIOLOGY

OM is one of the most common conditions in childhood; incidence decreases with age. Half
of the children studied had OM onset within the first 6 months of life, with peak occurrence
in the first 18 months.* Prevalence figures show the decline of OM to 3-4% by 10 or 11 years
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